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ABSTRACT 

An i n v e s t i g a t i o n of p a n e l c r a c k f o r m a t i o n i n s t e e l i n g o t s was u n d e r 

t a k e n to improve u n d e r s t a n d i n g of the mechanisms by w h i c h they d e v e l o p and 

to e v a l u a t e p o s s i b l e s o l u t i o n s to the p r o b l e m . The i n v e s t i g a t i o n r e v e a l e d 

t h a t two d i s t i n c t types of p a n e l c r a c k s , b o t h of w h i c h a r e p a r t l y caused by 

i n t e r m e d i a t e - t e m p e r a t u r e e m b r i t t l e m e n t of s t e e l i n v o l v i n g aluminum n i t r i d e 

p r e c i p i t a t i o n , o p e r a t e under d i f f e r e n t mechanisms. I s o t h e r m a l , p h y s i c a l 

m o d e l l i n g e x p e r i m e n t s were c o n d u c t e d to d e t e r m i n e the f l o w p a t t e r n s , 

v e l o c i t y p r o f i l e s and flame geometry i n a b o t t o m - f i r e d s o a k i n g p i t and the 

r e s u l t a n t e f f e c t s on heat t r a n s f e r . An i n v e s t i g a t i o n i n v o l v i n g c o m p a r i s o n 

w i t h a n a l y t i c a l s o l u t i o n s d e t e r m i n e d the optimum n u m e r i c a l method to employ 

f o r the m a t h e m a t i c a l m o d e l l i n g of complex, t w o - d i m e n s i o n a l , t r a n s i e n t , h e a t -

c o n d u c t i o n p r o b l e m s . T h i s method was f o r m u l a t e d to c a l c u l a t e the tempera

t u r e d i s t r i b u t i o n i n a s t e e l i n g o t d u r i n g the v a r i o u s p r o c e s s i n g s t a g e s from 

i n i t i a l c a s t i n g up to r o l l i n g and was v e r i f i e d w i t h i n d u s t r i a l measurements. 

A t r a n s i e n t , e l a s t o - v i s c o - p l a s t i c , t h e r m a l - s t r e s s model e m p l o y i n g the 

f i n i t e - e l e m e n t method was f o r m u l a t e d , d e v e l o p e d and v e r i f i e d u s i n g a n a l y 

t i c a l s o l u t i o n s . Based on the t e m p e r a t u r e s c a l c u l a t e d by the f i n i t e -

e l e m e n t , h e a t - t r a n s f e r model as i n p u t d a t a , the t r a n s i e n t , i n t e r n a l s t r e s s 

s t a t e o f the i n g o t was c a l c u l a t e d , t a k i n g i n t o a c c o u n t the e f f e c t s o f p h ase-

t r a n s f o r m a t i o n volume changes and k i n e t i c s , c r e e p , and t e m perature-dependent 

m e c h a n i c a l p r o p e r t y b e h a v i o r . The s i m u l a t e d s t r e s s h i s t o r i e s were found to 

be d i r e c t l y l i n k e d to the p r o g r e s s of the p h a s e - t r a n s f o r m a t i o n f r o n t and 

were used to c l a r i f y the r o l e o f s t r e s s g e n e r a t i o n i n p a n e l c r a c k f o r m a t i o n . 



i i a 

F i n a l l y , the r e s u l t s of a m e t a l l u r g i c a l i n v e s t i g a t i o n of s t e e l ingot samples 

containing off-corner panel cracks were synthesized with the r e s u l t s of the 

p h y s i c a l and mathematical models to determine mechanisms and to suggest 

solutions for the formation of both mid-face and off-corner panel cracks. 

Mid-face panel cracks are apparently formed during a i r cooling when the 

mid-face s u r f a c e i s between the Ar^ and 500 °C. Off-corner panel cracks 

appear to i n i t i a t e i n t e r n a l l y during the early stages of reheating, but do 

not propagate to the surface u n t i l a i r cooling a f t e r removal from the 

soaking p i t . 
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NOMENCLATURE 

A area of element (m 2) 

A^ nodal area (m 2) 

A constant in Eq. (7.48) o 

ASA acid soluble aluminum 

a^ parameter i n natural coordinate functions 

[ B ] 6 element strain-displacement matrix 

b superscript pertaining to external element boundary 

b^ parameter i n natural coordinate functions 

[c] global capacitance matrix 

[c ] e element capacitance matrix 

C p s p e c i f i c heat of s t e e l (J/kg°C) 

C e f f e c t i v e s p e c i f i c heat 
P 

c^ parameter i n natural coordinate functions 

{d} nodal displacement vector 

d distance along ingot side from corner (m) 

[ E ] e l a s t i c i t y matrix 

E e l a s t i c modulus of s t e e l (MPa) 

e superscript pertaining to element 

{F} thermal "force" vector in Eq. (5.49) 

{F } thermal force vector e o 
{F } p l a s t i c s t r a i n force vector 

(F^) boundary surface t r a c t i o n force vector 

H enthalpy (J/kg) 
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H latent heat of s o l i d i f i c a t i o n (J/kg) s 
[h ]k heat-transfer c o e f f i c i e n t matrix 

2 
h o v e r a l l heat-transfer c o e f f i c i e n t (W/m °C) 

2 
h , conductive heat-transfer c o e f f i c i e n t (W/m °C) cond 

I subscript pertaining to ingot 

[K ] global conductivity matrix 

[K ] global s t i f f n e s s matrix 

[K ] E element conductivity matrix 

[K ] E element s t i f f n e s s matrix 

k s t e e l thermal conductivity (W/m °C) 

Z thickness of oxidized zone (mm) 

L length (m) 

[M ] global c o e f f i c i e n t matrix i n Eq. (5.49) 

M subscript pertaining to mould 

i n t e r p o l a t i n g shape functions 

NE number of elements i n mesh 

NN number of nodes in mesh 

NBE number of external boundaries 

n unit vector normal to surface 

PCTI phase change temperature i n t e r v a l (°C) 

{Q} global thermal force vector 

{Q}k boundary heat flux vector 
2 

q heat flux (W/m ) 

S p o s i t i o n of phase change boundary (function describing l o c a t i o n 

of s o l i d i f i c t i o n front) 

S t o t a l boundary enclosing region where stresses are to be 
calculated 
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LIQ 
T 
SOL 

T 
PIT 

T 
PITI 

TSOAK 
TLE 

t 

t 

gap 
t s t r i p 

t t r a c k 

% f i r e 
tsoak 

portion of boundary where stress i s s p e c i f i e d 

portion of boundary where displacement i s s p e c i f i e d 

temperature (°C) 

time d e r i v a t i v e of temperature oT/dt 

i n i t i a l temperature 

surrounding temperature 

fixed wall temperature 

surface temperature 

fusion temperature 

dimensionless i n i t i a l temperature 

a n a l y t i c a l calculated temperature 

numerically calculated temperature 

temperature at which temperature-dependent terms i n [K ] , [c ] and 

{Q} are evaluated 

l i q u i d u s temperature (°C) 

solidus temperature (°C) 

i n t e r n a l soaking p i t temperature (°C) 

soaking p i t temperature at time of charging (°C) 

equilibrium soaking p i t temperature (°C) 

thermal l i n e a r expansion function f o r s t e e l (m/m) 

time (s) 

ingot/mould a i r gap formation time (s) 

time of s t r i p p i n g ingot from mould (s) 

time of charging ingot to soaking p i t (s) 

time when high f i r i n g rate begins (s) 

time when p i t temperature reaches T SOAK (s) 
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'draw time of drawing ingot from soaking p i t (s) 

At time step increment (s) 

U temperature displacement 

u, v displacement in x and y d i r e c t i o n s (m) 
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CHAPTER 1 INTRODUCTION 

Despite the advantages of the continuous casting process, over two 

t h i r d s of world s t e e l production currently follows the conventional ingot 

c a s t i n g route. Although the adoption of continuous casting i s a c c e l e r a t i n g , 

s t a t i c ingot casting w i l l continue to be an important mode of s t e e l 

production for decades to come. 

The q u a l i t y of ingots i s a matter of great concern, p a r t i c u l a r l y so 

because defects can d e l e t e r i o u s l y a f f e c t the y i e l d of t h i s highly energy 

intensive process. One serious q u a l i t y problem that has been nagging the 

s t e e l industry i n at le a s t seven countries f o r over 40 years Is the 

formation of panel cracks. The term "panel" describes the l o c a t i o n of the 

cracks which frequently appear i n the concave, panel areas on f l u t e d or 

corrugated ingots. However, t h i s defect has also been c a l l e d center face 

c r a c k i n g , 1 l o n g i t u d i n a l c r a c k i n g , 2 - 8 p e a r l i t i c c r a c k i n g , 4 cooling cracking, 

l o n g i t u d i n a l surface c r a c k i n g , 9 thermal stress c r a c k i n g , 1 0 reheating 

cracking, phase transformation cracking, h a i r l i n e c r a c k i n g , 6 - 7 t o r t o i s e 

s h e l l c r a c k i n g , 1 1 transverse c r a c k i n g , 7 o v a l l y arranged c r a c k i n g , 1 2 v e r t i c a l 

c r a c k i n g , 1 3 and even c r a z y c r a c k i n g . 1 ' 1 4 These d i f f e r e n t names give an 

i n d i c a t i o n of the many d i f f e r e n t manifestations of panel cracks and the 

v a r i e t y of mechanisms that have been proposed to explain t h e i r formation. 
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Panel cracks appear In a v a r i e t y of low and medium-carbon k i l l e d s t e e l s 

but are always associated with aluminum-treated grades and are g r e a t l y 

a f f e c t e d by the thermal treatment of the ingot. They have been found i n a 

wide range of ingot sizes and shapes, from 1.5 ton, square, f l a t b i l l e t s to 

30 ton rectangular, corrugated ingots. Round, f l u t e d ingots also have been 

a f f e c t e d . 8 

The defect i s characterized by one or more i r r e g u l a r , i n t e r g r a n u l a r , 

cracks which generally run l o n g i t u d i n a l l y down the face of the ingot as 

shown i n Figure 1.1. They extend to a considerable depth below the surface 

and t r a v e l along the austenite grain boundaries. The reasons f o r panel 

crack formation are not f u l l y understood and many complicated mechanisms 

have been proposed. However, i t i s generally agreed that the problem i s 

caused by a combination of reduced intermediate-temperature (600-900°C) 

d u c t i l i t y i n v o l v i n g the presence of aluminum n i t r i d e , or "A1N", p r e c i p i t a t e s 

and s t r e s s generation due to both thermal contraction and phase transforma

t i o n . Panel cracks usually are not discovered u n t i l a much l a t e r stage i n 

ingot processing, t y p i c a l l y during r o l l i n g . They present a serious and 

expensive problem because affected slabs cannot be salvaged and must be 

scrapped. Since the cost of scrapping an ingot i s about $200 per ton there 

i s a strong incentive to discover methods to eliminate panel crack forma

t i o n . 

Thus, the present work was undertaken to improve our understanding of 

panel cracking with the objective of determining the mechanisms behind i t s 

formation. The approach taken In t h i s thesis i s to focus mainly on the 

str e s s f i e l d generated i n an ingot during the d i f f e r e n t processing stages. 
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F i g u r e 1.1 T y p i c a l a ppearance of p a n e l c r a c k r u n n i n g a l o n g 
c o r r u g a t i o n s o f a 760 x 1520 mm, 25 t o n s t e e l i n g o t 1 4 
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This i s determined through the development of mathematical heat trans f e r and 

st r e s s models using f i n i t e element analysis and, i n t h i s respect, i s the 

f i r s t panel cracking study of i t s kind. In add i t i o n , the work includes a 

study using a physical model of a soaking p i t and, f i n a l l y , a m e t a l l u r g i c a l 

examination of the cracks themselves. 

A l l previous work on panel cracking has involved s t a t i s t i c a l a n alysis 

of i n d u s t r i a l data or observations from plant t r i a l s . Fundamental studies 

have concentrated on the reduced hot d u c t i l i t y aspects of the problem. The 

next chapter f i r s t summarizes the voluminous l i t e r a t u r e i n t h i s area, p r i o r 

to c o l l e c t i n g and reviewing information c u r r e n t l y a v a i l a b l e on panel 

cracking i t s e l f . 
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CHAPTER 2 PREVIOUS WORK 

2.1 Other Crack Problems In Steel 

At the outset i t Is important to d i s t i n g u i s h between panel cracks and 

other types of cracks that form i n ingots by d i f f e r e n t mechanisms. This i s 

p a r t i c u l a r l y important when so many studies on panel cracking r e f e r to i t by 

a d i f f e r e n t name. 

One of these d i f f e r e n t mechanisms i s "hot tea r i n g " or "hot shortness" 

which i s responsible for transverse cracks i n s t a t i c a l l y cast ingots. I t 

also gives r i s e to v i r t u a l l y a l l of the crack defects i n continuously cast 

s t e e l with the exception of transverse surface cracks. Cracks r e s u l t i n g 

from hot tearing are i n t e r d e n d r i t i c and exhibit a smooth fra c t u r e surface, 

s i m i l a r i n appearance to panel cracks. They form during the early stages of 

ingot s o l i d i f i c a t i o n i n a zone of low d u c t i l i t y just below the solidus 

temperature. The stresses causing the cracks are usually generated by 

s t i c k i n g or bending i n the mould. Hot tearing i s r e l a t i v e l y i n s e n s i t i v e to 

subsequent thermal treatment but i s strongly influenced by the sulphur and 

phosphorus content and manganese/sulphur, or "Mn/S", r a t i o i n the s t e e l as 

well as conditions i n the mould such as metal temperature, f i l l rate, mould 

design, and s t i r r i n g . 

Another type of cracking, often c a l l e d " c l i n k i n g " because i t i s 

audible, has a d i s t i n c t l y d i f f e r e n t mechanism from both panel cracking and 
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hot t e a r i n g . Clinks appear only i n high-carbon or a l l o y s t e e l grades with 

high carbon equivalents and are generated at lower temperatures (about 

300°C). Cooling c l i n k s occur a f t e r an ingot has been stripped e a r l y and 

exposed to a cold atmosphere and reheating c l i n k s are formed when a cold 

ingot i s charged into a hot p i t and ra p i d l y heated. Both types of c l i n k s 

are thought to be caused s o l e l y by the generation of high thermal stresses 

i n the outer ingot skin and are not associated with e i t h e r A1N or a d u c t i l 

i t y loss at intermediate temperatures. 

A t h i r d type of cracking, "hydrogen f l a k i n g " , also a f f e c t s medium-

carbon s t e e l ingots and Is c l o s e l y associated with thermal treatment and the 

hydrogen content of the s t e e l . Hydrogen f l a k i n g i s caused by hydrogen gas 

nucleation i n the s o l i d s t e e l and can be c o n t r o l l e d e i t h e r by lowering the 

hydrogen content or by holding at or slow cooling the ingot through about 

650°C to f a c i l l i t a t e hydrogen d i f f u s i o n . 

Turning from ingot casting to other s t e e l treatment processes, many 

experience cracking problems with features s i m i l a r to panel cracks. Several 

examples can be c i t e d . Sand castings of carbon and low a l l o y s t e e l s with 

high aluminum and nitrogen contents occasionally e x h i b i t intergranular 

cracks known as "rock candy f r a c t u r e " . 1 5 - 1 7 L o r i g and E l s e a 1 5 concluded i n 

1947 that A1N p r e c i p i t a t i o n at primary austenite grain boundaries was the 

p r i n c i p l e cause of th i s f r a c t u r e . Woodfine and Q u a r r e l l 1 6 subsequently 

confirmed t h i s mechanism and added that the problem was most severe i n large 

castings where a slow cooling rate took place a f t e r s o l i d i f i c a t i o n or the 

temperature was held between 800 and 1100°C. A s i m i l a r mechanism accounts 

for "surface break up" i n large, aluminum g r a i n - r e f i n e d , low a l l o y , n i c k e l 
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bearing, s t e e l f o r g i n g s . 1 B Nickel causes the s o l u t i o n temperature of A1N to 

increase by about 100°C which then allows the p r e c i p i t a t i o n of A1N at f o r g 

ing temperatures. This reduces the hot work a b i l i t y of the s t e e l and r e s u l t s 

i n c r a c k i n g . 1 8 "Y" crack formation during r o l l i n g of low-carbon, a l l o y 

s t e e l s i s also associated with A1N p r e c i p i t a t i o n at austenite grain bound

a r i e s . Chuen 1 9 determined that s t e e l composition, teeming temperature, 

r o l l i n g v e l o c i t y , track time and reheating p r a c t i c e most influenced t h i s 

type of crack. Low carbon, silicon-manganese s t e e l s are subject to "temper-

embrittlement" during heat treatment or reheating, i f n i t r i d e s such as A1N 

are allowed to p r e c i p i t a t e . 2 0 - 2 2 Inoue determined that nitrogen segregation 

to the austenite grain boundaries causes severe embrittlement i f the s t e e l 

i s tempered at 500 - 600°C and quenched. 2 1 Another example can be found i n 

the welding of low-carbon steels since cracks can form i n the heat-affected 

z o n e . 2 3 - 2 5 Crack formation i s s i g n i f i c a n t l y affected by cooling r a t e , 2 4 the 

A1N c o n t e n t 2 4 and a loss i n d u c t i l i t y around 600°C. 2 5 Transverse cracking 

i s experienced i n continuously cast s t e e l s l a b s 2 6 - 3 1 i f stresses generated 

during straightening occur when the surface temperature of the strand i s i n 

the intermediate-temperature range of reduced d u c t i l i t y between 700 and 

900°C. Also, i t i s suspected that continuously cast blooms may be subject 

to panel cracking a f t e r e x i t i n g the caster i n the same manner as s t a t i c a l l y 

cast i n g o t s . 8 

Each of these defects involves A1N embrittlement as well as i n t e r -

granular cracking along p r i o r austenite grain boundaries, and i s greatly 

influenced by the thermal treatment. These facts strongly imply that a 

s i m i l a r mechanism i s operating i n a l l of these cracking problems as 
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w e l l as i n panel cracking, despite the major dif f e r e n c e s between the metal

l u r g i c a l processes involved. The one fa c t o r apparently i n common to each of 

these problems i s a loss i n the hot d u c t i l i t y of s t e e l , so the next s e c t i o n 

reviews studies made in this area. P a r t i c u l a r a t t e n t i o n i s given to A1N 

p r e c i p i t a t i o n and thermal h i s t o r y e f f e c t s In the intermediate-temperature 

range. Emphasis i s placed on those aspects which are most c l o s e l y related 

to the formation of panel cracks. 

2.2 Hot D u c t i l i t y of S t e e l 

Several d i f f e r e n t methods have been applied to determine the hot duct

i l i t y of s t e e l . Tests have been made with an Instron machine and induction 

furnace but t h i s t r a d i t i o n a l method has problems associated with premature 

necking. A l t e r n a t i v e l y , researchers have employed t o r s i o n - t e s t i n g machines 

to achieve higher s t r a i n s before f r a c t u r e . However, the accuracy of both 

these methods has been questioned owing to the d i f f i c u l t y of reproducing an 

"as cast" structure by reheating s o l i d material from ambient temperature. 

To overcome t h i s , many workers have used a Gleeble machine, i n which a 

specimen can be melted and r e s o l i d i f i e d " i n s i t u " , slowly cooled, and then 

tested, possibly representing a better simulation of true casting condi

t i o n s . However, a disadvantage to t h i s technique i s that only a very small 

amount of material i s tested (about 1 cm 3) so l o c a l nonuniformities can play 

a large r o l e . The l o c a l nature of the test also makes i t impossible to 

record actual load and elongation so that mechanical behavior must be 

i n f e r r e d s o l e l y from reduction-in-area measurements and analysis of the 

cooled f r a c t u r e surface. 
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Notwithstanding these d i f f i c u l t i e s , numerous studies have been per

formed on the hot d u c t i l i t y of s t e e l which has been found to c o r r e l a t e 

remarkably well with a v a r i e t y of cracking problems. The following sections 

w i l l describe the d i f f e r e n t temperature zones of lowered d u c t i l i t y f o r 

plain-carbon and low-alloy s t e e l s . 

2.2.1 Zones of reduced d u c t i l i t y 

In general, the d u c t i l i t y of s t e e l at elevated temperatures i s e x c e l 

l e n t . However, there are at l e a s t two d i s t i n c t temperature regions i n which 

i t s d u c t i l i t y drops markedly. The f i r s t of these appears at high tempera

tures within about 50°C of the solidus temperature. The d u c t i l i t y i n t h i s 

zone i s v i r t u a l l y zero and as mentioned e a r l i e r , i s responsible f or hot 

t e a r i n g . 

The second range of reduced d u c t i l i t y extends from as high as 1200 

o c 3 2 » 3 3 t Q a s l o w a s 6 0 0 ° C , 3 0 as shown i n F i g u r e 2.1. In t h i s broad 

i n t e r v a l , reduction i n area or "R.A." can have almost any value, ranging 

from a minimum of about 10% to almost 100%. While the t o t a l s t r a i n to 

f r a c t u r e can occ a s i o n a l l y approach zero, there i s always some l o c a l deforma

t i o n 3 4 which distinguishes low d u c t i l i t y cracking i n t h i s region from the 

high temperature zone. 

This second " d u c t i l i t y trough" can be divided further into at l e a s t two 

overlapping temperature zones i n which d i f f e r e n t e m b r i t t l i n g mechanisms 

operate. One of these a f f e c t s s t e e l while i t i s e n t i r e l y i n the austenite 

phase and l i e s i n an intermediate temperature range from the Ar temperature 
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Figure 2 . 1 Hot ducti l i t y of low-carbon steels containing 
manganese and aluminum as reported by various 
researchers 
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( u s u a l l y about 800°C) to as high as 1200°C. Because the s t a r t of the aus-

t e n i t e - f e r r i t e or "y •*• a" phase transformation can be s u b s t a n t i a l l y delayed 

below equilibrium i n micro-alloy s t e e l s , t h i s temperature region can extend 

to below 700°C. While the mechanisms operating i n t h i s region are poorly 

understood, they are related to p r e c i p i t a t e pinning e f f e c t s , grain boundary 

s l i d i n g and delayed r e c r y s t a l l i z a t i o n . 

The other zone i s c l o s e l y associated with the y •*• a phase transforma

t i o n and l i e s i n a lower temperature range below the Ar^• S t r a i n concentra

t i o n at f e r r i t e networks surrounded by austenite, or p e a r l i t e at lower temp

eratures, are responsible for reduced d u c t i l i t y i n t h i s zone. This mechan

ism may extend to below the Ar^ temperature where f e r r i t e networks sur

rounded by p e a r l i t e may constitute a f i n a l zone of lower d u c t i l i t y . 

Although innumerable i n v e s t i g a t i o n s have been made on the hot d u c t i l i t y 

o f s t e e l below 1 2 0 0 ° C , 1 " 3 ' 7 ' 1 5~1 8> 2 4 » 29-51 f e w r e S e a r c h e r s have found 

two d i s t i n c t intermediate-temperature d u c t i l i t y troughs at the same time. 

E i t h e r one, the other, or a combination of the two usually i s observed, 

depending on the l o c a t i o n of the Ar^ phase transformation temperature with 

respect to the observed d u c t i l i t y trough. Although a d u c t i l i t y trough has 

been d i r e c t l y linked to the Ar^ temperature, 3 7' 4 8 ' 4 9 other studies report 

i t extends to much h i g h e r t e m p e r a t u r e s 4 3 ' 4 4 w h i l e s t i l l others f i n d a 

trough e n t i r e l y above the A r ^ . 2 9 ' 3 2 ' 3 4 Because the y •* a phase transform

ati o n i s influenced by a l l o y i n g elements, cooling rate, s t r a i n rate and 

p r e c i p i t a t e a c t i o n i t s e l f , r e l a t i n g the los s i n d u c t i l i t y to the Ar^ temper

ature i s often complicated. Thus, the d i v i s i o n of the second d u c t i l i t y 

trough into two further zones i s more due to a d i f f e r e n c e i n fr a c t u r e mech-



12 

anisms and s t e e l phases present than to separable ranges of temperature over 

which the mechanisms operate. 

These temperature zones of reduced d u c t i l i t y and t h e i r corresponding 

e m b r i t t l i n g mechanisms are i l l u s t r a t e d schematically i n Figure 2.2. The 

next sections w i l l elaborate on each i n turn. 

2.2.2 High Temperature Zone 

At temperatures just below the s o l i d u s , the s t r a i n - t o - f r a c t u r e of s t e e l 

i s only about 1%. Many studies have been conducted on t h i s zone of reduced 

d u c t i l i t y 1 * 7 ' 5 2 - 6 2 and the mechanisms that are operative are probably the 

best understood. The d u c t i l i t y i s reduced by the microsegregation of S and 

P r e s i d u a l s at s o l i d i f y i n g dendrite i n t e r f a c e s which lowers the solidus 

temperature l o c a l l y i n the i n t e r d e n d r i t i c regions. The d u c t i l i t y remains 

e f f e c t i v e l y zero u n t i l the i n t e r d e n d r i t i c l i q u i d f i l m s begin to freeze. 

Severe embrittlement i s experienced at a l l temperatures above the "zero 

d u c t i l i t y temperature" which occurs within 30 - 70°C of the solidus as shown 

i n Figure 2.3. Any s t r a i n that i s applied to the s t e e l i n t h i s temperature 

region w i l l propagate cracks outward from the s o l i d i f i c a t i o n front between 

dendrites. The r e s u l t i n g f r a c t u r e surface e x h i b i t s a smooth, rounded 

appearance, c h a r a c t e r i s t i c of the presence of a l i q u i d f i l m at the time of 

f a i l u r e . 

The t r a n s i t i o n from b r i t t l e to d u c t i l e behavior occurs over a narrow 

temperature range on h e a t i n g . 5 2 However, on cool i n g , d u c t i l i t y may not 

approach 100% u n t i l somewhat lower temperatures are reached. In f a c t , 
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Temperature (°C) 

Figure 2.2 Schematic representation of temperature zones of 
reduced hot d u c t i l i t y of s t e e l r e l a t e d to e m b r i t t l i n g 
mechanisms 
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Temperature 

Figure 2.3 Relationship between mechanical properties i n the 
high temperature zone of reduced d u c t i l i t y and: 

(A) corresponding schematic presentation of s o l i d / 
l i q u i d i n t e r f a c e during casting 

(B) carbon content (from S u z u k i 6 2 ) 
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Figure 2.3 indicates that some embrittlement may be encountered at tempera

tures as low as 1200°C. In theory, t h i s e m b r i t t l i n g mechanism can continue 

to operate to as low as the Fe-FeS e u t e c t i c temperature of 980°C. 3 2 > 3 1 0 6 3 

Increased contents of S, P, S n , 5 9 C u , 7 ' 6 0 and S i 4 7 a l l worsen the d u c t i l i t y . 

Manganese i s b e n e f i c i a l since i t p r e f e r e n t i a l l y combines with S to form le s s 

harmful MnS p r e c i p i t a t e s , thereby preventing l i q u i d f i l m formation. A Mn/S 

r a t i o greater than 20 minimizes cracking by t h i s mechanism, 5 7 p a r t l y by 

r a i s i n g the d u c t i l e / b r i t t l e t r a n s i t i o n temperature. 

This zone of reduced d u c t i l i t y i s responsible f or the problem of hot 

tearing as previously discussed. The d u c t i l i t y i s r e l a t i v e l y i n s e n s i t i v e to 

subsequent thermal treatment 3** and s t r a i n r a t e . 5 2 In comparison, the fact 

that panel cracking i s s e n s i t i v e to the thermal h i s t o r y of the s t e e l ingot 

suggests, i n the absence of s t r a i n generation considerations, that the high-

temperature zone of low d u c t i l i t y plays an i n s i g n i f i c a n t r o l e In the 

problem. 

2.2.3 Intermediate-Temperature Zone 

With descending temperature, the second drop i n d u c t i l i t y experienced 

by s t e e l i s i n the single austenite phase and extends from the Ar^ tempera

ture to as high as 1 2 0 0 ° C . 3 3 , 3 7 Above t h i s temperature range, dynamic 

r e c r y s t a l l i z a t i o n occurs so r e a d i l y that high d u c t i l i t y i s assured, 

v i r t u a l l y unaffected by s t e e l composition and processing conditions. While 

a great deal of study has been done on the d u c t i l i t y of austenite below 

1 2 0 0 ° C , 1 8 ' 2 4*' 2 9 - 5 0 e l u c i d a t i o n of the mechanisms o p e r a t i n g i n t h i s 

temperature region i s incomplete owing to t h e i r complexity. 
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The d u c t i l i t y of s t e e l specimens i n t h i s temperature range i s d i r e c t l y 

r e f l e c t e d i n the appearance of the frac t u r e surface. H i g h - d u c t i l i t y f r a c 

tures are transgranular with c h a r a c t e r i s t i c dimples and a few large p r e c i p i 

t a t e s , i n d i c a t i n g that fracture i n i t i a t e d at i s o l a t e d i n c l u s i o n s dispersed 

throughout the matrix. In contrast, tests made i n a temperature region of 

low d u c t i l i t y always exhibit an intergranular f r a c t u r e along austenite grain 

boundaries making large angles with the major stress a x i s . In f a c t , the 

v a r i a t i o n i n RA values correlates well with the f r a c t i o n of fr a c t u r e surface 

occurring on austenite grain b o u n d a r i e s . 3 8 

The surface of specimens fractured i n the intermediate temperature zone 

of reduced d u c t i l i t y was intergranular and wavy with numerous p r e c i p i t a t e s 

of v a r y i n g types including sulphides (Mn, Fe, and possibly A l 8 1 ) , 1 ' 3 4 ' 3 7 ' 

5 0 o x i d e s (Mn, Fe and A l ) 3 0 ' 3 7 and n i t r i d e s (A1N, 2 9' 1 + 1" l t l + niobium carbo-

n i t r i d e compounds, or MNb(C,N)" 2 9' 3 7> 3 8 » 4 4 ' 4 5 ' 4 7 ' 6 4 » 6 5 and BN 2 3' 4 6 ) . 

Most of the f r a c t u r e surfaces i n d i c a t e a creep-type f a i l u r e due to the coa

lescence of c a v i t i e s nucleating at the grain-boundary p r e c i p i t a t e s . 

2.2.3.1 E f f e c t of St e e l Composition 

S t e e l c o m p o s i t i o n i s extremely important i n d e t e r m i n i n g the 

intermediate-temperature d u c t i l i t y of low-alloy s t e e l s and has received the 

greatest a t t e n t i o n by researchers. While embrittlement i n th i s temperature 

range does not occur i n h i g h - p u r i t y i r o n 3 0 ' 3 7 ' 4 9 , i t has been found i n 

both plain-carbon s t e e l 4 5 and an Fe-0.24Si binary a l l o y . 6 6 These observa

tions suggest that embrittlement i s not possible without some p r e c i p i t a t e s 

and reveal the importance of even minor amounts of r e s i d u a l elements. 
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One of the most I n f l u e n t i a l elements a f f e c t i n g d u c t i l i t y i n t h i s region 

i s aluminum. As shown in Figure 2.4, increasing dissolved A l content, or 

"ASA" (acid soluble aluminum), within the range of 0.02 to 0.06% causes a 

marked drop i n hot d u c t i l i t y , p a r t i c u l a r l y below 900°C. 2 1** 3 8 ' k 3 t 4 5 ' 5 0 

I t also extends the upper l i m i t of the d u c t i l i t y trough occurring i n p l a i n C 

s t e e l s to higher temperatures. 2 1*' 2 9 ' **3' 5 0 Further increases i n ASA above 

0.07% recovers the d u c t i l i t y somewhat, presumably due to A1N p r e c i p i t a t e 

c o a r s e n i n g . 1 8 ' 21*' 2 9 The action of A l i n determining d u c t i l i t y i s undoubt

edly due to the p r e f e r e n t i a l p r e c i p i t a t i o n of A1N at the austenite grain 

boundaries. 1* 1* I t also r e f i n e s the austenite grain s i z e and retards austen

i t e r e c r y s t a l l i z a t i o n . Mintz & Arrowsmith 2 9' 4 5 report that increasing ASA 

also aggravates the e f f e c t of Nb(C,N) p r e c i p i t a t e s , causing them to become 

f i n e r , more c l o s e l y spaced and concentrated at the grain boundaries. 

The influence of niobium i s quite s i m i l a r to that of aluminum, both i n 

e f f e c t and s e v e r i t y as shown i n Figure 2.5. Increasing Nb content again 

causes a drop i n d u c t i l i t y v a l u e s 2 9 * 3 1 ' t f 3' 4 5 but i t i s even more i n f l u 

e n t i a l than A l i n extending the trough to higher temperatures. 2 9' 3 1 ' 3 7 ' 

3 8> 4 3 - 4 5 Researchers studying A l s t e e l s both with and without Nb observe 

that Nb(C,N) p r e c i p i t a t e s tend to predominate at higher temperatures while 

A1N i s more associated with the lower temperature 700 - 900°C ran g e . 3 8 ' 1*3' 

4 5 Steels containing both A l and Nb have the deepest, widest d u c t i l i t y 

t r o u g h s . Niobium p r e c i p i t a t e s as NbC ,N i n h i g h N s t e e l s 3 8 ' 6 4 or 

NbC 7 C. i n low N s t e e l s 6 5 and i s r a t e c o n t r o l l e d by d i f f u s i o n of Nb i n 

a u s t e n i t e . 6 7 

In s t e e l s where boron i s present, s i m i l a r observations to those wit

nessed f o r A l & Nb are r e p o r t e d 2 3 ' 4 6 (See Figure 2.6). I t i s presumably 
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due to the same mechanism with BN p r e c i p i t a t e s taking the place of or acting 

simultaneously with A1N and Nb(C,N). 

Knowing that n i t r i d e p r e c i p i t a t e s ( A l & Nb) are l a r g e l y responsible for 

lowering d u c t i l i t y , i t i s not s u r p r i s i n g that increasing nitrogen contents 

are associated with decreasing d u c t i l i t y 2 4 ' 3 0 ' 3 1 ' 3 8 ' 4 5 ' 5 0 and extension 

of the l o w - d u c t i l i t y trough to higher temperatures. 3 0 I t s e f f e c t i s not 

nearly as dramatic as that of A l and Nb, but unlike these elements, N i s 

also deleterious to the low temperature properties of s t e e l : strength and 

toughness. 6 8 Its e f f e c t i s i l l u s t r a t e d i n Figure 2.7. 

Vanadium, another common micro-alloy, and n i t r i d e former, i s not nearly 

as detrimental to d u c t i l i t y as A l and Nb and may even be b e n e f i c i a l . Some 

believe V acts i n a s i m i l a r manner to Nb but has a reduced e f f e c t because of 

the h i g h e r s o l u b i l i t y of VN i n a u s t e n i t e . 3 1 ' 4 5 Others claim that V may 

improve d u c t i l i t y 2 ' 1 3 > 2 0 p a r t i c u l a r l y at lower temperatures, since i t 

hinders A1N p r e c i p i t a t i o n . 6 9 

The f i n a l n i t r i d e former, titanium, i s unique i n being the only element 

that i s unquestionably b e n e f i c i a l i n reducing the d u c t i l i t y problem. 

Figure 2.8 shows that although T i i s not e f f e c t i v e i n t o t a l l y removing the 

d u c t i l i t y t r o u g h 3 8 , i t can reduce i t to the same depth and extent as that 

observed f o r p l a i n C/Mn s t e e l s . 4 2 ' 4 5 Titanium appears able to eliminate 

the d e t r i m e n t a l e f f e c t s of A l 7 ' 4 5 by preventing A1N formation. I t does 

t h i s by p r e f e r e n t i a l l y combining with the a v a i l a b l e nitrogen and p r e c i p i t a 

t i n g c o a r s e r , l e s s harmful, TIN p r e c i p i t a t e s 3 8 ' 4 1 * 4 2 ' 4 5 d i s t r i b u t e d 

throughout the matr i x . 7 I t also p r e c i p i t a t e s at higher temperatures due to 
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Figure 2.6 E f f e c t of Boron on the hot d u c t i l i t y of s t e e l 4 6 
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Figure 2.8 E f f e c t of Titanium on the hot d u c t i l i t y of s t e e l 
(from F u n n e l 4 2 ) 
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i t s lower s o l u b i l i t y , leaving less N for the subsequent p r e c i p i t a t i o n of 

more detrimental n i t r i d e s . Titanium has a s i m i l a r but reduced e f f e c t on Nb 

b e a r i n g s t e e l s , 4 5 probably because Nb can a l s o form c a r b i d e s . 3 8 

Apart from n i t r i d e s , which play t h e i r most important r o l e at lower 

temperatures, sulphides are seen to be detrimental.over the whole range of 

reduced d u c t i l i t y . They are p a r t i c u l a r l y damaging at the higher temperature 

1000-1200°C range and at higher s t r a i n rates (above 10~ 3 s _ 1 ) . Increasing 

s u l p h u r content both deepens 3 2' 3 3 ' 3 4 ' 3 7 ' 6 4 and widens 3 0' 3 3 ' 3 7 the hot 

d u c t i l i t y trough, as shown i n Figure 2.9. The a d d i t i o n of manganese to 

a c h i e v e Mn/S r a t i o s greater than 20 g r e a t l y reduces the d u c t i l i t y t r o u g h 3 0 ' 

32> 3"+i 36» 37 t ^ e s a m e mechanism t h a t i t a l l e v i a t e s the hot tearing 

problem. However, very high manganese l e v e l s (>1.6%) are reported to lower 

d u c t i l i t y , p o s s i b l y due to matrix h a r d e n i n g . 3 8 ' 5 1 

Because the important e f f e c t s of these elements are themselves so com

p l i c a t e d , i t i s d i f f i c u l t to determine the possible influences of other 

minor elements. While P i s c l e a r l y detrimental at hot tearing temperatures, 

i t i s much less important i n the Intermediate temperature region. Some 

s t a t e i t has a n e g l i g i b l e e f f e c t 3 2 ' 3 8 while others even report a s l i g h t 

i n c r e a s e i n d u c t i l i t y w i t h i n c r e a s i n g P up to 0.3%. 2 9' 3 0 ' 4 5 This was 

a t t r i b u t e d to hindrance of Nb(C,N) p r e c i p i t a t i o n by P segregation to the 

austenite grain boundaries. 

Researchers hold mixed views on the influence of carbon, ranging from 

low-carbon s t e e l having lower d u c t i l i t y 3 1 to medium carbon s t e e l being 

w o r s e 1 8 ' 3 2 ' 4 9 to there being no e f f e c t at a l l . 3 6 ' 3 8 Although i t s a c t i o n 
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Figure 2.9 E f f e c t of S on hot d u c t i l i t y of low-carbon s t e e l 
(adapted from Weinberg 3 3) 
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i s also unclear, molybdenum additions may be b e n e f i c i a l . Calcium additions 

may improve d u c t i l i t y by reducing sulphur and oxygen l e v e l s . 7 0 F i n a l l y , 

oxygen has been seen to have only a s l i g h t l y d eleterious e f f e c t , 2 8 ' 5 4 pre

sumably due to i t s contribution to (Fe, Mn, Al) i n c l u s i o n s and reduction i n 

i n t e r n a l c l e a n l i n e s s . Oxide p r e c i p i t a t e s are far less damaging than e i t h e r 

n i t r i d e s or sulphides. 

2.2.3.2 E f f e c t of Thermal History 

The other major variable a f f e c t i n g hot d u c t i l i t y i s thermal h i s t o r y . 

Since time i s one of the basic parameters c o n t r o l l i n g the e m b r i t t l i n g pro

cesses, the e f f e c t s of thermal h i s t o r y are n a t u r a l l y linked to s t r a i n r a te. 

Thermal h i s t o r y e f f e c t s are r e v e r s i b l e since several researchers have 

observed that r e a u s t e n i t i z i n g a sample e x h i b i t i n g low d u c t i l i t y at a p a r t i c 

u l a r test temperature, followed by a "favorable" thermal treatment and 

r e t e s t i n g at the same temperature, r e s t o r e s good d u c t i l i t y . 1 6 ' 1 7 ' 3 8 

Unfortunately, there i s wide disagreement as to what constitutes a d e l e t e r 

ious or favorable thermal treatment. The findings seem to depend, at l e a s t 

i n part, on the p r e c i p i t a t e species responsible for embrittlement. 

The time and temperature of annealing used to " i n i t i a l i z e " the sample 

has been found by several researchers to be very important. More severe 

embrittlement and extension of the d u c t i l i t y trough to higher temperatures 

occurs when the maximum heating temperature i s above the i n c i p i e n t g rain 

boundary m e l t i n g t e m p e r a t u r e . 3 3 ' 3 7 The same extended embrittlement was 

found when annealing for short times (60 s) at 1425°C 6 6 and to a l e s s e r 
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e x t e n t at temperatures between 1300°C and 1400°C. 3 4' 3 7 However, Wray also 

reports that annealing for long times at high temperature produces extensive 

g r a i n growth with no embrittlement when subsequently tested at 950°C. 6 6 

Several studies report that annealing temperature has no e f f e c t on 

d u c t i l i t y provided that annealing i s done above the s o l u t i o n temperature of 

the various n i t r i d e s present for s u f f i c i e n t time to ensure r e d i s s o l u t i o n . 3 8 ' 

4 3 This should take only 300 s at 1300°C for A1N which i s quick to d i s s o l v e 

when reheated above i t s s o l u t i o n temperature. However, longer times, i n 

excess of 1800 s may be needed for Nb(C,N) which i s much slower to d i s 

s o l v e . 4 4 ' 7 1 Since many workers did not use a Gleeble apparatus, i t remains 

uncertain whether t h e i r experimental r e s u l t s r e f l e c t those of actual casting 

conditions, where the s t e e l i s i n i t i a l l y molten. S u b s t a n t i a l l y d i f f e r e n t 

behavior i s found i f A1N p r e c i p i t a t e s s t i l l remain a f t e r a n n e a l i n g . 4 0 

Embrittlement i n t h i s temperature region i s s e n s i t i v e not only to 

annealing temperature but also to the subsequent thermal h i s t o r y . Slower 

cooling rates c o n s i s t e n t l y are found to be b e n e f i c i a l , both when sulphides 

were invo l v e d 3 0 ' 3 2 ' 3 7 (.05 vs 5 °C/s) and wh en A1N was the major embrit

t l i n g s p e c i e s . 2 4 ' 2 9 (1 vs 25 °C/s) . 

Many workers have found that short, (200-3000 s) isothermal periods 

before t e s t i n g also greatly improves d u c t i l i t y at temperatures above 900°C, 

when s u l p h i d e e m b r i t t l e m e n t i s i n v o l v e d . 3 2 ' 3 4 ' 3 7 F i g u r e 2.10 (A) 

i l l u s t r a t e s t h i s e f f e c t . However, when n i t r i d e s are responsible, holding 
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before t e s t i n g from 900 to 1800 s r e s u l t s i n s u b s t a n t i a l l y reduced d u c t i l i t y 

below 1 0 0 0 ° C . 3 8 ' 4 4 Even at higher temperatures, d u c t i l i t y decreases unless 

h o l d i n g i s done f o r much l o n g e r t i m e s . 3 8 ' 4 4 (more than 5400 s at 

1 1 5 0 ° C ) 4 2 . This r e f l e c t s the slow k i n e t i c s of n i t r i d e p r e c i p i t a t i o n , 

p a r t i c u l a r l y Nb(C,N). 

C o o l i n g below the temperature and reheating to the a u s t e n i t i c range 

c o m p l e t e l y e l i m i n a t e s embrittlement, at l e a s t when MnS i s i n v o l v e d . 3 2 ' 3 4 ' 

3 7 However, cooling e i t h e r into the two-phase region or just above the Ar^ 

r e s u l t s i n more severe n i t r i d e embrittlement. As shown i n Figure 2.10 (B), 

t h i s extends the zone of lower d u c t i l i t y to higher temperatures, p a r t i c u 

l a r l y when Nb i s p r e s e n t . 3 8 

F i n a l l y , c y c l i n g the temperature a c r o s s the A^ temperature, such as 

occurs during continuous ca s t i n g , was found to be very d e t r i m e n t a l . 3 1 ' 4 2 

2.2.3.3 E f f e c t of S t r a i n Rate 

Researchers who test at low s t r a i n rate and/or a t t r i b u t e d u c t i l i t y 

losses to n i t r i d e p r e c i p i t a t e s , unanimously concur that d u c t i l i t y i n t h i s 

temperature range decreases with decreasing s t r a i n r a te. Figure 2.11 shows 

that as s t r a i n rate i s lowered below about 10" 3 s - 1 , any observed d u c t i l i t y 

trough deepens d r a s t i c a l l y . This e f f e c t i s most prominent at temperatures 

below 9 0 0 ° C . 2 9 ' 3 0 ' 3 1 ' 3 8 ' 4 0 ' 4 3 While lowering the s t r a i n rate also has 

the e f f e c t of extending the d u c t i l i t y trough to higher temperatures, 7 2 the 

temperature of lowest d u c t i l i t y remains just above the A r , . 3 8 
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Figure 2.10 E f f e c t of thermal treatment on intermediate-temperature 
d u c t i l i t y i l l u s t r a t i n g the e f f e c t s of: 

(A) hold time p r i o r to t e s t i n g 3 7 

(B) dropping temperature i n t o the two-phase region p r i o r 
to t e s t i n g 3 8 



28 

O 
<U 

- c o 
u 
a> 

U 

a 

100 

80 

60 

40 

20 

100 

80 

60 

40 

20 

0 

i(s-') 
O 
V 
• 
A 

o 

9 
I 

1X10 
4X10"' 
6X10"4 

I XlO'4 

7XI0"5 

%C 0.15 
% SI 0.29 
%Mn 1.35 
%S 0.006 
% P 0.014 
%N 0.0066 
%AI Q022 

+ 
A O 

O — 

A ^ 
o -

) — ° / • / 

A ' ' /%C0.I5_ 
/ / %Si0.29 

/ / %Mn 1.35 

O . - A ' / 
\ 

t 

%S Q006__| 
%P 0.014 
%N 0.0056 
%AI 0.022 
%Nb 0.054 

i 
600 700 800 900 1000 

Temperature (°C) 

Figure 2.11 Dependence of intermediate-temperature d u c t i l i t y on 
s t r a i n r a t e 3 8 f o r : 

(A) low-carbon, Si-Mn s t e e l 

(B) Nb-bearing s t e e l 



29 

At higher s t r a i n rates, (above 10" 3 s _ 1 ) the influence of this v a r i a b l e 

i s not as c l e a r . Researchers a t t r i b u t i n g embrittlement to n i t r i d e ( A l or 

Nb) p r e c i p i t a t e s s t i l l f i n d lower s t r a i n rates c o n s i s t e n t l y detrimental to 

d u c t i l i t y . 3 7 ' 4 0 ' 6 6 However, many of those a t t t r i b u t i n g embrittlement to 

sulphide (Fe or Mn) p r e c i p i t a t e s f i n d decreasing s t r a i n rate e i t h e r has no 

i n f l u e n c e 3 2 or increases d u c t i l i t y , 3 7 p a r t i c u l a r l y at higher temperatures 

(900-1200°C). 3 8 

2.2.3.4 E f f e c t of Grain Size 

The grain boundaries are the weak l i n k i n s t e e l (and other metals) at 

elevated temperatures. Thus, coarse grained materials should exhibit lower 

d u c t i l i t y , p a r t i c u l a r l y at lower s t r a i n rates, where the grain-boundary 

weakening mechanisms have time to operate. This i s because s t r a i n 

concentration at the weakened grain boundaries i s enhanced when less grain 

boundary area i s present. Many studies indeed have determined coarse grain 

s i z e to be associated with lower d u c t i l i t y 3 0 * 3 1 ' 3 7 > 3 9 ' 4 3 > 4 5 but several 

others found f i n e grains to be worse 3 3' 4 1 ' 4 2 and another stated i t was not 

imp o r t a n t . 3 8 These contradictory findings are more understandable when one 

considers that grain s i z e i s i n t r i n s i c a l l y related to other variables such 

as grain r e f i n i n g agents and thermal h i s t o r y which themselves are highly 

i n f l u e n t i a l on hot d u c t i l i t y . 

The e f f e c t of A l additions on grain s i z e i s p a r t i c u l a r l y important to 

note. Some of the aluminum added to s t e e l acts as a deoxidant, being the 

most e f f e c t i v e and economical element to perform t h i s r o l e . More impor

t a n t l y , however, the remainder i s dissolved i n the s t e e l and i s very e f f e c -
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t i v e i n c o n t r o l l i n g the a u s t e n i t i c grain s i z e . The dissolved aluminum, or 

other grain r e f i n i n g element such as Nb, T i and to some extent Zr and V, 

accomplishes t h i s by preventing the grain growth that normally occurs at 

high temperature with increasing time. These a l l o y i n g elements act by form

ing "obstruction agents" which mechanically obstruct grain growth by pinning 

the austenite grain boundaries. The obstruction agents are f i n e , d i s c r e t e , 

p a r t i c l e s ( u s u a l l y carbides or n i t r i d e s ) that p r e c i p i t a t e during cooling at 

the austenite grain boundaries when t h e i r s o l u b i l i t y l i m i t has been 

exceeded. A1N p r e c i p i t a t e s are p a r t i c u l a r l y e f f e c t i v e 7 3 but niobium carbo-

n i t r i d e s and titanium n i t r i d e s are also s u i t a b l e . 7 1 * 

With Increasing temperature during reheating, the f i n e p a r t i c l e s both 

coalesce (Ostwald ripening) and s t a r t to di s s o l v e back into s o l i d s o l u t i o n . 

As the p r e c i p i t a t e s coarsen and reduce i n number, the pinning e f f e c t i s 

reduced. When the rate of release of energy per unit displacement of gr a i n 

boundary (during grain growth) exceeds the rate of increase i n energy due to 

the unpinning process, grain growth o c c u r s . 7 5 At t h i s c r i t i c a l temperature, 

c a l l e d the grain coarsening temperature, detrimental secondary r e c r y -

s t a l l i z a t i o n can begin. It i s manifested by the rapid growth of a few 

grains to large sizes which lowers f i n a l product q u a l i t y and consistency. 

Grain size control i s therefore very desirable during l a t e r reheating 

stages. The f i n e grain size r e s u l t i n g from A l addition has been c o r r e l a t e d 

with a decrease i n low temperature d u c t i l e / b r i t t l e t r a n s i t i o n temperature, 

an increase i n both low temperature strength and toughness and improved 

w e l d a b i l i t y , aging resistance and d i s t o r t i o n r e s i s t a n c e . 1 8 
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However, t h i s mechanism by which A l prevents grain coarsening Is the 

same one that contributes to a lowered d u c t i l i t y i n the Intermediate-temp

erature range. Indeed, the same factors that r e s u l t In lowered d u c t i l i t y 

have been found to achieve the f i n e s t g rain s i z e . For example, the grain 

coarsening temperature of s t e e l depends to a large extent on the s o l u t i o n 

temperature of A1N. 1 8' 7 6 The highest grain coarsening temperatures r e s u l t 

from large volume f r a c t i o n s of very f i n e p r e c i p i t a t e s made from i n t e r -

m e t a l l i c compounds with low s o l u b i l i t y p r o d u c t s . 7 6 Because of i t s low solu

b i l i t y (see Table 2.1) and i t s readiness to form very fine p r e c i p i t a t e s (< 1 

micron), A1N i s a very e f f e c t i v e obstruction agent. However, i f the alum

inum content of the s t e e l i s too high (above 0.08%), A1N can p r e c i p i t a t e at 

higher temperatures as coarse p a r t i c l e s which reduce i t s effectiveness and 

r e s u l t s i n a lower grain coarsening temperature as shown i n Figure 2.12. An 

optimum range exists at 0.015 - 0.05% A l . 3 The addition of titanium w i l l 

p r e f e r e n t i a l l y combine with the nitrogen to reduce A1N formation and again 

lower the grain coarsening temperature. 

Thus, when a fi n e grain s i z e i s observed associated with a lower duct

i l i t y , i t may simply r e f l e c t the effectiveness of n i t r i d e p r e c i p i t a t e s both 

i n preventing grain growth and i n weakening the austenite grain boundaries 

of that p a r t i c u l a r sample. 4 2 On the other hand, the action of A1N p r e c i p i 

tates may prevent dynamic r e c r y s t a l l i z a t i o n which could r e s u l t i n a coarser 

grain s i z e . In t h i s case, lower d u c t i l i t y would appear associated with the 

coarse grain size for the a d d i t i o n a l reasons that A1N p r e c i p i t a t e a c t i o n has 

accelerated grain boundary cavity n u c l e a t i o n 3 9 and reduced grain boundary 

m o b i l i t y . 4 5 In conclusion, grain s i z e i t s e l f i s not always a major factor 

c o n t r o l l i n g the hot d u c t i l i t y of s t e e l . I t often simply r e f l e c t s the 
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Table 2.1 S o l u b i l i t y of various n i t r i d e s In austenite 

Compound S o l u b i l i t y (weight percent) 

VN l o g 1 0 [V] [N] = = -8300/T (°K) + 3.46 very l o g 1 0 [V] 
soluble 

NbN l o g 1 0 [Nb] [N] = • -8500/T +2.80 

A1N log [Al] 
10 

[N] = = -6770/T + 1.03 

TiN log [Ti] 
10 

[N] £ 5 -7.0 @ 1100°C 

ZrN very 
stable 
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Figure 2.12 E f f e c t of various elements on the grain-coarsen 
temperature of plain-carbon s t e e l 
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influences of the processes which do co n t r o l d u c t i l i t y such as the e f f e c t 

iveness of n i t r i d e p r e c i p i t a t e s i n grain boundary pinning. 

2.2.3.5 Mechanisms 

I t i s f a i r l y well agreed that trends observed i n the intermediate-

temperature zone of reduced d u c t i l i t y can be explained l a r g e l y by the action 

of p r e c i p i t a t e s at the austenite grain boundaries. However, theories d i f f e r 

as to how these p r e c i p i t a t e s operate to reduce d u c t i l i t y . While many of the 

apparently contradictory findings can be explained, the phenomena are f a r 

from being completely understood. There appear to be at l e a s t three 

separate mechanisms operating both simultaneously and independently to 

account for the complex behavior observed i n t h i s temperature region. Under 

any p a r t i c u l a r set of conditions, any one of these i s l i k e l y to predom

inate . 

Wray has represented these d i f f e r e n t fracture mechanisms i n terms of 

d i f f e r e n t s t r a i n - r a t e temperature zones v i a a fracture map shown i n Figure 

2.13 6 6. Zone A i s the high-temperature zone responsible for hot t e a r i n g . 

Zones B, C, and D correspond to three mechanisms involving the a u s t e n i t i c 

phase: sulphide embrittlement at high s t r a i n rate, d u c t i l e intragranular 

f r a c t u r e , and intergranular creep f r a c t u r e , r e s p e c t i v e l y which operate i n 

t h i s intermediate-temperature zone. Zone E r e f e r s to the e m b r i t t l i n g 

mechanism operating i n the two-phase austenite and f e r r i t e region below the 

A^ temperature. These same lab e l s were used to i d e n t i f y the low d u c t i l i t y 

zones In Figure 2.2. 
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Figure 2.13 Possible fracture zones mapped for 0.2% C p l a i n -
carbon s t e e l i n s t r a i n - r a t e temperature s p a c e 6 6 
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At low s t r a i n r a t e s (below 10~ 3 s - 1 ) , e m b r i t t l e m e n t o c c u r s i n a u s t e n i t e 

by t h e n u c l e a t i o n , growth and c o a l e s c e n c e of g r a i n boundary v o i d s . Under 

s t r e s s , s m a l l p r e c i p i t a t e p a r t i c l e s a s s i s t i n i n i t i a t i n g m i c r o - f i s s u r e s , o r 

e q u i a x e d , c r e e p c a v i t i e s w i t h f a c e t e d s u r f a c e s . W i t h i n c r e a s i n g s t r a i n , t h e 

c r e e p c a v i t y d e n s i t y i n c r e a s e s . 7 8 I n a d d i t i o n , growth o c c u r s by s p r e a d i n g 

a l o n g t h e g r a i n boundary p l a n e . 3 9 I f e i t h e r the r a t e of c a v i t y n u c l e a t i o n 

i s h i g h , 7 8 o r e x t e n s i v e c a v i t y growth o r c o a l e s c e n c e can o c c u r a l o n g t h e 

b o u n d a r i e s , t h e n low d u c t i l i t y , i n t e r g r a n u l a r f r a c t u r e r e s u l t s . 

The f i n a l morphology of the c r e e p c a v i t i e s changes w i t h i n c r e a s i n g 

s t r a i n r a t e ( o r s t r e s s ) from l e n s - s h a p e d t o wedge-shaped, accompanied by 

more p l a s t i c f l o w . 7 2 At h i g h s t r a i n r a t e s , v o i d s have i n s u f f i c i e n t t i m e t o 

n u c l e a t e and t r a n s g r a n u l a r r u p t u r e o c c u r s , i n the absence of o t h e r 

e m b r i t t l i n g phenomena. 

The work of F u n n e l l * * 1 ' 4 2 and o t h e r s 2 9 ' 3 7 ' 4 0 s u g g e s t s a mechanism f o r 

p r e c i p i t a t e a c t i o n i n t h i s i n t e r m e d i a t e - t e m p e r a t u r e r e g i o n a t low s t r a i n 

r a t e . I f g r a i n b o u n d a r i e s can m i g r a t e away from d e v e l o p i n g c a v i t i e s , t h e n 

c a v i t y g r o w t h s t o p s , s t r e s s c o n c e n t r a t i o n a t the g r a i n boundary i s r e l a x e d , 

and d u c t i l i t y i s p r e s e r v e d . However, i n a d d i t i o n t o p r o v i d i n g I n i t i a t i o n 

s i t e s f o r v o i d n u c l e a t i o n , p r e c i p i t a t e s a l s o tend t o h i n d e r or p r e v e n t g r a i n 

boundary m o b i l i t y . 4 0 - 4 2 T h i s e n c o u r a g e s c a v i t y c o a l e s c e n c e and i n t e r g r a n 

u l a r f a i l u r e . A l t e r n a t i v e l y , the a c t i o n o f p r e c i p i t a t e s may enhance g r a i n 

b o u n d a r y s l i d i n g . 3 7 ' 4 1 ' 4 2 A c c o r d i n g t o t h i s m e c h a n i s m , t h e v o i d s 

n u c l e a t e , grow, and c o a l e s c e a l o n g t h e a u s t e n i t e g r a i n b o u n d a r i e s by t h e 

r e l a t i v e movement of n e i g h b o r i n g g r a i n s a l o n g t h e i r b o u n d a r i e s . 
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In e i t h e r case, the thermal-history s t r a i n - r a t e combinations that 

produce many f i n e p r e c i p i t a t e s at the austenite grain boundaries r e s u l t i n 

the lowest d u c t i l i t y . 1 + 0 _' t 2» 4 5 Mintz and Arrowsmith 4 5 suggest that a c r i t i 

c a l p a r t i c l e s i z e e x i s t s , above which, grain boundary migration can occur. 

This s i z e would be a function of p a r t i c l e volume f r a c t i o n , i n i t i a l grain 

s i z e and the stored energy of deformation. Only a s u f f i c i e n t l y large number 

of p r e c i p i t a t e s smaller than t h i s c r i t i c a l s i z e causes grain boundary 

pinning and the resultant loss of d u c t i l i t y . Thus, d u c t i l i t y decreases for 

decreasing p r e c i p i t a t e s i z e and increasing volume f r a c t i o n . 

N i t r i d e s are the p r i n c i p a l p r e c i p i t a t e s responsible f o r enhancing t h i s 

mechanism. This Is because A1N and Nb(C,N) are slow to nucleate i n 

a u s t e n i t e 2 9 ' 1 | 0 ' 6 4 ' 7 1 ' 7 9 and under average cooling rates, produce very 

f i n e p r e c i p i t a t e s , a v e r a g i n g about 100 nm i n diameter for A1N 2 9' 4 1 and 

smaller than 50 nm for Nb(C,N). 2 9' 3 8 Because sulphide p r e c i p i t a t e s tend to 

be much larger (200-5000 nm), 5 4 as well as to nucleate e a s i l y and grow 

r a p i d l y , they are much less e f f e c t i v e at grain boundary pinning by t h i s 

mechanism. 

An a d d i t i o n a l a c t i o n of Nb(C,N) p r e c i p i t a t e s i n enhancing embrittlement 

i n t h i s zone i s the concentration of s t r a i n at the austenite grain bound

a r i e s . This occurs when networks of f i n e , intragranular, Nb(C,N) p a r t i c l e s 

cause p r e c i p i t a t e hardening i n the matrix. 

Many of the previously discussed observations can be explained by t h i s 

mechanism. A low s t r a i n rate allows time for the d i f f u s i o n - c o n t r o l l e d pro

cesses of ( A l , Nb, B) n i t r i d e p r e c i p i t a t i o n and grain boundary void 
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coalescence to take e f f e c t . As s t r a i n rate i s decreased, these e m b r i t t l i n g 

mechanisms are enhanced. Higher A l , Nb, B or N l e v e l s increase n i t r i d e 

p r e c i p i t a t e s o l u b i l i t y products which r e s u l t s i n increased p r e c i p i t a t i o n 

r a t e s . 6 8 Fast cooling rates or cooling to lower temperatures again 

encourages p r e c i p i t a t i o n 2 9 ' 3 8 ' 7 1 and r e s u l t s i n f i n e r , more c l o s e l y spaced 

p a r t i c l e s . 2 9 This i s because s o l u b i l i t y products decrease l o g a r i t h m i c a l l y 

with decreasing temperature (see Table 2.1) so supersaturation, the d r i v i n g 

force for nucleation, i s increased. Cooling to lower temperatures and 

reheating before testing promotes rapid n i t r i d e p r e c i p i t a t i o n f o r the same 

reason. Any of these factors causing increased n i t r i d e p r e c i p i t a t i o n rates 

tends to lower d u c t i l i t y and extend the d u c t i l i t y trough to higher 

temperatures. 

While u s u a l l y associated with s t r a i n rates below 10~ 3 s - 1 , g r a i n bound

ary s l i d i n g has been found to be at l e a s t p a r t i a l l y responsible f o r 

embrittlement at s t r a i n rates as high as 10" 1 s - 1 i n a 0.54Nb s t e e l at 

9 00°C. 3 8 However, Ouchi & Matusumoto remark that because austenite g r a i n 

boundary s l i d i n g was not s e n s i t i v e to Nb, or N content or Increasing 

temperature above 900°C, i t cannot be the c o n t r o l l i n g factor f o r embrittle

ment. 3 8 

The predominant mechanism e m b r i t t l i n g s t e e l at high s t r a i n rates 

involves (Fe, Mn) sulphide p r e c i p i t a t e s . Sulphur strongly and r a p i d l y seg

regates to the austenite grain boundaries to form weak sulphide films which 

can f a i l i n a manner reminiscent of high-temperature or hot-tearing 

e m b r i t t l e m e n t . 3 2 ' 3 3 Indeed, l i q u i d - f i l m f a i l u r e i t s e l f i s possible at 
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temperatures above the Fe-FeS e u t e c t i c i f l o c a l remelting of sulphur r i c h 

pockets can o c c u r . 3 3 

Slow cooling or isothermal holding allows time for the slow d i f f u s i n g 

Mn to combine with S and form less harmful MnS p r e c i p i t a t e s which reduces 

FeS formation at the grain boundaries. In a d d i t i o n , high Mn/S r a t i o s 

encourage harmless MnS p r e c i p i t a t i o n i n s i d e the grains. This also explains 

the b e n e f i c i a l e f f e c t s of a high Mn/S r a t i o or low S l e v e l . However, 

l i q u i d - f i l m f a i l u r e alone cannot explain the problem since d u c t i l i t y losses 

occur even with Mn/S r a t i o s and temperatures well above those required to 

prevent l i q u i d FeS f i l m formation. Thus, i n a d d i t i o n , the p r e c i p i t a t e s 

themselves must be h a r m f u l , 3 4 presumably i n a manner s i m i l a r to that of 

n i t r i d e s . 

The c o n f l i c t i n g r e s u l t s obtained for varying thermal treatments and 

s t r a i n rate can be better understood by considering p r e c i p i t a t e thermo

dynamics. Above 1200°C, thermally activated processes such as d i s l o c a t i o n 

climb and r e c r y s t a l l i z a t i o n restore grain boundary m o b i l i t y . With i n c r e a s 

ing time and temperature, p r e c i p i t a t e s both coarsen and d i s s o l v e , reducing 

t h e i r effectiveness at pinning grain boundaries, and recovering d u c t i l i t y . 

The aggravated embrittlement caused by high annealing temperatures i s 

presumably due to the complete d i s s o l u t i o n of MnS p r e c i p i t a t e s that occurs 

at 1420°C. 6 6 In a d d i t i on, i f l o c a l grain boundary melting can occur before 

c o o l i n g , t h i s detrimental action w i l l reduce d u c t i i t y at lower tempera

t u r e s . 3 3 ' 3 7 
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Between 1200°C and the temperature, d u c t i l i t y depends on the s i z e , 

number and l o c a t i o n of p r e c i p i t a t e s produced by the previous thermal t r e a t 

ment. Slow cooling and isothermal holding induce both p r e c i p i t a t e nuclea

t i o n and growth. The same conditions of Increased time that allow large 

numbers of fin e n i t r i d e p r e c i p i t a t e s to form and lower d u c t i l i t y , cause 

sulphide p r e c i p i t a t e s to coarsen and thereby improve d u c t i l i t y . Cooling 

below the and r e h e a t i n g nucleates p r e c i p i t a t e s which grow r a p i d l y , and 

for the most part, harmlessly inside the grains. At higher s t r a i n r a t e s , 

l e s s time i s allowed for the coarsening of sulphide p r e c i p i t a t e s , r e s u l t i n g 

i n more e f f e c t i v e grain boundary pinning and thereby reducing d u c t i l i t y . 

Because they p r e c i p i t a t e and grow so much fa s t e r than n i t r i d e s , sulphides 

and oxides probably play t h e i r greatest r o l e i n the upper 900-1200°C temp

erature region at higher s t r a i n rates. 

At intermediate s t r a i n rates, a t h i r d mechanism comes into play.- This 

i s the competition between dynamic r e c r y s t a l l i z a t i o n and p l a s t i c t e n s i l e 

i n s t a b i l i t y . I f i t can occur, dynamic r e c r y s t a l l i z a t i o n completely relaxes 

any l o c a l stress concentrations and creates fresh grain boundaries that trap 

harmful p r e c i p i t a t e s and voids i n s i d e the grains. This r e s u l t s i n much 

improved d u c t i l i t y . In austenite above 1050°C, t h i s occurs so r e a d i l y that 

high d u c t i l i t y i s usually assured. However, i f the Considere s t r a i n (the 

s t r a i n at neck formation or the peak i n the o-e curve) i s l e s s than the 

s t r a i n required for dynamic r e c r y s t a l l i z a t i o n , then premature necking and 

f a i l u r e occurs. Thus, factors which either retard dynamic r e c r y s t a l l i z a t i o n 

or lower the work hardening parameter reduce d u c t i l i t y . ' Both A1N and 

Nb(C,N) retard austenite r e c r y s t a l l i z a t i o n , 3 7 ' **3' 4 5 which explains further 

the detrimental e f f e c t s of n i t r i d e s on d u c t i l i t y . Norstrom 8 0 explains the 
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d i f f e r e n t observed e f f e c t s of s t r a i n rate on d u c t i l i t y by t h i s mechanism, 

which i s i l l u s t r a t e d schematically i n Figure 2.14. At a lower s t r a i n rate, 

the recovery process i s ac t i v e which reduces the d r i v i n g force f o r dynamic 

r e c r y s t a l l i z a t i o n and thereby delays the d u c t i l i t y improving r e c r y s t a l l i z a t -

ion process. At high s t r a i n r ate, the lack of time again prevents dynamic 

r e c r y s t a l l i z a t i o n , p o s s i b l y leading to an e a r l y transgranular, d u c t i l e 

f r a c t u r e . Thus, the best d u c t i l i t y should occur at intermediate s t r a i n 

r a t e s , e s p e c i a l l y i f the temperature i s high enough to allow r e c r y s t a l 

l i z a t i o n . The absolute magnitude of the optimum s t r a i n rate w i l l depend on 

the creep, recovery and r e c r y s t a l l i z a t i o n c h a r a c t e r i s t i c s which depend on 

s t e e l composition. 

Since grain boundary pinning processes become l e s s e f f e c t i v e with 

i n c r e a s i n g s t r a i n r a t e , the prevention of r e c r y s t a l l i z a t i o n may be the main 

process responsible f o r continued low d u c t i l i t y at intermediate s t r a i n 

r a t e s . However, Ouchi and Matusumoto 3 8 point out that t h i s mechanism 

c l e a r l y i s not the only one operating i n the intermediate-temperature region 

since i t cannot explain: 

1) the occurrence of f r a c t u r e with le s s than the Considere s t r a i n 

2) the importance of thermal h i s t o r y 

3) why Increasing s t r a i n rate sometimes Improves d u c t i l i t y while i t 

retards dynamic r e c r y s t a l l i z a t i o n as well as in c r e a s i n g the 

Considere s t r a i n . 

4) why Nb c o n s i s t e n t l y lowers d u c t i l i t y at lower s t r a i n rates while 

i t suppresses recovery as well as r e c r y s t a l l i z a t i o n . 
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Figure 2.14 Schematic representation of the e f f e c t s of s t r a i n rate 
and temperature on the hot d u c t i l i t y of s t e e l 8 0 
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C l e a r l y , the mechanical behavior of s t e e l i n t h i s intermediate-

temperature region i s not f u l l y understood. Further work needs to be done 

to unravel the complexities of the d i f f e r e n t e mbrittling mechanisms. 

2.2.4 Lower Temperature Zone 

The t h i r d zone of low d u c t i l i t y i n s t e e l occurs i n the two-phase 

a u s t e n i t e - f e r r i t e region below the Ar^ temperature. I t corresponds to zone 

E i n Figures 2.2 and 2.13. In many respects, i t i s a continuation of the 

previously discussed intermediate-temperature zone i n v o l v i n g single-phase 

austen i t e . However, the presence of f e r r i t e appears to invoke another 

e m b r i t t l i n g mechanism i n the temperature range of 600-900°C. 

The fracture r e s u l t i n g from tests done i n the lower temperature, or 

"two-phase" zone, although appearing b r i t t l e due to i t s intergranular nature 

and lack of macroscopic s t r a i n to f r a c t u r e , i s thought to be a d u c t i l e 

f a i l u r e at the austenite grain boundaries on a microscopic s c a l e . 3 8 The 

fr a c t u r e surface was covered with dimples, many of which contained a 

p r e c i p i t a t e p a r t i c l e . 3 7 ' 3 8 > 5 0 These p r e c i p i t a t e s consisted mainly of 

A 1 N 1 8 , 24, 37, 43 , 44 , 5 0 b u t o t h e r n i t r i d e s , sulphides and a few oxides 

were also f o u n d . 3 0 ' 3 7 In st e e l s containing Nb or B, Nb(C,N) 2 9' 3 7 ' 3 8 ' 

4 7 and B N 2 3 ' 1 + 6 p r e c i p i t a t e s were often found, both on the fr a c t u r e surface 

at the p r i o r a u s t e n i t i c grain boundaries and within the matrix. 
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The same detrimental e f f e c t s of n i t r i d e - p r e c i p i t a t e forming elements 

were found i n t h i s two-phase zone. 3 8 Increased Mn or S i also decreases 

d u c t i l i t y s l i g h t l y below 750°C. 3 8 In a d d i t i o n , r e s i d u a l (Cu, Sn, Sb, As) 

and impurity (S, P) elements segregate to the f e r r i t e grain boundaries to 

further lower d u c t i l i t y . 2 5 

The e f f e c t s of thermal treatment also are generally the same except 

that increased holding time at 750°C was found to improve d u c t i l i t y 3 8 as 

shown i n Figure 2.15. Many researchers found that the temperature at the 

s t a r t of transformation was associated with the minimum d u c t i l i t y and that 

d u c t i l i t y r a p i d l y improved with decreasing temperature below the Ar^* 3**' 3 7 ' 

4 3 ' 4 4 Most r e s e a r c h e r s agree that lowering s t r a i n rate i n the two-phase 

zone d r a s t i c a l l y reduces d u c t i l i t y , 3 7 p a r t i c u l a r l y near the A-j tempera

t u r e . 3 7 ' 3 8 However, Wray 6 6 suggests that embrittlement by t h i s mechanism 

may decline at low s t r a i n rate as shown i n zone E i n Figure 2.13. 

2.2.4.1 Mechanisms 

The a d d i t i o n a l mechanism that has been proposed to co n t r o l e m b r i t t l e 

ment In the two-phase zone places only secondary importance on the a c t i o n of 

p r e c i p i t a t e s . 7 ' 3 0 ' 3 8 ' 4 7 > 5 0 Grain boundary weakness i s instead a t t r i b u 

ted mainly to s t r a i n concentration at the primary f e r r i t e f i l m forming along 

the austenite grain boundaries. This occurs because, at the same tempera

t u r e , f e r r i t e i s more d u c t i l e 3 5 ' 4 8 and has less s t r e n g t h 6 6 than austenite. 

This i s due p a r t l y to the higher atomic d i f f u s i v i t y of f e r r i t e and to the 

la r g e r number of s l i p systems i n bcc (48) compared with fee atomic s t r u c 

tures ( 1 2 ) . 4 8 The austenite matrix can be hardened further by the add i t i o n 
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of elements such as C r " or by intragranular p r e c i p i t a t i o n i H such as 

Nb(C,N). 2 5' 2 9 ' ^ 

The presence of p r e c i p i t a t e s , ( p a r t i c u l a r l y n i t r i d e s ) further exacer

bates the problem by enhancing s t r a i n concentration and em b r i t t l i n g the 

grain-boundary f e r r i t e , each p r e c i p i t a t e nucleating a m i c r o v o i d . 5 0 > 5 1 In 

ad d i t i o n , the primary f e r r i t e encourages p r e f e r e n t i a l p r e c i p i t a t i o n at the 

gra i n boundaries because n i t r i d e s have a much lower s o l u b i l i t y i n f e r r i t e 

than i n austenite. ̂' t , 7 1 For example, Figure 2.16 shows that A1N p r e c i p i t a 

t i o n , which can take several hours i n single-phase a u s t e n i t e , 7 9 occurs 

within minutes once f e r r i t e i s p r e s e n t . 7 1 

With continued s t r e s s , the microvoids multiply and the r e s u l t i s an 

in t e r g r a n u l a r , but microsc o p i c a l l y , d u c t i l e f r a c t u r e . D u c t i l i t y i s a 

minimum when the pockets of nucleating primary f e r r i t e f i r s t l i n k i n t o a 

continuous f i l m at the austenite grain boundaries. The thickness of t h i s 

pro-eutectoid, f e r r i t e f i l m i s the c o n t r o l l i n g factor f o r d u c t i l i t y accord

ing to th i s mechanism. 3 7 With lower temperatures or longer holding times, 

the accompanying increased thickness of the f e r r i t e f i l m (see Figure 2.15) 

i s believed to be responsible for the observed improvement i n d u c t i l i t y . 3 8 

Yamanaka 5 0 s u c c e s s f u l l y correlated the d u c t i l i t y trough with the t h e o r e t i c a l 

f r a c t u r e s t r a i n calculated from the equations of Gurland & P l a t e a u 8 1 

describing d u c t i l e fracture around i n c l u s i o n s . 

This mechanism, i l l u s t r a t e d in Figure 2.17 i s consistent with several 

of the previously discussed observations. I t explains the dimpled, d u c t i l e , 

Intergranular appearance of the frac t u r e surface and the as s o c i a t i o n of 
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minimum d u c t i l i t y with the Ar^ temperature. Increasing both grain boundary 

and intragranular p r e c i p i t a t e s , p a r t i c u l a r l y n i t r i d e s , n a t u r a l l y lowers 

d u c t i l i t y . The enhanced p r e c i p i t a t i o n rate of n i t r i d e s i n f e r r i t e also 

helps to explain the decrease i n the d u c t i l i t y of austenite when cooling 

i n t o the two-phase region and r e h e a t i n g . 3 8 Ouchi & Matusumoto 3 8 suggest 

that increasing s t r a i n rate might suppress s t r a i n concentration, thereby 

increasing d u c t i l i t y . However, s t r a i n concentration may occur even at high 

s t r a i n r ate, as evidenced by a d u c t i l i t y drop i n the two-phase region of 

Armco i r o n while t e s t i n g at 0.47 s - 1 . 4 8 

Many researchers f e e l that s t r a i n concentration i n the f e r r i t e Is not 

necessary f o r embrittlement i n t h i s z o n e . 3 7 ' 4 1 The presence of a d u c t i l i t y 

drop even i n a single-phase a u s t e n i t i c s t a i n l e s s s t e e l over a s i m i l a r temp

erature region i s evidence of t h i s . 3 7 ' 4 1 ' 6 6 The continued loss i n d u c t i l 

i t y below the Ar^ may simply r e f l e c t the continued operation of e m b r i t t l i n g 

mechanisms from the intermediate-temperature region such as grain boundary 

s l i d i n g . In many studies, the worst d u c t i l i t y was found at 750°C, regard

l e s s of whether the Ar^ was at 750°C or lower. This implies that d u c t i l i t y 

losses s t i l l may be c o n t r o l l e d by thermally activated processes i n v o l v i n g 

p r e c i p i t a t e s even If primary f e r r i t e i s p r e s e n t . 3 7 The improvement i n duct

i l i t y with continuing temperature reduction then would be due to the gradual 

decline i n importance of these mechanisms. 4 4 Wray states that the phase-

transformation process may improve an inherent weakness i n austenite by 

t r a p p i n g harmful p r e c i p i t a t e s and voids i n s i d e new g r a i n s . 6 6 Below the A^ 

temperature, t h i s surely i s the case. The new, fully-transformed, f i n e 

grained, f e r r i t e and p e a r l i t e structure generally has excel l e n t d u c t i l -

i t y . 3 8 
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Figure 2.17 Mechanism for embrittlement i n the low-temperature 
or two-phase z o n e 3 7 
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However, a possible exception to t h i s e x i s t s for higher carbon s t e e l s 

where a fourth l o w - d u c t i l i t y zone may come Into play i f the cooling condi

tions and composition are such that a permanent, t h i n , f e r r i t e network 

r e s u l t s i n embrittlement below the A^ temperature. 3 Carbon contents near 

0.8% would be the most susceptible, but a l l o y i n g elements such as Cr and Mn 

may also influence the amount of primary f e r r i t e that forms and produce 

large volume f r a c t i o n s of p e a r l i t e at lower carbon contents. This mechanism 

has been documented for hypereutectoid s t e e l s over a wide range of tempera

tures where cementite i s the b r i t t l e , grain-boundary phase. 6 6 Wray suggests 

that t h i s fracture zone begins at lower temperatures with decreasing carbon 

content for the f e r r i t e - p e a r l i t e c a s e . 6 6 This i s represented schematically 

i n zone F i n Figure 2.18, which shows the r e l a t i o n s h i p with carbon for zones 

A-E as w e l l . Indeed, several researchers studying medium-carbon s t e e l s 

found a drop i n d u c t i l i t y between 600 and 700°C that was also associated 

w i t h h i gh aluminum contents. 3' 1 6 ' 1 7 Titanium additions were found to be 

b e n e f i c i a l , 1 ' 3' 7 ' 1 6 presumably acting by the same mechanism that improves 

intermediate temperature d u c t i l i t y . In a d d i t i o n , Zr a d d i t i o n s 3 0 and poss

i b l y V as w e l l , were found to a l l e v i a t e the problem, although not as e f f e c t 

i v e l y . 3 ' 1 6 ' 1 7 Higher N l e v e l s were also found to be detrimental i f accom

panied by aluminum. 1' 3 

2.2.5 Implications of D u c t i l i t y f o r Panel Cracking 

The previous discussion of the zones of lowered d u c t i l i t y a f f e c t i n g 

s t e e l has several important implications for the panel cracking problem. 

Since thermal cracking can be prevented i f the material can accommodate as 

l i t t l e as 2% s t r a i n , then a severe d u c t i l i t y l o s s must be encountered before 



Figure 2.18 Schematic diagram showing the zones of embrittlement 
(see Figure 2.13) at intermediate s t r a i n rates 
f o r the Fe-C system. 6 6 
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panel cracking can occur. The d i f f e r e n t zones of reduced d u c t i l i t y are 

manifested under d i f f e r e n t and sometimes opposite processing conditions. I t 

i s therefore imperative to i d e n t i f y the p a r t i c u l a r e m b r i t t l i n g mechanism(s) 

responsible i f solutions to panel cracking are to be found. 

The cooling rates of a large ingot s o l i d i f y i n g i n i t s mould or even a i r 

cooling are very low. This r e s u l t s i n s t r a i n r a t e s , due to thermal contrac

t i o n , on the order of 2 x 10~ 6 s ~ 1 or l e s s . 7 Relative to the previously 

discussed d u c t i l i t y studies, t h i s s t r a i n rate i s extremely low. This f a c t 

and the importance of A1N together rule out several e m b r i t t l i n g mechanisms 

from being responsible for panel cracking. 

The f i r s t of these i s the high-temperature, hot-tearing zone of embrit

tlement. Panel cracking cannot be due to this mechanism for several addi

t i o n a l reasons. I t a f f e c t s s t e e l s even with high Mn/S r a t i o s and low S 

contents and the e f f e c t s of subsequent thermal h i s t o r y are too important. 

F i n a l l y , i t i s not responsive to changes In i n i t i a l casting conditions. 

The sulphide e m b r i t t l i n g mechanism a f f e c t i n g intermediate-temperature 

austenite i s also a very u n l i k e l y contributor to panel cracking. Besides 

the high Mn/S r a t i o s (usually greater than 50) and low S l e v e l s , the slow 

cooling rates and low s t r a i n rates encountered i n ingot casting would 

undoubtedly coarsen sulphide p r e c i p i t a t e s and eliminate embrittlement by 

this mechanism. 
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Since the t o t a l s t r a i n and s t r a i n rates involved i n panel cracking are 

very low and the cracks are intergranular, the e f f e c t s of r e c r y s t a l l i z a t i o n 

and t e n s i l e p l a s t i c i n s t a b i l i t y are also unimportant. 

This leads to the conclusion that the em b r i t t l i n g mechanism responsible 

f o r panel cracking must be either grain boundary void coalescence i n austen

i t e j u s t above the temperature or the lower temperature zone of embrit

tlement. In either case, improving the d u c t i l i t y of af f e c t e d grades near 

the A^ temperature would be b e n e f i c i a l . 

One method of achieving t h i s i s through a l t e r a t i o n of the s t e e l compo

s i t i o n to prevent the formation of detrimental, f i n e n i t r i d e p r e c i p i t a t e s . 

This can be achieved most e f f e c t i v e l y by lowering the a d d i t i o n of n i t r i d e -

forming, elements such as A l , Nb, B, and e s p e c i a l l y N. A l t e r n a t i v e l y , 

r a i s i n g the ASA l e v e l m a rkedly 2 1 4' 4 2 or adding T i would produce coarse or 

harmless p r e c i p i t a t e s and again improve d u c t i l i t y . F i n a l l y , lowering S and 

0 l e v e l s or adding Ca or Mn would only help to reduce sulphide e m b r i t t l e 

ment, but at least would not do any harm. 

A second s o l u t i o n to avoid the production of f i n e , n i t r i d e p r e c i p i t a t e s 

i s through a l t e r a t i o n of the thermal treatment. Unfortunately the e f f e c t s 

of thermal h i s t o r y are s t i l l i n some dispute so i t i s not known what thermal 

treatment i s best. Suggestions have been made that temperature-time cycles 

to e i t h e r coarsen the p r e c i p i t a t e s 3 0 ' 3 7 ' 4 2 or keep them i n s o l u t i o n 4 2 w i l l 

both a l l e v i a t e the low d u c t i l i t y problem. However, the actual thermal h i s 

t o r i e s to use are s t i l l unknown and the p o s s i b i l i t y of exacerbating the 

problem instead i s quite l i k e l y . Thus, solutions to n i t r i d e embrittlement 
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by a l t e r n a t e thermal treatment are not obvious given our present l e v e l of 

understanding. 

The f i n a l s o l u t i o n , i f i t can be c a l l e d that, i s simply to avoid 

s t r a i n i n g the s t e e l s i g n i f i c a n t l y while i t i s i n a region of low d u c t i l i t y . 

One way to achieve this might be to s t r i p the ingot from the mould e a r l y , 

keeping i t warm during transport and reheating i t quickly In an attempt to 

prevent the ingot surface from f a l l i n g into the low d u c t i l i t y temperature 

range. Then, immediate subsequent processing would be done using high 

s t r a i n rate operations such as r o l l i n g or forging where d u c t i l i t y problems 

r e l a t e d to n i t r i d e s are les s l i k e l y . 3 8 ' 4 2 However, we have seen that other 

e m b r i t t l i n g mechanisms operate at higher s t r a i n r a t e s . In ad d i t i o n , A1N 

p r e c i p i t a t i o n i t s e l f i s accelerated by deformation. 2 9' 4 0 ' 4 4 ' 6 4 Because 

of the wide range of temperatures a f f e c t e d by the d u c t i l i t y trough, i t i s 

v i r t u a l l y impossible to process s t e e l s only under conditions where good 

d u c t i l i t y e x i s t s . 4 2 Thus, the most p r a c t i c a l way to u t i l i z e t h i s s o l u t i o n 

i s by a l t e r i n g the thermal treatment to reduce the stresses acting i n the 

s o l i d i f y i n g and cooling ingot. 

2.3 Previous Panel Cracking Studies 

In the l i g h t of an increased knowledge of the d u c t i l i t y of s t e e l at 

elevated temperatures, the studies made on panel cracking i n s t a t i c - c a s t , 

s t e e l ingots w i l l now be examined. During the l a t e 1950's, at l e a s t four 

s t u d i e s 1 - 4 were done on panel cracking, which was a well-known problem even 

at that time. Then, i n the l a t e 1970's, at least ten more studies into 

panel cracking were undertaken by major s t e e l companies from seven d i f f e r e n t 
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countries. 5-14 The cracking defects described i n these studies can be 

c l a s s i f i e d into two d i s t i n c t types. 

The f i r s t was experienced by a l l of the early workers 1-4 as well as i n 

several of the recent studies. 5-8 It i s found e x c l u s i v e l y i n small ingots, 

l e s s than s i x tons. I t a f f e c t s only medium carbon, aluminum treated s t e e l s 

with . 4 - . 7 % C or . 3 - . 6 % C i f e i t h e r 1% Cr, Ni or Mn i s present. This problem 

i s u s u a l l y manifested by a s i n g l e , continuous, l o n g i t u d i n a l crack down the 

center of one of the ingot faces so w i l l be referred to as "mid-face panel 

cracking". 

Most of the recent studies involved a d i s t i n c t l y d i f f e r e n t kind of 

panel cracking, although several companies have experienced d i f f i c u l t y 

w i t h both t y p e s . 6 ' 8 This second type of panel cracking i s mainly e x p e r i 

enced i n much l a r g e r i n g o t s r a n g i n g i n s i z e from 2 0 - 3 5 t o n s . 9 - 1 1 ' 1 3 ' 1 4 

Unlike mid-face panel cracking, i t only a f f e c t s low carbon s t e e l s ( . 1 - . 2 % C ) 

with manganese contents above . 7 % . 9 - 1 1 + The cracks are short and d i s c o n t i n u 

ous, but quite deep ( 3 0 - 1 3 0 mm), having both transverse and l o n g i t u d i n a l 

components. 9' 1 2 ' 1 4 They most often occur i n bands near the edges of the 

wide face of the ingot and therefore w i l l be ref e r r e d to as "off-corner 

panel cracks." 

2 . 3 . 1 Mid-face Panel Cracks 

Figure 2 . 1 9 presents a p i c t u r e of a mid-face panel cracked b i l l e t , 

showing the long, intergranular crack running down the center of one face. 

The cracks can extend to a depth of up to half the b i l l e t diameter and, 
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depending on the s e v e r i t y , as many as three of the four faces can be 

a f f e c t e d . 1 ' 3 ' 4 On duo-decagonal i n g o t s , the cracks run l o n g i t u d i n a l l y 

down the center of the f l u t e s . This i s i l l u s t r a t e d i n the transverse ingot 

cross sections i n Figure 2.20 which also show how cracks are sometimes found 

below the surface of the b i l l e t face that do not extend to the e x t e r i o r . 

This suggests that cracks may i n i t i a t e i n t e r n a l l y and then propagate out

wards. The defects are usually discovered either i n the melt shop a f t e r 

s t r i p p i n g or during subsequent r o l l i n g operations. The extent of the defect 

v a r i e s from only one or two ingots being a f f e c t e d to e n t i r e heats being 

scrapped. 

2.3.1.1 Metallography 

A l l of the studies on mid-face panel cracking reported that the cracks 

appeared to follow the f e r r i t e network between the p e a r l i t e grains along the 

p r i o r - a u s t e n i t e grain boundaries. The f r a c t u r e surface had long, curved, 

intergranular f a c e t s . Only s l i g h t , s u p e r f i c i a l oxidation of the cracks was 

observed 1' 3' 4 ' 5 and no decarburization was p r e s e n t . 2 ' 3 

Sulphur p r i n t i n g , macroetching, and chemical analysis revealed no 

macrosegregation associated with the d e f e c t s . 1 ' 3 Furthermore, microscopic 

examination could associate none of the v i s i b l e i n c l u s i o n s or s t r i n g e r s with 

the c r a c k s . 1 - 3 Rarely do researchers report the presence of p r e c i p i t a t e s 

associated with the f r a c t u r e i n the grain-boundary f e r r i t e . D e s a i 3 found 

occasional manganese sulphide and alumina i n c l u s i o n s but only E r i c s o n ' 

reported f i n d i n g A1N p r e c i p i t a t e s there. 
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Figure 2.20 T y p i c a l l o c a t i o n of mid-face panel cracks 
i n a transverse c r o s s - s e c t i o n of a: 

(A) 370 mm square, .55% C, s t e e l i n g o t 1 ' 3 

(B) 380 mm duodecagonal, .6% C, s t e e l ingot 
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I t should be reemphasized here that p a r t i c l e s are most damaging when 

they f i r s t p r e c i p i t a t e and are very f i n e . 4 0 - 4 2 At t h i s stage, t h e i r detect

ion i s very d i f f i c u l t . By the time they are r e a d i l y i d e n t i f i a b l e , important 

events may have already occurred and the p r e c i p i t a t e s may have changed s i z e , 

shape, l o c a t i o n or e f f e c t i v e n e s s . Thus, grain boundary p r e c i p i t a t i o n i s 

always more severe than the examination methods suggest and many workers 

could not f i n d A1N p r e c i p i t a t e s even when ASA content c l e a r l y indicated high 

A l concentrations associated with c r a c k i n g . 1 ' 3' 1 + 5 

2.3.1.2 E f f e c t of Composition 

As previously mentioned, mid-face panel cracking i s confined to medium-

carbon, hypoeutectoid, p e a r l i t i c s t e e l s with carbon content between 0.4% and 

0.7%. 1 - 8 However, c e r t a i n a l l o y s t e e l s containing e i t h e r 1% Cr, 1% NI or 

1.5% Mn are p a r t i c u l a r l y prone to t h i s defect and are affected at s l i g h t l y 

lower carbon c o n t e n t s . 1 - 3 ' 5 There appears to be a lower l i m i t of 0.3%C. 

8 The ad d i t i o n of 0.2 - 0.3% Mo to the high Cr or Mn s t e e l s eliminated 

t h e i r s u s c e p t i b i l i t y . 1 ' 5 Guerin and R o c c a t a g l i a t a 5 reported a detrimental 

influence of Pb, Cu and possibly Sn. 

Mid-face panel cracking only a f f e c t s aluminum treated s t e e l s and i t s 

i n c i d e n c e i n c r e a s e s w i t h i n c r e a s i n g ASA up to .06%. 1 - 5' 7 ' 8 Steels with 

l e s s than .015% 8 or more than .06% 1 experienced less problems. L i t t l e 

trouble was encountered with acid Open Hearth or "OH" s t e e l s while basic OH 

s t e e l s were susceptible to cracking and basic e l e c t r i c arc s t e e l s were worse 

s t i l l . 1 ' 8 B i g g s 1 a t t r i b u t e d the increased s u s c e p t i b i l i t y of e l e c t r i c arc 

s t e e l s to t h e i r higher nitrogen contents (.007-.012%) compared with OH 
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s t e e l s (.004-.006%). These fac t s imply that A1N p r e c i p i t a t i o n i s an import

ant f a c t o r , i f not the determining factor for mid-face panel cracking. 

F u r t h e r evidence of t h i s i s the b e n e f i c i a l influence of t i t a n i u m , 1 ' 3 - 5 ' 7 ' 

8 y3» 5, 8 a n ( j p o s s i b l y Z r 5 i n r e d u c i n g the Incidence of mid-face panel 

cracking. 

Another i n t e r e s t i n g observation i s that while s t e e l s forming both bain-

i t e and f e r r i t e ( i n the form of grain boundary networks) are prone to crack

i n g , f u l l y b a i n i t i c steels are n o t . 5 ' 7 

2.3.1.3 E f f e c t of Ingot Size and Shape 

Mid - f a c e panel cracking i s only found i n small, 2-6 ton i n g o t s . 1 " " 5 ' 7 ' 

8 Guerin and R o c c a t a g l i a t a 5 summarized the experiences of f i v e companies 

and agreed wi t h two other s t u d i e s 3 ' 4 i n c o n c l u d i n g that mid-face panel 

cracking does not a f f e c t ingots smaller than 2 tons. They a t t r i b u t e d t h i s 

to the i n a b i l i t y of very small ingots to generate i n t e r n a l thermal gradients 

during cooling s u f f i c i e n t i n magnitude to cause stresses that r e s u l t i n 

cracking. No researcher has reported f i n d i n g mid-face panel cracking i n 

ingots l a r g e r than 6 tons. 

Within t h i s range, there i s some disagreement as to the most suscept

i b l e ingot s i z e . E r i c s o n 7 found that two ton ingots were more prone to 

cracking than s i x ton ingots. Biggs stated that "intermediate sized" f o r g 

ing ingots were most susceptible and that panel cracking was r a r e l y found i n 

"very large" forging i n g o t s . 1 However, Desai found that cracking tendency 

increased with increasing ingot s i z e above 9 inches square. 3 F i n a l l y , 
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others found cracking a f f e c t i n g the complete range of ingot sizes they 

produced 4' 5 

Ingot shape or mould design appears to be unimportant. 1 Mid-face panel 

cracking has been found i n a wide v a r i e t y of ingot shapes ranging from 

square, f l a t - f a c e d b i l l e t s to f l u t e d , duodecagonal ingots. 

2.3.1.A E f f e c t of Thermal Treatment 

Mid-face panel cracking i s independent of casting conditions such as 

teeming temperature and pouring r a t e . 1 ' 4 However, the subsequent cooling 

p r a c t i c e i s extremely i n f l u e n t i a l . Ingots that are stripped from the mould 

hot and transferred d i r e c t l y to the reheating furnaces or subsequent forging 

operations r a r e l y encounter c r a c k i n g . 1 - 3 Ingots allowed to cool excessively 

are the most susceptible to cracking. Mid-face panel cracks are generally 

a s s o c i a t e d w i t h l o n g j a c k e t e d times 6' 7 and/or long unjacketed times. 5' 6 

The lack of s i g n i f i c a n t oxidation and decarburization i n these cracks i s 

evidence that they form at lower temperatures. Several researchers have 

proposed that mid-face panel cracks occur only a f t e r the ingot surface temp

erature has f a l l e n below a c r i t i c a l value. This c r i t i c a l temperature i s 

r e p o r t e d to be i n the range of 550-700°C 5' 6 with an upper l i m i t of 700°C 2 

or 850°C. 3 I t i s suspected by some to be the Ar^ temperature at the comple

t i o n of the p e a r l i t e transformation. 8 

The cooling rate and symmetry of cooling may also be important. Mid-

face panel cracks are reported to occur p r e f e r e n t i a l l y on the i n s i d e , high 
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temperature faces between ingots that are too close to each other while 

cooling on the ingot buggy. 5' 6 

In addition, stacking the ingots together or holding them i n a pre

heated furnace to allow slower cooling was found to prevent c r a c k i n g . 5 

Guerin and Roccatagliata found that l a y i n g one face of the hot ingot on an 

i n s u l a t i n g bed of vermiculite eliminated panel cracking as w e l l . 5 

Reheating p r a c t i c e appears to be much less important. Only one study 

suggested that cracking was affected by the reheating r a t e . 8 Thus, although 

s t i l l not conclusive, mid-face panel cracking probably occurs during c o o l -

i n g . 5 ' 6 ' 8 

2.3.2 Off-corner Panel Cracks 

A photograph of an ingot a f f e c t e d severely by off-corner panel cracking 

i s given i n Figure 2.21. The majority of the defects are l o n g i t u d i n a l , 

i n t e r g r a n u l a r , discontinuous cracks near the edges of the wide face of the 

ingot. However, near the ingot extremities, p a r t i c u l a r l y the bottom, they 

often begin to run i n a more transverse d i r e c t i o n , thus forming a rough oval 

p a t t e r n . 9 ' 1 2 ' 1 4 In a d d i t i o n , the i n g o t c r o s s s e c t i o n i n Figure 2.22 

reveals a s i m i l a r r a d i a l pattern of cracks just beneath the surface of both 

the narrow and wide f a c e s . 9 Only those subsurface cracks that reach to the 

surface cause r e j e c t s . In a corrugated ingot, these damaging cracks are 

associated with the mould corrugations. Figure 2.23 shows how these cracks 

generally i n i t i a t e d i r e c t l y beneath the peak of a corrugation, often the one 
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Figure 2.21 Off-corner panel cracks i n a 760 x 1520 mm, rectangular, 
corrugated (.14% C, 1.4% Mn, S i - k i l l e d , A l grain refined) 
s t e e l i n g o t 1 4 
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Figure 2.22 Relative l o c a t i o n of off-corner panel cracks found 
by Sussman 9 i n transverse cross-sections taken from the 
top of ingots subjected to: 

(A) 1260 s ( 21 min.) unjacketed time 

(B) 6480 s (108 min.) unjacketed time 





66 

nearest the edge of the wide face. They then bend to reach the surface at a 

point between the corrugation peak and an adjacent t r o u g h . 1 4 

The lack of cracking on the narrow face implies that r o l l i n g may close 

up subsurface cracks beneath the narrow face while i t contributes to opening 

up those on the wide f a c e . 9 ' 1 4 The exact time of cracking between i n i t i a l 

pouring and hot r o l l i n g i s not known as various theories have been pre

sented. However, the cracks are more associated with reheating since they 

are discovered, at the e a r l i e s t , a f t e r removal from the soaking p i t and 

u s u a l l y are not detected u n t i l e a r l y hot working stages. 8 Like mid-face 

panel cracking, the extent of the defect v a r i e s from one ingot to the e n t i r e 

heat and affected ingots must be scrapped. 

2.3.2.1 Metallography 

Off-corner panel cracks are often found outlined with a t h i n f e r r i t e 

zone which can be seen i n Figure 2.24. Several researchers a t t r i b u t e t h i s 

to d e c a r b u r i z a t i o n . 6 ' 9 ' 1 2 ' 1 4 A l t e r n a t i v e l y , some of the f e r r i t e networks 

may have formed p r i o r to cracking as i n mid-face panel cracks. Figure 2.24 

also shows that the f e r r i t e zone associated with the cracks may contain 

several types of i n c l u s i o ns. These were found to be mainly large oxides of 

a l l k i n d s (Fe, Mn, S i , A l ) 6 ' 9 ' 1 2 ' 1 4 which were at t r i b u t e d to high temp

e r a t u r e o x i d a t i o n a f t e r c r a c k i n g 9 ' 1 2 or p o s s i b l y during r o l l i n g . 1 2 An 

experiment done on two s t e e l rings t i g h t l y screwed together to simulate a 

crack, confirmed that high temperature oxidation can penetrate the crack and 

p r e f e r e n t i a l l y oxidize the grain boundaries, producing oxide p r e c i p i t a t e s 

quite s i m i l a r to those observed i n off-corner panel c r a c k s . 1 2 



F i g u r e 2 . 2 4 C l o s e - u p of o f f - c o r n e r p a n e l crack, showing a s s o c i a t e d 
f e r r i t e band and i n c l u s i o n s ( e t c h e d i n 2% n i t o l , 1 2 0 X ) 
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In a d d i t i o n to the large oxides, very small (0.03-1.0 micron) p r e c i p i 

t a t e s c o n t a i n i n g Mn, S i , or A l were a l s o found i n the f e r r i t e zone. 9' 1 2 

However, only a few workers a c t u a l l y confirmed the presence of A1N p r e c i p i 

t a t e s . 7 ' 9 N e g l i g i b l e segregation of S, Mo or Cr was found, 9' 1 2 although 

one study found the f e r r i t e zone depleted i n Mn and S i . 1 2 

The crack may appear i n two portions with the top quite wide, oxidized, 

and open to the surface, while the bottom appears welded s h u t . 1 4 One 

researcher also found evidence that r e c r y s t a l l i z a t i o n takes place a f t e r 

c r a c k i n g . 6 

2.3.2.2 E f f e c t of Composition 

As previously mentioned, off-corner panel cracking d i f f e r s from mid-

face panel cracking i n that i t only a f f e c t s low carbon s t e e l s (between .1 

and .2% C ) 6 ' 8 - 1 4 with high manganese contents (> .7% Mn). 6' 9 ' 1 0 ' 1 3 ' 1 4 

However, l i k e mid-face panel cracking, i t only a f f e c t s A l k i l l e d or A l 

g r a i n - r e f i n e d s t e e l s c o n t a i n i n g .015-.6% ASA. 6' 8 ~ 1 0 ' 1 2 - 1 4 S o m e s t u d i e s 

found c r a c k i n g i n c i d e n c e more l i k e l y with increasing ASA content 9' 1 2 ' 1 3 

but other studies reported no p a r t i c u l a r trend with increasing ASA, 6' 1 0 ' 1 4 

so long as i t was s u f f i c i e n t for grain refinement (> .015% A S A 1 2 ) . 

Off-corner panel cracking was also found to be associated with high N 

c o n t e n t s (> .007% N ) . 9 ' 1 2 ' 1 4 Thus, n i t r i d e p r e c i p i t a t e s and A1N i n 

p a r t i c u l a r , are apparently detrimental to both types of panel cracking. 
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M i c r o - a l l o y s t e e l s , containing Nb or V, were generally reported to be 

e s p e c i a l l y p r o n e to o f f - c o r n e r p a n e l c r a c k i n g . 1 0 ' 1 4 However, one 

researcher reported a b e n e f i c i a l e f f e c t of both Nb and V . 1 2 Increasing Cu 

above .3% may increase cracking s u s c e p t i b i l i t y 1 2 while adding T i 1 2 , Z r 1 0 , or 

possibly Mo 1 0 a l l a l l e v i a t e i t . One company found off-corner panel cracking 

only i n s t e e l s that contained S i . 1 4 No c o n t r i b u t i n g e f f e c t s were found for 

r e s i d u a l l e v e l s of H, Sn, As, Pb, Sb, 0, 1 2 and most notably, S. 1 0' 1 2 Most 

of the s u s c e p t i b l e s t e e l grades had low sulphur contents. 6' 9 ' 1 0 ' 1 4 When 

combined with t h e i r high manganese contents, they consequently also had very 

h i g h Mn/S r a t i o s , u s u a l l y greater than 50 9' 1 0 ' 1 4 and o c c a s i o n a l l y exceed

ing 200. 1 4 

2.3.2.3 E f f e c t of Ingot Size and Shape 

Off-corner panel cracks were mainly found i n very large, rectangular 

i n g o t s over 20 t o n s 9 - 1 1 ' 1 3 ' 1 4 such as the one pictured i n Figure 2.21. 

However, they have also been found i n ingots as small as only 10 t o n s . 9 ' 1 2  

1 4 No p a r t i c u l a r trends with ingot si z e or shape have been noted except 

that cracking decreased with greater reduction r a t i o s to slabs, presumably 

due to t h e i r p a r t i a l l y s ealing up during r o l l i n g . 9 

2.3.2.4 E f f e c t of Thermal Treatment 

Off-corner panel cracks are affected by cooling p r a c t i c e i n a d i f f e r e n t 

way than mid-face panel cracks. Some studies again f i n d that the incidence 

of cracking increases for long track times and occurs only when the track 

time exceeds 9000 to 21,600 seconds (or 2.5 8 to 6 6 hours). Others f i n d that 
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Figure 2.25 The e f f e c t of cooling practice on the incidence of 
off-corner panel c r a c k i n g 1 4 
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off-corner panel cracks only appear when there has been a short unjacketed 

time, l e s s than 7200 seconds (or 2 hours ) . 6 ' 1 4 This i s shown i n Figure 

2.25. A l t e r n a t i v e l y , short track times, l e s s than 14,400 to 32,400 seconds 

(or 4 8 to 9 6 hours) have been found to be the most detrimental. Ingots 

which were allowed to cool to ambient temperature before reheating never 

experienced off-corner panel cracking. 

These c o n f l i c t i n g observations have been r a t i o n a l i z e d with the explana

t i o n that the most harmful treatment i s intermediate cooling that allows the 

, ingot surface to f a l l into some c r i t i c a l temperature range before reheat

i n g . 6 - 9 Many researchers believe t h i s c r i t i c a l temperature range to be the 

two-phase region between the Ar^ and Ar^ temperatures. 6' 8 > 9 ' 1 2 However, 

there i s wide disagreement as to the actual cooling p r a c t i c e to be avoided. 

Another i n t e r e s t i n g observation i s that the oval crack pattern observed by 

several researchers was found to displace towards the center of the ingot 

w i t h i n c r e a s i n g u n j a c k e t e d t i m e . 9 ' 1 4 The o v a l crack pattern coincided 

c l o s e l y with the l o c a t i o n of isothermal contours that o u t l i n e the boundary 

between the o r i g i n a l warmer i n t e r i o r and cooler e x t e r i o r . Thus, the cooling 

p r a c t i c e i s obviously highly important i n c o n t r o l l i n g the formation of o f f -

corner panel cracks. 

The majority of researchers agree that off-corner panel cracking i s 

also g r e a t l y influenced by reheating p r a c t i c e , s p e c i f i c a l l y , the reheating 

r a t e 8 - 1 4 and time 9' 1 1 ' 1 3 ' 1 4 i n the soaking p i t . However, the same appa

rent contradictions and confusion about the e f f e c t s of cooling p r a c t i c e also 

e x i s t s f or reheating p r a c t i c e . Sussman found that cracking diminished for 

f a s t reheating rates and that the time spent between 650 and 1100°C should 
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be minimized. A l t e r n a t i v e l y , several other researchers believe that slow, 

c a r e f u l l y c o n t r o l l e d h e a t i n g conditions minimize c r a c k i n g . 1 0 - 1 2 ' 1 4 Long 

times i n the soaking p i t are r e p o r t e d by some to be d e t r i m e n t a l 9 ' 1 4 but 

Nashiwa 1 1 states that a longer time i n the soaking p i t i s b e n e f i c i a l . 

2.4 Proposed Mechanisms f o r Panel Crack Formation 

Based on the findings of the numerous studies made on panel cracking, 

s e v e r a l attempts have been made at formulating mechanisms. There i s general 

agreement that both forms of panel cracking are caused by a combination of 

the two f a c t o r s : reduced hot d u c t i l i t y and stresses generated from thermal 

gradients and phase transformation. However, many researchers have only 

vaguely formulated mechanisms and the r e l a t i v e importance of these two f a c t 

ors i s i n considerable dispute. 

2.4.1 Reduced High Temperature D u c t i l i t y 

One group of researchers believe that panel cracking i s mainly due to a 

r e d u c t i o n i n the hot d u c t i l i t y of s t e e l . 1 ~ k ' 7 ' 8 ' 1 2 In order to f a i l i n 

an intergranular manner, the grain boundaries must be weakened at the temp

eratures where cracking occurs. The previous observations on the e f f e c t s of 

thermal treatment imply that the lower temperature zone of reduced duct

i l i t y , i n p a r t i c u l a r the zone of embrittlement e n t i r e l y below the A^ temp

erature, i s responsible for mid-face panel cracking. D u c t i l i t y experiments 

done by Desai confirmed that s t e e l from cracked ingots had lower d u c t i l i t y 

than uncracked ingots i n the 600-700°C range. 3 



73 

Although the Intermediate-temperature embrittlement zone of s t e e l i s 

known to extend much higher than 900°C, researchers a t t r i b u t e off-corner 

panel cracking s o l e l y to the low-temperature region between 700 and 900°C. 

Their mechanisms are formulated i n terms of A1N p r e c i p i t a t e pinning at the 

austenite grain boundaries. As previously deduced, t h i s f a l l s i n t o either 

the low s t r a i n - r a t e zone of embrittlement i n austenite inv o l v i n g the nuclea

t i o n , growth and coalescence of grain boundary voids or the lower-

temperature embrittlement zone involving the two-phase region. 

2.4.1.1 Mid-face Panel Cracks 

Two d i f f e r e n t explanations were postulated for the o r i g i n of the g r a i n -

boundary weakness responsible for mid-face panel cracking. B i g g s 1 and 

Colombo and Cesar! 4 emphasized that the incidence of cracking increased with 

inc r e a s i n g aluminum and nitrogen contents. They argued that the grain 

boundaries were weakened mainly by the presence of mechanically weak, 

second-phase p a r t i c l e s . As the s o l i d i f i e d s t e e l cools, the p r e c i p i t a t i o n of 

f i n e A1N p a r t i c l e s w i l l occur at the austenite grain boundaries. These 

p r e c i p i t a t e s may p e r s i s t to lower the d u c t i l i t y of the grain-boundary 

f e r r i t e , e i t h e r before or after the p e a r l i t e transformation. Cracks would 

then tend to i n i t i a t e at the weakened grain boundaries under the a p p l i c a t i o n 

of s t r e s s . 

On the other hand, Irvine and P i c k e r i n g 2 argued that the f a i l u r e occurs 

at the g r a i n boundaries due to the presence of t h i n , f e r r i t e networks. 

Below the Ar^ temperature, austenite f i r s t transforms to primary f e r r i t e at 

nucleation s i t e s i n the grain boundaries. Then, as the s t e e l cools below 
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the Ar^ temperature, the remaining majority of the austenite transforms to 

p e a r l i t e , leaving a harder and less d u c t i l e phase surrounded by the f e r r i t e 

f i l m . Under s t r e s s , the weaker, more d u c t i l e f e r r i t e f i l m i s subjected to a 

disproportionate amount of s t r a i n and eventually f a i l s i n a d u c t i l e manner. 

This explains the presence of a f e r r i t e zone o u t l i n i n g an intergranular 

crack network and explains why the cracks only appear a f t e r longer cooling 

times when the s u r f a c e has dropped below the Ar^ temperature. I t suggests 

that a c r i t i c a l d i s t r i b u t i o n or thickness of grain boundary f e r r i t e might be 

i n v o l v e d , 1 ' 5 0 t h i s being c o n t r o l l e d by composition and cooling rate. This 

i s supported by the observation that only c e r t a i n carbon l e v e l s and thermal 

treatments were prone to panel cracking. This theory also accounts for the 

lack of cracking i n f u l l y b a i n i t i c s t e e l s or In Mo bearing s t e e l s , where the 

p e a r l i t i c transformation Is r e t a r d e d . 7 

Since there i s some evidence supporting each of the two mechanisms, a l l 

of these researchers admit that a combination of both mechanisms most l i k e l y 

accounts for the intergranular nature of panel cracking. Mid-face panel 

cracking i s thereby explained by the slow nucleation of f i n e A1N p a r t i c l e s 

p r e f e r e n t i a l l y p r e c i p i t a t i n g at the grain boundaries. This further weakens 

the f e r r i t e f i l m network where subsequent stress and s t r a i n concentration 

r e s u l t s i n an intergranular f a i l u r e . 

2.4.1.2 Off-Corner Panel Cracks 

Several studies a t t r i b u t e off-corner panel cracking to the e m b r i t t l i n g 

mechanisms that reduce the intermediate temperature d u c t i l i t y of s t e e l at 

low s t r a i n r a t e s . A mechanism has been developed to explain the r e l a t i o n -



75 

s h i p between o f f - c o r n e r panel c r a c k i n g and thermal treatment. and i s 

represented schematically i n Figure 2.26. When track times are very short, 

the surface i s prevented from f a l l i n g into the two-phase region. Research

ers subscribing to t h i s mechanism believe that cracking does not occur i n 

t h i s case because of the r e s u l t i n g lack of e m b r i t t l i n g p r e c i p i t a t e s . 

At intermediate track times, the surface f a l l s i nto the two-phase 

r e g i o n , but does not go below the Ar^ temperature. Thin f e r r i t e films form 

at the austenite grain boundaries along with fi n e n i t r i d e p r e c i p i t a t e s such 

as A1N. Cracking then occurs along the weakened, f e r r i t e networks during 

reheating or hot deformation. 

For long track times, the surface completely transforms to f e r r i t e and 

p e a r l i t e to a considerable depth. A1N p r e c i p i t a t e s again form at the grain 

boundaries. However, upon reheating, new austenite grains are formed when 

the surface retransforms and the dangerous chains of A1N p r e c i p i t a t e s are 

trapped harmlessly i n s i d e them. Thus, again there i s no cracking. 

E r i c s o n 7 has suggested an alternate explanation for the p a r t i c u l a r l y 

detrimental e f f e c t of A l on both types of panel cracking. As the ingot 

c o o l s , A l may segregate p r e f e r e n t i a l l y to the austenite grain boundaries, 7' 

1 2 p a r t i c u l a r l y In the oval boundary region separating the warmer and cooler 

areas of the ingot's wide face. The segregation of other f e r r i t e formers 

(Cr, Mo, S, P, Si,) may be enhanced as w e l l . This segregation may be atten

uated by the delta-austenite p e r i t e c t i c phase transformation. 6' 8 Since an 

i n c r e a s e d concentration of these elements w i l l increase the Ar^ temperature 

l o c a l l y , t h i s would promote the e a r l i e r formation of primary f e r r i t e at the 
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Figure 2.26 Mechanism for off-corner panel crack formation 
inv o l v i n g reduced d u c t i l i t y 
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grain boundaries and i n the oval area. P r e c i p i t a t e s , p a r t i c u l a r l y n i t r i d e s , 

then r a p i d l y nucleate i n the grain boundary f e r r i t e . Combined with s t r e s s 

concentration i n the f e r r i t e f i l m , a c l a s s i c , i ntergranular, l o w - d u c t i l i t y 

f a i l u r e occurs. E r i c s o n 7 explains that slow, even cooling or long track 

times reduce the cracking tendency by lowering i n t e r n a l temperature 

gradients. This r e s u l t s i n less A l segregation and therefore no l o c a l 

f e r r i t e formation or p r e f e r e n t i a l p r e c i p i t a t i o n . 

Although the b e n e f i c i a l e f f e c t of T i has been explained previously i n 

terms of i t s p r e f e r e n t i a l formation of coarser, more evenly d i s t r i b u t e d 

p r e c i p i t a t e s , E r i c s o n 7 believes that T i helps prevent panel cracking i n two 

a d d i t i o n a l ways. F i r s t l y , i t promotes a f i n e a u s t e n i t i c structure with low 

microsegregation a f t e r s o l i d i f i c a t i o n by diminishing the s o l i d i f i c a t i o n 

temperature i n t e r v a l . Secondly, i t discourages f e r r i t e network formation 

even though T i i t s e l f i s a f e r r i t e former. I t does t h i s by reducing s o l i d 

state microsegregation of A l and by retarding the y •*• a transformation. 

This reduces mid-face panel cracking i n b a i n i t i c s t e e l s by encouraging bain-

i t e formation, thereby preventing the formation of detrimental f e r r i t e 

networks. 

2.4.2 Stress Generation 

Despite these convincing arguments for the hot d u c t i l i t y of s t e e l being 

the determining f a c t o r for panel cracking, most of the previous observations 

can also be explained i n terms of stress generation. A second group of 

r e s e a r c h e r s b e l i e v e that panel c r a c k i n g i s due m a i n l y , 9 ' 1 0 ' 1 3 i f not 

e n t i r e l y 1 1 to thermal and phase transformation s t r e s s . 
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2 . 4 . 2 . 1 Mid-face Panel Cracks 

On the b a s i s of two early studies, ' 3 a vaguely formulated mechanism 

for mid-face panel cracking due to stress generation has emerged. As the 

s t e e l s o l i d i f i e s and cools, the soft center seeks to contract within a r i g i d 

outer framework. Thus, i n t e r n a l t e n s i l e stresses develop due to changing 

thermal gradients and phase transformations. The stresses were thought to 

reach a maximum at the center of the b i l l e t face where the panel cracks were 

ul t i m a t e l y observed. Under t h i s s t r e s s , cracks i n i t i a t e below the ingot 

surface at the austenite grain boundaries. This mechanism requires that the 

temperature i s low enough at the time of crack formation that stresses are 

not r e l i e v e d by p l a s t i c deformation. The cracks then propagate outwards as 

the s t e e l continues to contract. 

Other r e s e a r c h e r s 5 ' 8 have r e f i n e d t h i s mechanism by considering the 

volume expansion that accompanies the y a phase transformation i n s t e e l . 

They emphasize the previously discussed observation that mid-face panel 

cracking occurs when the surface f a l l s below some c r i t i c a l temperature pre

sumably connected with the y •*• a phase transformation. According to t h e i r 

mechanism, the b i l l e t surface i s expanding during transformation while the 

a u s t e n i t i c i n t e r i o r i s s t i l l cooling and contracting. A subsurface t e n s i l e 

stress consequently develops. Cracking occurs at t h i s stage as the trans

formation front moves inward. 

However, t h i s mechanism i s incomplete, since the warm, a u s t e n i t i c 

i n t e r i o r may be able to deform s u f f i c i e n t l y through creep to avoid cracking 

u n t i l the surface drops below the Ar. temperature. As cooling proceeds, the 
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f u l l y transformed surface begins to contract again while the austenite 

transforming beneath the surface i s s t i l l expanding. This puts the surface 

i n t o tension while i t i s composed e n t i r e l y of f e r r i t e and p e a r l i t e . The 

zone of low d u c t i l i t y associated with p r e c i p i t a t e - e m b r i t t l e d f e r r i t e net

works 'surrounded by p e a r l i t e r e s u l t s i n cracking. 

This mechanism suggests that s t e e l s with a narrow two-phase region 

should be more prone to cracking since they are subjected to higher r e s u l t 

ing stress gradients f o r a given expansion. This would imply l e s s cracking 

f o r low C s t e e l s , which have a wider two-phase region, and no cracking for 

b a i n i t i c s t e e l s , which experience no phase transformation expansion. Crack

ing would also be expected to occur i n the center of the panels where 

stresses are the highest. 

These stress generation mechanisms explain the improved r e s u l t s of 

slower c o o l i n g rates by the lowering of i n t e r n a l temperature gradients and 

the r e s u l t a n t decrease i n maximum stress l e v e l s . In a d d i t i o n , the absence 

of cracking i n ingots smaller than two tons can be a t t r i b u t e d to the 

i n a b i l i t y of very small ingots to generate i n t e r n a l thermal gradients during 

cooling s u f f i c i e n t to cause stresses that r e s u l t i n c r a c k i n g . 5 

A f i n a l f a c t o r , already touched upon, i s the symmetry aspect i n c o o l 

i n g . Asymmetrical cooling might set up higher, more unfavorable s t r e s s e s , 5 ' 

6 but t h i s idea needs to be developed f u r t h e r . 
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2.4.2.2 Off-corner Panel Cracks 

The stress generation mechanism can also be used to explain the 

influence of thermal treatment on off-corner panel c r a c k i n g . 9 As cooling 

progresses a f t e r the ingot has been stripped, the surface transforms to 

f e r r i t e f i r s t . The transformation front then extends inward to a c e r t a i n 

depth. However, reheating i n the soaking p i t retransforms the surface back 

to austenite. The r e s u l t i s a thin zone of two-phase material undergoing 

expansion while transforming from austenite to f e r r i t e which i s surrounded 

by austenite on each side. As t h i s t h i n zone retransforms to austenite as 

w e l l , i t s contraction w i l l develop a large t e n s i l e stress beneath the 

surface and a compressive stress on the surface. Subsurface cracks w i l l 

form along the path of least r e s i s t a n c e : the p r e c i p i t a t e weakened g r a i n 

boundaries. Their p o s i t i o n should correspond to the maximum depth of the 

o r i g i n a l a u s t e n i t e - f e r r i t e transformation f r o n t . I t should be noted that 

the b r i t t l e , columnar, grain boundaries are in the most vulnerable o r i e n t a 

t i o n , being perpendicular to any applied t e n s i l e s t r e s s . The compressive 

st r e s s on the surface causes i t to deform p l a s t i c a l l y by shrinking. As the 

i n t e r i o r continues to reheat, temperature gradients subside, causing the 

subsurface to expand. The r e s u l t i n g t e n s i l e stress at the surface causes 

the previously formed subsurface cracks to propagate through to the surface, 

again along the weakest grain boundary path. 

This mechanism of f e r s an alternate explanation for why the occurrence 

of off-corner panel cracking i s most l i k e l y when the surface f a l l s i n t o the 
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two-phase region before reheating. I t also predicts that cracking occurs 

during reheating and that a rapid soaking p i t reheating practice would be 

the most detrimental under these circumstances. 

Two a d d i t i o n a l factors have been suggested to contribute to stress 

generation i n the cooling ingot. F i r s t l y , the delta-austenite phase trans

formation occurring at high temperature i n low C s t e e l s i s accompanied by a 

cont r a c t i o n which may generate r e s i d u a l s t r e s s e s . Secondly, r e s i d u a l 

stresses are the highest when steep thermal gradients are present. Kawawa 1 1 

determined that the thermal gradients i n a cooli n g , ingot reach a maximum 

9000 seconds (or 2.5 hours) a f t e r s t r i p p i n g and correlated them with stress 

generation. 

2.5 Proposed Solutions 

In an e f f o r t to eliminate panel cracking, various companies have pro

posed and t r i e d a number of d i f f e r e n t s o l u t i o n s , meeting with varied 

success. Since only a small percentage of s t e e l production s u f f e r s from 

panel cracks (about 1 % ) , 1 4 the f i r s t natural s o l u t i o n i s to simply remove 

the cracks from affected ingots by grinding or sc a r f i n g them a f t e r w a r d s . 1 4 

Unfortunately, t h i s has proven unsuccessful. Grinding i s expensive and the 

lower, "closed" portion of the crack s t i l l opens up during r o l l i n g . Scarf

ing with an oxy-acetylene torch i t s e l f opens up the cracks and pushes them 

deeper. F i n a l l y , the detection of a l l remnants of cracks i n an affected 

ingot or slab i s v i r t u a l l y impossible and the consequences of allowing a 
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panel cracked product to go into service could be di s a s t r o u s . Thus, ingots 

a f f e c t e d by panel cracks are almost u n i v e r s a l l y rejected and sc r a p p e d . 1 2 ' 1 4 

Another s o l u t i o n that has been suggested to reduce panel cracking i s to 

make smaller or thinner ingots that generate smaller thermal gradients and 

less r e s u l t i n g s t r e s s 5 but th i s has not been substantiated with any experi

mental evidence. As previously mentioned, higher ingot to slab reduction 

r a t i o s may reduce cracks by c l o s i n g them up during r o l l i n g , only i f they 

have not yet reached the surface. 

The remaining solutions to panel cracking f a l l i nto two categories: 

changing s t e e l composition to improve hot d u c t i l i t y and a l t e r i n g thermal 

treatment to either improve hot d u c t i l i t y or reduce stress generation. 

2.5.1 S t e e l Composition 

Following the solutions to the n i t r i d e embrittlement problem p r e v i o u s l y 

discussed, the f i r s t chemistry s o l u t i o n to panel cracking i s to lower the 

nitrogen content of the s t e e l . Unfortunately, t h i s often proves to be 

d i f f i c u l t . Nitrogen enters s t e e l mainly by absorption and entrainment from 

the atmosphere so i t s content can be lowered, along with oxygen, by l i m i t i n g 

exposure to a i r . S p e c i f i c a l l y , rough spraying streams should be avoided and 

well designed shroud and nozzle systems should be u s e d . 7 7 Slag type Is also 

important as acid slags r e s u l t i n more N than basic slags and double slag 

systems r e s u l t i n more N than single ones. 5 One company found that blowing 

with high p u r i t y oxygen (>99.4%) reduced the incidence of panel c r a c k i n g . 1 2 

I t i s also important to watch i n d i r e c t influences on N content such as the 
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a l l o y i n g agents and deoxidizers used. For example, N absorption from the 

a i r i s greater for desulphurized s t e e l . 7 7 F i n a l l y , furnace type i s very 

important as N content continuously Increases i n going from OH to BOF to 

e l e c t r i c furnace. 5 However, one company unexpectedly finds OH s t e e l s more 

prone to off-corner panel cracks than BOF s t e e l s despite t h e i r lower N con

t e n t . 1 4 I n t e r e s t i n g l y , t h e i r OH steels also have higher S l e v e l s . 

The second s o l u t i o n to improve d u c t i l i t y i s simply to lower the A l 

c o n t e n t 5 ' 7 ' 9 ' 1 2 and, i n m i c r o - a l l o y s t e e l s , the Nb and B contents as 

w e l l . However, the b e n e f i c i a l grain refinement and r e c r y s t a l l i z a t i o n 

r e t a r d i n g e f f e c t s of the n i t r i d e p r e c i p i t a t e s , so d e s i r a b l e i n l a t e r pro

cessing stages, w i l l also be reduced. The same mechanism of grain boundary 

pinning, by which these processes operate, i s responsible for reducing hot 

d u c t i l i t y as w e l l . Thus, In the words of Biggs, 1 " i t i s very much a com

promise between obtaining e f f e c t i v e grain size c o n t r o l and the avoidance of 

panel cracking." Several studies recommend the s o l u t i o n of lowered A l con

tent only i f lower notch toughness values are acceptable. 5, 1 2 

Lowering A l content i s a d i f f i c u l t task i n i t s e l f since i t also acts as 

a deoxidizer. Several companies compromise by aiming for a composition 

window of . 0 1 - . 0 2 % A l . 8 However, because of the extremely v a r i a b l e recovery 

of A l , t h i s can be d i f f i c u l t to achieve. Adding A l d i r e c t l y to the l a d l e i s 

one way to make recoveries more consistent. In a d d i t i o n , f a c t o r s which 

c o n t r o l oxygen l e v e l , i n d i r e c t l y influence ASA so should be c a r e f u l l y con

t r o l l e d . These include a i r entrainment, S i and Mn additions and slag type. 

A l t e r n a t i v e l y , Si can be used as a deoxidizer although one company fi n d s 

off-corner panel cracks only i n Si k i l l e d , A l grain refi n e d s t e e l s . 1 4 On 
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top of t h i s , the lack of any d e f i n i t e trend with increasing Al content found 

by many studies of off-corner panel cracking makes t h i s second proposed 

s o l u t i o n very dubious. 

The t h i r d s t e e l composition based s o l u t i o n i s the use of other, l e s s 

detrimental, n i t r i d e formers. Various companies have claimed success i n 

r e d u c i n g the incidence of panel cracks through the addition of T i , 5 ' 7 ' 1 0 * 

12 v > 5 » 8 . 12 Z r > 5 » 10 M o > 5 . 10 o r e y e n N b . 1 2 However, aluminum i s gener

a l l y considered to be the least c r i t i c a l grain growth i n h i b i t e r with respect 

to the introduction of undesirable non-metallic i n c l u s i o n s . Titanium pro

duces undesirable c a r b o - n i t r i d e s , r e s u l t i n g i n increased non-metallics and 

reduced m a c h i n a b i l i t y . 5 Zirconium i s a strong deoxidizer which r e s u l t s i n 

lower recoveries and increased non-metallics. Besides being very expensive, 

i t i s also less e f f e c t i v e than T i and again reduces machinability and notch 

toughness. F i n a l l y , the b e n e f i c i a l e f f e c t s of V and Nb are in dispute, at 

l e a s t for off-corner panel c r a c k i n g . 9 ' 1 0 ' 1 4 

2.5.2 Thermal Treatment 

Although thermal treatment i s highly i n f l u e n t i a l on panel cracking, 

there i s l i t t l e agreement on the optimal thermal treatment. This i s due, i n 

part, to the dual r o l e i t plays i n i n f l u e n c i n g both high temperature d u c t i l 

i t y and s t r e s s generation. 
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2.5.2.1 Mid-face Panel Cracks 

As previously discussed, the incidence of mid-face panel cracking has 

been reduced i n many s t e e l plants by avoiding very long track t i m e s . 5 - 8 

Nashiwa 6 suggests that ingots be charged into the soaking p i t before a maxi

mum of 32,000-40,000 seconds (9-11 hours), depending on the jacketed time, 

as shown i n Figure 2.27. Other studies are vague as to the actual l i m i t s to 

set but the intent i s to keep the ingot surface above some c r i t i c a l tempera

t u r e . 3 ' 8 

Another s o l u t i o n to mid-face panel cracking i s slow c o o l i n g 3 ' 5 ' 8 by 

e i t h e r stacking ingots together or keeping them i n a holding furnace. 

Cracking may increase i f ingots cool while standing too close together 5, 6 

so symmetrical cooling may be the important feature here. 

F i n a l l y , as previously mentioned, Guerin & R o c c a t a g l i a t a 5 found that 

l a y i n g one face of the hot ingot on an i n s u l a t i n g bed of v e r m i c u l i t e , 

eliminated mid-face panel cracking. This was believed due to the asymetri-

c a l cooling allowing the one hot face to absorb a l l of the generated stress 

by p l a s t i c creep deformation. 

2.5.2.2 Off-corner Panel Cracks 

A v a r i e t y of d i f f e r e n t thermal solutions have met with some success i n 

reducing off-corner panel cracking. A t y p i c a l example of the cooling prac

t i c e s to avoid i s given i n Figure 2.27. Unfortunately, the exact times and 

reheating rates necessary are disputed, and vary between operations, as 
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Jacketed time(s) 

Figure 2.27 E f f e c t of cooling p r a c t i c e on panel c r a c k i n g 6 , 
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p r e v i o u s l y discussed. However, these solutions do f a l l into two general 

philosophies. The f i r s t i s to prevent the surface from f a l l i n g below the 

Ar^ temperature i n t o the two-phase r e g i o n . 8 ' 9 This i s achieved by s t r i p 

ping the ingot early (short jacketed time) and quickly t r a n s f e r i n g the ingot 

to the soaking p i t (short unjacketed time). Sussman 9 suggests t h i s should 

be followed by a rapid reheat with a high gas f i r i n g rate i n a hot soaking 

p i t . This s o l u t i o n has the added advantage of thermal e f f i c i e n c y but i s 

often d i f f i c u l t to achieve due to l o g i s t i c s problems. 9' 1 4 The second s o l u 

t i o n i s to ensure t h a t , i f the s u r f a c e does drop below the Ar^, that i t 

cools completely below the Ar^ before reheating. This i s achieved by s t r i p 

p i n g l a t e , and c o o l i n g e x t e n s i v e l y b e f o r e charging to the soaking p i t . 6 ' 

8-10' 1 2 ' 1 4 T h i s s o l u t i o n has the disadvantage of being expensive to 

implement due to lower production rates, l o g i s t i c problems and higher f u e l 

consumption. 9' 1 2 * 1 4 

F i n a l l y , several companies have found success with c o n t r o l l e d reheating 

r a t e s i n the soaking p i t . 9 - 1 2 ' 1 4 such as shown i n Figure 2.28. Many com

panies achieve t h i s by lowering the soaking p i t temperature at charge for 

those s t e e l compositions designated as susceptible to off-corner panel 

c r a c k i n g 8 ' 1 0 ' 1 4 and/or by i n c r e a s i n g the time i n the soaking p i t . 1 1 

Sussman 9 states that the slow cooling p r a c t i c e s o l u t i o n should be combined 

with slow reheating rates. 
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2.6 Conclusions 

Panel cracking i s manifested as two d i s t i n c t l y d i f f e r e n t types of 

cracking problems: mid-face panel cracking and off-corner panel cracking. 

The e f f e c t s of s t e e l composition on both hot d u c t i l i t y and panel crack form

a t i o n are now f a i r l y well understood. However, solutions based on chemistry 

are often undesirable and many companies have adopted elaborate and expen

sive cooling and heating practices i n an attempt to reduce panel cracking. 

Due to the inconclusive feed back i n a d i v e r s i f i e d s t e e l plant, and the 

in t e r m i t t e n t nature of panel c r a c k i n g , 1 4 i t i s not known, i n the majority of 

cases, how b e n e f i c i a l these practices are. 

The section on reduced hot d u c t i l i t y revealed that the e f f e c t s of ther

mal h i s t o r y on d u c t i l i t y are not well understood. However, even If the best 

thermal treatment were known, i t i s impossible to give the same thermal 

treatment to every part of the ingot. While the surface i s heating r a p i d l y , 

the i n s i d e may be heating slowly or even c o o l i n g . When combined with the 

generation of thermal stress, and the Influences of phase transformation and 

creep, the e f f e c t s of thermal h i s t o r y on panel cracking are extremely com

plex . 
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In conclusion, there i s a large incentive to understand the influence 

of thermal treatment on panel cracking, but a great deal of confusion s t i l l 

e x i s t s . Most of the observations and r e s u l t s from previous cracking studies 

can be explained by eit h e r the reduced d u c t i l i t y or stress generation mech

anisms. Although they probably both contribute to some extent, i t i s not 

known, at the present, which i s the most important. Since the stress gen

e r a t i o n mechanism has received by far the least a t t e n t i o n , and consequently 

i s the most vaguely formulated, i t presents a very promising area for 

research using modelling techniques. 
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CHAPTER 3 SCOPE OF THE PRESENT WORK 

In view of the l i t e r a t u r e findings just presented, the present work was 

undertaken to increase our understanding of the panel cracking problem. The 

ultimate goal i s to determine the mechanism(s) behind both types of panel 

crack formation and to f i n d i n d u s t r i a l l y f e a s i b l e means for eli m i n a t i n g 

them. This would have tremendous s i g n i f i c a n c e , not only to s t a t i c - c a s t 

ingot production, but to continuous ca s t i n g as well, where the cracking of 

reheated blooms i n a manner reminiscent of panel cracking i s becoming an 

increasing concern. 

3.1 Objectives 

In s t r i v i n g towards this ultimate goal, this research project pursued 

the following ob j e c t i v e s : 

1) to construct a physical scale model of a soaking p i t and use i t to 

determine the e f f e c t s of process reheating v a r i a b l e s on flow 

pattern and flame structure and t h e i r possible r o l e i n panel crack 

formation. 

2) to formulate, develop and v e r i f y , accurate mathematical computer 

models for c a l c u l a t i n g both heat transfer and stress generation i n 

a s o l i d i f y i n g , cooling and reheating, s t a t i c - c a s t s t e e l Ingot from 

the time of i n i t i a l pouring u n t i l the time of r o l l i n g . 
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3) using the models, to determine the i n t e r n a l state of stress under 

d i f f e r e n t processing conditions for two ingots representing 

t y p i c a l mid-face and off-corner panel cracking conditions. 

A) to conduct a b r i e f m e t a l l u r g i c a l i n v e s t i g a t i o n of actual panel-

cracked samples. 

5) to c l a r i f y the r o l e of stress generation i n both types of panel 

crack formation and i n so doing, to o f f e r mechanism(s) for panel 

crack formation that are consistent with the mathematical model 

p r e d i c t i o n s , physical model r e s u l t s , m e t a l l u r g i c a l i n v e s t i g a t i o n , 

and the observations made i n previous studies on d u c t i l i t y of 

s t e e l and panel cracking. 

3.2 Methodology 

This i n v e s t i g a t i o n studied panel crack formation i n s t a t i c - c a s t s t e e l 

Ingots through phy s i c a l modeling, metallographic i n v e s t i g a t i o n , and 

mathematical heat-flow and s t r e s s - a n a l y s i s modeling. Because t h i s 

i n v e s t i g a t i o n i s the f i r s t of i t s kind i n several respects, a great deal of 

background work not d i r e c t l y related to panel cracking was required. The 

f i r s t was a comprehensive l i t e r a t u r e review on the pertinent subject of the 

hot d u c t i l i t y of s t e e l that was presented previously. In a d d i t i o n , the 

mathematical modeling techniques themselves are r e l a t i v e l y recent and 

comprise important areas for research i n t h e i r own r i g h t . F i n a l l y , input 

data on thermomechanical properties of s t e e l for the models was required, 

n e c e s s i t a t i n g both lab experiments and further l i t e r a t u r e i n v e s t i g a t i o n . 
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While t h i s work was concerned with e l u c i d a t i n g the mechanisms behind 

the general problem of panel cracking encountered i n t e r n a t i o n a l l y i n the 

s t e e l industry, i t focussed p r i m a r i l y on examining the nature of off-corner 

panel cracking experienced at the Stelco H i l t o n Works. This was due to the 

a v a i l a b i l i t y of ingot samples containing panel cracks, soaking p i t and ingot 

blue p r i n t s , d e t a i l e d studies on the incidence of panel cracking including 

s t e e l compositions and thermal processing schedules, and temperature 

measurement data for v e r i f i c a t i o n of the heat-transfer model. 

The s p e c i f i c methodology used i n the present i n v e s t i g a t i o n was as 

follows: 

1 ) To better characterize heat trans f e r i n the soaking p i t , a 

p h y s i c a l , l / 8 t ^ scale model of a bottom-fired, Stelco soaking p i t 

was constructed based on isothermal modeling techniques. An 

i n v e s t i g a t i o n of the flow patterns, v e l o c i t y p r o f i l e s and flame 

geometry i n the model then was conducted. 

2) The f i r s t step i n developing the mathematical heat-transfer model 

was a comparison of the a v a i l a b l e numerical (finite-element) 

methods f o r s o l v i n g t h i s type of complex, t r a n s i e n t , 

heat-conduction problem involving s o l i d i f i c a t i o n , v a r i a b l e 

thermophysical properties and i r r e g u l a r geometry (mould corruga

tions ). 

3) The best method obtained, i n terms of accuracy, s t a b i l i t y and 

cost e f f i c i e n c y was formulated for the p a r t i c u l a r thermal 

property data and boundary conditions of the s t e e l ingot 
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s o l i d i f i c a t i o n , c o o l i n g , and reheating problem being considered. 

4) The temperature predictions of the f i n a l heat-transfer model were 

v e r i f i e d against both a n a l y t i c a l solutions and i n d u s t r i a l 

measurements made at Stelco on a 230 x 405 mm ingot. 

5) Finite-element meshes of nodes were constructed to simulate two 

d i f f e r e n t ingot s i z e s : a 350 mm x 350 mm, two-ton ingot 

representing the mid-face panel cracking case and a 760 x 1520 mm 

twenty-five ton ingot representing off-corner panel cracking. 

6) The f i n a l heat-transfer model was run to construct temperature 

contour maps, p r o f i l e s and temperature-time pl o t s f o r several 

thermal processing h i s t o r i e s , c a r e f u l l y chosen to simulate 

conditions for mid-face panel cracking, off-corner panel cracking 

and non-cracking cases. 

7) A finite-element stress model then was formulated to determine the 

stresses a r i s i n g from the previously calculated temperature data. 

This task was complicated by the involvement of several f a c t o r s , 

a l l of which had to be i n c l u d e d b e f o r e a c c u r a t e s t r e s s 

c a l c u l a t i o n s were achievable: 

(a) Since stress i s desired as a function of time, the model 

must be dynamic or t r a n s i e n t . 

(b) Thermo-mechanical properties such as e l a s t i c modulus and 

Poisson r a t i o change d r a s t i c a l l y over the large temperature 

ranges involved. 



95 

(c) S o l i d i f i c a t i o n involves l i q u i d material that i s not capable 

of withstanding load and i s further complicated by the 

movement of the s o l i d - l i q u i d i n t e r f a c e with time. 

(d) Stresses are caused by both thermal and phase-transformation 

volume changes. The volume change due to phase trans

formation i s further complicated by the k i n e t i c s of the y •*• a 

transformation which i s delayed on cooling s i g n i f i c a n t l y 

below the t r a n s f o r m a t i o n temperatures encountered on 

heating. 

(e) The s t r e s s - s t r a i n r e l a t i o n i s h i g h l y non-linear as s t r a i n 

contains both e l a s t i c and p l a s t i c components. The most 

important e f f e c t I n f l u e n c i n g high-temperature s t r e s s 

development i s creep which i s both temperature and st r e s s 

dependent. 

An a n a l y t i c a l s o l u t i o n for e l a s t o - p l a s t i c , time-dependent thermal 

stress development was derived and used to v e r i f y the stress 

model. 

The stress model then was formulated with appropriate boundary 

conditions and the best a v a i l a b l e thermo-mechanical property data 

i n c l u d i n g : 

(a) temperature-dependent e l a s t i c modulus. 

(b) temperature-, s t r e s s - , and structure-dependent p l a s t i c creep 

r a t e . 
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( c ) t e m p e r a t u r e - , and c o m p o s i t i o n - d e p e n d e n t t h e r m a l e x p a n s i o n 

i n c l u d i n g phase t r a n s f o r m a t i o n . 

Due t o i n e x a c t l i t e r a t u r e d a t a , d i l a t o m e t e r e x p e r i m e n t s were 

c o n d u c t e d on samples o f p a n e l - c r a c k prone s t e e l t o d e t e r m i n e the 

e x a c t b e h a v i o r o f t h e y •*• a phase t r a n s f o r m a t i o n w i t h r e s p e c t t o 

t h e r m a l e x p a n s i o n . 

A major d e f i c i e n c y i n the m o d e l i n g o f s t r e s s g e n e r a t i o n i n s t e e l 

i s the l a c k of a g e n e r a l c o n s t i t u t i v e e q u a t i o n t o a d e q u a t e l y 

d e s c r i b e the v i s c o - p l a s t i c b e h a v i o r 8 2 . Thus, as p a r t o f t h e 

p r o j e c t , t h e a v a i l a b l e m e c h a n i c a l d a t a had t o be m a n i p u l a t e d t o 

d e v e l o p an adequate d e s c r i p t i o n o f t h e s t r e s s - s t r a i n b e h a v i o r o f 

s t e e l a t a p p r o p r i a t e t e m p e r a t u r e s and s t r a i n r a t e s and t o i n c o r 

p o r a t e t h i s i n t o t h e s t r e s s m o d e l. 

The f i n a l s t r e s s model was r u n f o r the same c o n d i t i o n s as t h e 

h e a t - t r a n s f e r model t o r e l a t e s t r e s s g e n e r a t i o n t o the i m p o r t a n t 

i n f l u e n c i n g v a r i a b l e s : 

( a ) i n g o t s i z e 

( b ) s t r i p t i m e 

( c ) t r a c k t i m e 

( d ) s o a k i n g p i t r e h e a t i n g r a t e , as d e t e r m i n e d by s o a k i n g - p i t 

t e m p e r a t u r e a t c h a r g e , gas f i r i n g r a t e , and p o s s i b l y , i n g o t 

p o s i t i o n . 

( e ) s o a k i n g - p i t r e s i d e n c e t i m e 

( f ) p h a s e - t r a n s f o r m a t i o n t e m p e r a t u r e i n t e r v a l as a f f e c t e d by 

s t e e l c o m p o s i t i o n ( p a r t i c u l a r l y c a r b o n c o n t e n t ) . 
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(11) C r i t e r i a f o r t h i s type of high-temperature fracture then had to 

be found including conditions for panel-crack i n i t i a t i o n and 

propagation. These suggested the most e f f e c t i v e means of present

ing the output from the s t r e s s model. 

(12) No work on understanding a cracking problem would be complete 

without a m e t a l l u r g i c a l examination of the cracks themselves. 

Thus, the l a s t step was to conduct a metallographic i n v e s t i g a t i o n 

of off-corner panel-cracked samples supplied by Stelco i n c l u d i n g : 

(a) N i t a l , Oberhoffer, P i c r i c acid and HC1 macro-etches, a 

sulphfur p r i n t , microprobe and SIMS scans of polished 

specimens of the cracked regions to determine the r e l a t i o n of 

the cracks to the s t e e l structure and to detect the presence 

of any segregation. 

(b) an S.E.M. examination of the fr a c t u r e surface. 

(c) measurement and c a l c u l a t i o n of the t h i c k n e s s of the 

decarburized zone to Infer the approximate time of cracking. 

(13) F i n a l l y , the r e s u l t s of the mathematical heat-transfer and stress 

models were synthesized with the findings of the l i t e r a t u r e 

reviews, m e t a l l u r g i c a l i n v e s t i g a t i o n and ph y s i c a l modeling studies 

to o f f e r mechanism(s) for both types of panel crack formation. 

The accurate mathematical modeling of stresses i n a s o l i d i f y i n g ingot 

i s obviously a very complex problem. Fortunately, due to the p a r t i c u l a r way 

i n which panel cracking i s manifested, i t i s possible to make a few 
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s i m p l i f y i n g assumptions, while s t i l l r e t a i n i n g s u f f i c i e n t accuracy to ob

serve the determining thermal and stress related aspects of panel cracking. 

Both types of panel cracking have predominantly v e r t i c a l components over a 

large portion of the c e n t r a l region of the ingot. Indeed, cracks u s u a l l y 

appear f i r s t near the center and extend upwards and downwards only i n severe 

cases. I t should therefore be possible to understand panel cracking through 

examination of a two-dimensional, transverse s l i c e through the midplane of 

the ingot alone. Secondly, the two-fold symmetry of both the Ingot dimen

sions and panel cracks themselves requires that only 1/4 of the ingot 

s e c t i o n need be modeled. This region i s i l l u s t r a t e d i n Figure 3.1. 

F i n a l l y , the present thermo-mechanical problem being solved by the heat 

t r a n s f e r and stress models i s uncoupled. This means that any heat generated 

by i n e l a s t i c deformation has a n e g l i g i b l e e f f e c t on the temperature pro

f i l e s . Thus the heat-transfer model can be used Independently to generate 

temperature data f o r subsequent input into the stress model. 
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+- X 

Figure 3.1 Ingot section to be simulated with the mathematical 
heat-transfer and stress models 
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CHAPTER 4 PHYSICAL MODELLING OF A BOTTOM-FIRED SOAKING PIT 

4 . 1 Introduction 

The reheating of s t e e l ingots i n a soaking p i t i s a c r u c i a l phase i n 

s t e e l processing where defects such as panel cracking can a r i s e . Poor flow 

patterns r e s u l t i n g i n uneven heating rates not only reduce heating 

e f f i c i e n c y ; they also aggravate and increase the l i k e l i h o o d of th i s and 

other types of cracking problems. Reheating i s achieved at Stelco using a 

bottom-fired Salem soaking p i t . Since t h i s type of p i t has received 

r e l a t i v e l y l i t t l e a t t e n t i o n , i t s flow patterns and heating c h a r a c t e r i s t i c s 

are not well understood. 

The main obje c t i v e of t h i s part of the work was to determine the 

e f f e c t s of process v a r i a b l e s such as f i r i n g c o n d i t i o n and ingot p o s i t i o n i n g 

on the flow pattern and flame structure i n t h i s bottom-fired soaking p i t . 

The r e s u l t s were then used to re l a t e panel cracking to soaking p i t operation 

and to a s s i s t i n c h a r a c t e r i z i n g heat transfer to the ingot during reheating 

f o r the mathematical model. 

An i n v e s t i g a t i o n of t h i s type could proceed along any of several 

d i f f e r e n t courses: i n - p l a n t measurements on an operating furnace, 

c o n t r o l l e d laboratory experiments using hot or cold models, or predictions 

using mathematical models. However, I n d u s t r i a l experiments are very 

e x p e n s i v e , time-consuming and sometimes i n c o n c l u s i v e owing to the 
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d i f f i c u l t i e s of taking measurements i n a h o s t i l e environment. Mathematical 

modelling i s also very d i f f i c u l t given the complex geometry of the burner 

nozzle and confined flow region in s i d e t h i s soaking p i t . Thus, f o r the 

present i n v e s t i g a t i o n , an isothermal physical model was constructed. Its 

advantages are low cost, r e l a t i v e s i m p l i c i t y and the ease and accuracy with 

which measurements can be made. 

This chapter describes the fundamental basis behind the model design 

and „ the r e s u l t s of three separate experimental studies made using t h i s 

model: o v e r a l l flow patterns, v e l o c i t y p r o f i l e s and the a i r - f u e l mixing 

behavior. To the author's knowledge, t h i s study i s the f i r s t to examine 

both flow patterns and mixing c h a r a c t e r i s t i c s within a bottom-fired soaking 

p i t . The r e s u l t s of t h i s study should also provide i n s i g h t s for improving 

soaking p i t operation and aid i n future furnace design. 

4.2 Soaking P i t Operation 

The prototype i s a Salem, bottom-fired soaking p i t , representative of 

the 36 independently operated p i t s at the Stelco H i l t o n Works i n Hamilton, 

Ontario. Each p i t i s flanked by a "recuperator" to recover waste heat from 

the products of combustion or "exhaust gases" which leave the p i t at 1350°C. 

This heat i s transferred to the incoming a i r which r a i s e s i t s temperature to 

800°C. 
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A schematic diagram of flow through the soaking p i t i s shown i n Figure 

A . l . The a i r flows from the recuperators, through two arch-roofed, b r i c k 

tunnels underneath the p i t f l o o r . These incoming ducts empty in t o a burner 

chamber located beneath the center of the p i t f l o o r , through which the f u e l 

i n l e t pipe protrudes. The a i r then d e f l e c t s upwards and enters the furnace 

through the annulus formed between the f u e l i n l e t pipe and a ceramic flame 

s t a b i l i z i n g r i n g . The unpreheated 50°C f u e l gases discharge from the ten 

equally-spaced, roughly-oval e x i t ports of a multiport burner nozzle 

situated atop the f u e l i n l e t pipe which i s concentric with the primary a i r 

duct. The burner applies no s w i r l to the incoming gases. 

The p i t i t s e l f measures 5.2 m x 5.2 m x 3.5 m deep. Zero gauge 

pressure i s maintained inside the p i t by balancing the incoming a i r and f u e l 

pressures with the external draft from the discharge stack. The combusted 

waste gases e x i t the p i t through twelve rectangular e x i t ports located along 

the bottom of each of the two opposing chamber walls adjacent to the recup

e r a t o r s . The other two opposing walls are r e f e r r e d to as the " b l i n d s i d e " 

w a l l s . 

Six to twelve ingots, varying i n si z e from 710 mm x 890 mm (28" x 35") 

ten ton ingots to 760 mm x 2000 mm (30" x 79") t h i r t y ton ingots, are 

charged, e i t h e r hot or cold, into the p i t with an overhead crane. Immed

i a t e l y a f t e r charging, the p i t i s run at "high f i r e " f o r 1-8 hours to 

qui c k l y heat the ingots to about 1250°C. Once a set p i t temperature i s 

achieved, i n d i c a t i n g that the ingot temperature has e q u i l i b r a t e d , the heat-
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Figure 4.1 Schematic cross section of prototype soaking p i t 
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ing rate i s gradually dropped back to "soaking" or "low f i r e " conditions. 

This i s maintained f o r another 6 to 10 hours at which time the ingot i s 

removed for hot r o l l i n g . 

Aside from decreasing the absolute f u e l and a i r flow rates, the f u e l 

composition also varies from high to low f i r e . A 4:1 r a t i o mixture of 

blast-furnace gas and coke-oven gas i s used during h i g h - f i r i n g conditions. 

The c a l o r i f i c value of the f u e l i s reduced by decreasing the coke-oven gas 

f r a c t i o n and under low - f i r e conditions, pure blast-furnace gas i s combusted. 

Recently, a "new h i g h - f i r e " mixture of 6:1 blast-furnace to coke-oven gas 

has been used. For the purposes of t h i s study, the terms "high f i r e " , and 

"low f i r e " are used only to re f e r to the p a r t i c u l a r f u e l mixtures. 

The amount of unburned oxygen i n the waste combustion gases, or 

"exhaust oxygen percentage", i s monitored continuously and i s set at a 

standard of 2%. However, along with f u e l composition and mass flow rate, 

the exhaust oxygen percentage i s a process v a r i a b l e subject to change. 
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4.3 D e s c r i p t i o n of the Model 

A l / 8 t ^ - s c a l e p l e x i g l a s s model of the b o t t o m - f i r e d soaking p i t 

prototype was constructed at Stelco Research and the U n i v e r s i t y of B r i t i s h 

Columbia. Figure 4.2 shows a photograph of the model which consists of 

three main sections: f l o o r , mid-section, and roof. The f l o o r i s 

permanently attached to a portable table from which the a i r and f u e l I n l e t 

duct system Is suspended. The duct work includes the burner chamber, f u e l 

i n l e t pipe and arch-roofed tunnels f o r primary a i r . Separate l i n e s f or the 

simulated f u e l and a i r gas streams lead back to an a i r blower system 

( i n c l u d i n g a Godfrey N 2250/3T Roots blower). Each l i n e has i t s own o r i f i c e 

plate flow meter attached to a U-tube manometer and adjustable gate valve 

f o r d e l i v e r i n g any desired flow rate of a i r and f u e l . Like the majority of 

previous p h y s i c a l models designed to run isothermally, a i r i s n a t u r a l l y used 

as the f l u i d f o r simulating the a i r , f u e l and combustion gases of the 

prototype. Although a i r moves through the model e x c l u s i v e l y from the blower 

pressure, the lack of flow resistence creates n e g l i g i b l e pressure build-up 

i n the p i t i t s e l f . 

The mid-section consists of the square soaking p i t area with 24 exhaust 

ports leading into the top sections of two i d e n t i c a l recuperators. I t i s 

constructed e n t i r e l y from transparent p l e x i g l a s s , as are the flame 

s t a b i l i z i n g r i n g , f u e l i n l e t tube and underlying duct work. A removable 

burner nozzle assembly was machined from brass to match the prototype and i s 

pictured i n Figure 4.3. 



Figure 4.2 Photograph of e n t i r e soaking p i t model 



Figure 4.3 Model burner assembly 
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The roof Is detachable from the mid-section to permit loading and 

unloading ingots. The ingots themselves are f l a t - b l a c k , wooden blocks, 

scaled to model Stelco's large 760 mm x 1520 mm (30" x 60") 25-ton s t e e l 

i n gots. To f a c i l i t a t e v i s u a l i z a t i o n of the p i t i n t e r i o r , a few model ingots 

were constructed from transparent p l e x i g l a s s . 

4.4 P h y s i c a l Modelling C r i t e r i a 

The physical model was designed to duplicate both the flow and mixing 

c h a r a c t e r i s t i c s of the actual soaking p i t during operation. In order to 

ensure s i m i l i t u d e with the prototype, despite being an isothermal model, 

four separate modelling c r i t e r i a were adopted. 

Geometric s c a l i n g i s the f i r s t , most obvious requirement. With the 

exception of the f u e l burner nozzle, a i r i n l e t annulus, and the underlying 

duct work, a l l l i n e a r dimensions of the prototype were reduced by a f a c t o r 

of 8 f o r the model. 

A s u b s t a n t i a l expansion of gases accompanies combustion just beyond the 

burner nozzle In the prototype soaking p i t . To take t h i s i n t o account, and 

enable both the flow pattern and mixing behavior to be reproduced i n the 

isothermal ph y s i c a l model, I t i s necessary to d i s t o r t some of the model 

dimensions. Thring and Newby 8 3 developed a c r i t e r i o n for taking into 

account gas expansion from a s i n g l e , c i r c u l a r nozzle j e t t i n g flame into a 

much l a r g e r , c y l i n d r i c a l tunnel furnace. I t Is based on the p r i n c i p l e of 

maintaining constant burner j e t momentum. Simply stated, the area of the 

model burner nozzle must be d i s t o r t e d larger by the r a t i o between the 
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d e n s i t i e s of the cold Incoming gas and the hot combustion gases i n the 

f u r n a c e . 8 4 Beer and C h i g i e r 8 5 adapted the Thring-Newby c r i t e r i o n f o r 

modelling furnaces with double-concentric burners by applying t h i s c r i t e r i o n 

separately to d i s t o r t both the primary burner and the secondary burner 

annulus. I t was subsequently used to s u c c e s s f u l l y model a v a r i e t y of other 

systems, inc l u d i n g pulverized-coal flame p l a n t s 8 6 and U - f i r e d soaking 

p i t s . 8 7 ' 8 8 T h i s same procedure was used to d i s t o r t separately the burner 

nozzle and a i r annulus of the present model. Robertson 8 9 warns that i f the 

burner diameter i s too large i n r e l a t i o n to the chamber diameter, t h i s 

d i s t o r t i o n can modify the flow patterns somewhat. In the present model, the 

a i r duct work, burner chamber and flame s t a b i l i z i n g r i n g were a l l d i s t o r t e d 

by a factor of roughly 1.4. The e n t i r e burner assembly and f u e l pipe were 

d i s t o r t e d 2.IX. The a i r duct d i s t o r t i o n i s less since the a i r i n the 

prototype i s preheated. To maintain the same "view" for the Incoming a i r 

around the f u e l pipe, only the width of the arch-roofed a i r tunnel was 

d i s t o r t e d i n achieving the desired cross s e c t i o n a l area. Figure 4.4 

i l l u s t r a t e s the extent of these d i s t o r t i o n s . D e t a i l s of the c a l c u l a t i o n s 

are presented i n Appendix I. 

The t h i r d parameter that must be kept the same i n the model and proto

type i s the mass flow rate r a t i o between the second and primary f l u i d s or 

the " a i r - f u e l r a t i o " . 8 h * 8 9 ' 9 0 This r a t i o varied between .8 and 1.8 for 

the d i f f e r e n t f u e l s used under d i f f e r e n t f i r i n g conditions. It was 

therefore treated as a process v a r i a b l e . 
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The f i n a l s i m i l i t u d e c r i t e r i o n required to reproduce flow and mixing 

conditions from the prototype i n the model i s the Reynolds number. However, 

i n an Internal flow system such as the soaking p i t , where the Reynolds 

number exceeds 1 0 , 0 0 0 , transport phenomena are c o n t r o l l e d e n t i r e l y by i n e r -

t i a l forces and the flow regime i s f u l l y turbulent. Several authors have 

found that flow patterns In the regime are r e l a t i v e l y i n s e n s i t i v e to changes 

i n Reynolds number. 8 4' 9 1 - 9 3 Thus, so long as the model a i r flow rates are 

above those necessary to ensure a f u l l y turbulent flow regime at the burner 

nozzle e x i t , they can be considerably l e s s than those necessary to achieve 

exact Reynolds number s i m i l a r i t y . 8 4 C a l c u l a t i o n s i n Appendix II show that 

both the f u e l and a i r j e t s for the prototype and model have Reynolds numbers 

well i n excess of 10,000 for a l l f i r i n g conditions. In any case, the e f f e c t 

of absolute mass flow rate on the flow pattern was determined as part of the 

i n v e s t i g a t i o n . Because of the dominance of the l n e r t i a l forces, i t i s 

unnecessary to consider Schmidt, Prandtl or Froude number s i m i l a r i t y . 8 4 

4.5 Flow Pattern Study 

The f i r s t study using the soaking p i t model was to v i s u a l i z e the over

a l l gas flow and r e c i r c u l a t i o n patterns developed under a v a r i e t y of d i f f e r 

ent process conditions. The aim was simply to gain a q u a l i t a t i v e under

standing of the flow patterns and to determine the most i n f l u e n t i a l process 

v a r i a b l e s . S p e c i f i c objectives of the study were: 
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1) to i n v e s t i g a t e the e f f e c t s of changing f i r i n g condition (as determined 

by a i r - f u e l mass flow r a t i o ) on the flow pattern. 

2) to f i n d what changes i n flow pattern occur with d i f f e r e n t ingot 

arrangements. In p a r t i c u l a r , i t was desired to determine i f the flow 

pattern changes during charging or i s affected by blocking recuperator 

e x i t channels using non-standard ingot arrangements. 

3) to explore the r e l a t i o n s h i p between flow pattern and ingot height, as 

determined both by d i f f e r e n t Ingot size and by scale build-up on the 

p i t bottom. 

4.5.1 Experimental Methodology 

To obtain worthwhile observations of the flow patterns, i t i s extremely 

important to use a good flow v i s u a l i z a t i o n technique. Past researchers have 

used tracers varying from styrofoam beads or colored chemicals i n water 

m o d e l l i n g to b a l s a dust In a i r . 9 4 ' 9 5 However, to v i s u a l i z e flow patterns 

i n the present model, small (1-3 mm) h e l i u m - f i l l e d soap bubbles were 

i n j e c t e d into the incoming f u e l gas stream. Because of t h e i r excellent 

r e f l e c t i o n properties under proper l i g h t i n g conditions, they were found to 

be superior to other a i r stream t r a c e r s . Any bias due to buoyancy e f f e c t s 

was removed by balancing the soap-helium r a t i o to render the bubbles 

weightless. 
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Before experiments could begin, the o r i f i c e - p l a t e flow meters had to be 

c a l i b r a t e d . D e t a i l s of the c a l c u l a t i o n s and experiments for t h i s c a l i b r a 

t i o n are given i n Appendix I I I . I n i t i a l experimental runs were video-taped 

but subsequently, 35 mm s t i l l photographs were used. For each experimental 

condition, top, front and side views of the soaking p i t were examined, with 

a photo flood lamp providing " l i g h t s e c t ioning". 

A i r - f u e l r a t i o s were then determined for the three d i f f e r e n t f i r i n g 

conditions c u r r e n t l y used at Stelco and are given In Appendix IV. Those 

r a t i o s , based on Stelco's normal operating practice of 2% exhaust oxygen, 

and t h e i r corresponding f i r i n g conditions are as follows: 

(1) 1.8 simulating the 4:1 r a t i o mixture of blast-furnace to coke oven gas 

used for the " h i g h - f i r e " condition. 

(2) 1.5 simulating the 6:1 r a t i o mixture of BF to CO gas used for the "new 

high f i r e " c o ndition. 

(3) 0.8 simulating pure BF gas used for the "low f i r e " or "soaking" 

c o n d i t i o n . 

I n i t i a l experiments were conducted to determine i f varying Reynolds 

number i n the f u l l y turbulent regime had any influence on the flow pattern. 

This was done by increasing the a i r and f u e l flow rates at a f i x e d a i r - f u e l 

r a t i o while leaving a l l other variables constant. The r e s u l t s of these 

i n i t i a l experiments showed no change in flow pattern with a 67% increase i n 

absolute flow rates for either burner. Thus, the assumption that s i m i l i t u d e 

between model and prototype can be maintained without achieving equally high 
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Reynolds number i n the model, so long as the flow regime i s f u l l y turbulent, 

was v e r i f i e d . In subsequent experiments, f i x e d a i r and f u e l flow rates were 

used: 45 1/s a i r : 25 1/s f u e l f o r high f i r e , 37:25 f or new high f i r e and 

30:37 f or low f i r e . 

For each of the three heating conditions tested, the a i r and f u e l flow 

rates were f i r s t set at the desired l e v e l s . Then, ingots were changed two 

at a time and the flow patterns recorded photographically f o r each of the 

following ingot arrangements: empty p i t , 2 ingots, 4 ingots, 6 ingot 

standard, 8 ingot standard, and several non-standard 8 ingot arrangements. 

Figures 4.5A and B i l l u s t r a t e the standard 6 and 8 ingot arrangements 

r e s p e c t i v e l y . A f a l s e f l o o r was then inserted to rai s e the ingot height to 

simulate t a l l e r ingots and/or scale build-up on the p i t f l o o r . The standard 

ingot arrangements were re-tested. 

4.5.2 Results 

Figure 4.6 i s a t y p i c a l example of the helium bubble photographs which 

shows the o v e r a l l flow pattern. A schematic diagram of t h i s flow pattern 

was constructed from the many photographs and observations that were made 

and i s presented i n Figure 4.7. The drawing i s divided down the center to 

show how the flow pattern appears both with and without the presence of 

ingots. 



Figure 4.5 Model soaking p i t chamber with ingots charged i n 

A) standard 6 ingot arrangement and 

B) standard 8 ingot arrangement 
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Figure 4.6 Photograph of helium bubble movement I l l u s t r a t i n g flow 
pattern (taken at high f i r e using standard 8 ingot 
arrangement). 
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Figure 4.7 Schematic diagram of o v e r a l l flow pattern 
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4.5.2.1 E f f e c t of F i r i n g Conditions 

Extensive experiments at several d i f f e r e n t a i r - f u e l r a t i o s have deter

mined that, over the normal range of f i r i n g conditions, the flow pattern i s 

independent of a i r - f u e l r a t i o . As i l l u s t r a t e d i n Figures 4.6 and 4.7 the 

i n i t i a l upward j e t i s f a i r l y s t r a i g h t with the upward flow appearing 

strongest at i t s center. Bubbles project upward to scatte r across the roof 

i n a l l d i r e c t i o n s . This flow i s strongly r a d i a l l y symmetric and i s 

reminiscent of a water jet from a garden hose splashing d i r e c t l y against a 

f l a t surface. The bubbles then c o l l e c t on the sides of the p i t and f i n a l l y 

e i t h e r rush toward the ex i t ports or slowly r e c i r c u l a t e towards the burner 

nozzle. Rapidly s w i r l i n g bubbles, Indicating turbulence, are observed In 

the corners near the top, between the ingots and on the f l o o r near the 

burner where the r e c i r c u l a t i n g gas i s re-entrained into the j e t . 

4.5.2.2 E f f e c t of Ingot Arrangement 

The schematic drawing i n Figure 4.7 was divided down the center to show 

the d i f f e r e n c e s i n flow pattern r e s u l t i n g from the presence of in g o t s . In 

general, ingot p o s i t i o n i n g had an almost n e g l i g i b l e e f f e c t on flow pattern 

f o r a l l of the many ingot arrangements investigated. The same basic flow 

pattern was observed for 2, 4, 6 and 8 ingot charges, showing that the flow 

pattern i s not appreciably a l t e r e d during charging. Even when extremely 

non-standard ingot arrangements were tested, such as p h y s i c a l l y blocking 

most of the recuperator ports on both sides, the f a m i l i a r mushroom-like flow 
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pattern p r e v a i l e d . The only discernable e f f e c t of the ingots i s to force 

the gentle r e c i r c u l a t i n g regions to occur higher, above the ingots, or to 

move between them. 

4.5.2.3 E f f e c t of Ingot Height 

The "headroom" above the Ingots can be changed eit h e r by scale build-up 

on the soaking p i t f l o o r or by charging d i f f e r e n t sized ingots. For the 

model experiments, t h i s was achieved by r a i s i n g the p i t f l o o r . I t was found 

to have l i t t l e e f f e c t on the flow pattern. The only change i s an increased 

turbulence i n the region above the ingots when bubble movement i s more con

f i n e d . The flow stream also elongates s l i g h t l y i n the v e r t i c a l d i r e c t i o n . 

4.6 V e l o c i t y P r o f i l e Study 

The second stage of the i n v e s t i g a t i o n was to measure gas v e l o c i t i e s 

q u a n t i t a t i v e l y at various key lo c a t i o n s i n the model soaking p i t . The 

object i v e of t h i s study was to obtain a more precise understanding of flow 

i n these areas by detecting any s l i g h t aberrations i n the flow f i e l d not 

poss i b l e by v i s u a l means alone. The s p e c i f i c measurements made were: 

(1) upward v e r t i c a l v e l o c i t y through the a i r Inl e t annulus 

(2) h o r i z o n t a l and upward v e r t i c a l v e l o c i t i e s throughout the p i t 

(3) downward v e r t i c a l v e l o c i t y along the p i t walls 

(4) e x i t v e l o c i t y through the 24 ports to the recuperators 
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The e f f e c t s of both d i f f e r e n t ingot arrangements and ingot heights were 

again examined. In add i t i o n , the influence of p a r t i a l scale blockage of the 

burner was studied. 

4.6.1 Experimental Methodology 

Gas v e l o c i t i e s i n the physical model were determined by the pressure 

drop between the s t a t i c holes and the dynamic hole i n a p i t o t tube using a 

type 504 i n c l i n e d manometer (Air Flow Developments). D e t a i l s of the c a l i 

b r a t i o n of the system are given i n Appendix V. 

Measurements i n the four d i f f e r e n t areas of the p i t were made i n 

d i f f e r e n t ways. To measure a i r v e l o c i t i e s at the a i r i n l e t annulus, the t i p 

of a s t r a i g h t p i t o t - s t a t i c tube was positioned v e r t i c a l l y at f l o o r l e v e l 

over the midway point between the insi d e and outside burner ducts. 

Within the p i t i t s e l f , upward v e r t i c a l v e l o c i t i e s were determined at 

various distances from the c e i l i n g using the s t r a i g h t p i t o t - s t a t i c tube. At 

each p o s i t i o n , a h o r i z o n t a l a i r v e l o c i t y measurement also was taken by 

r o t a t i n g an L-shaped p i t o t - s t a t i c tube about i t s axis u n t i l the d i r e c t i o n of 

maximum v e l o c i t y was located. These measurements required d r i l l i n g 25 

evenly-spaced holes through the roof of the soaking p i t . Since i t was 

evident from the previous study that a l l normal f i r i n g conditions f o r t h i s 

burner had a s i m i l a r behavior, only the high f i r e condition was studied. 

Each of the 18 conditions tested was repeated f o r both the standard 6 and 8 

ingot arrangements. 
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The r e s u l t s have been displayed by: plan views i l l u s t r a t i n g the magni

tude and d i r e c t i o n of the h o r i z o n t a l v e l o c i t i e s and graphs of v e r t i c a l 

v e l o c i t y versus distance from the f l o o r of the p i t . To avoid confusion, 

these distances are expressed i n percentage of the p i t height which i s 440 

mm i n the model and 3.5 m i n the prototype. I t i s important to note that 

the p i t o t tube must be positioned to point d i r e c t l y i n t o the flow f o r 

accurate v e l o c i t y measurements to be taken. Where the p i t o t tube i s badly 

misaligned with the flow d i r e c t i o n , v e l o c i t y readings are lower than actual 

and can even become negative. Since the flow i n large areas of the p i t i s 

neither predominantly v e r t i c a l nor h o r i z o n t a l , only a small sample of the 

t o t a l number of v e l o c i t y measurements made i s included i n t h i s chapter as 

fi g u r e s . The two h o r i z o n t a l v e l o c i t y p r o f i l e s were taken from near the 

bottom and top of the p i t r e s p e c t i v e l y where the flow i s predominantly h o r i 

z o n t a l . In p l o t t i n g upward v e r t i c a l v e l o c i t i e s , dashed l i n e s were used to 

indicate v e l o c i t y components which were low because they were made i n 

regions of the p i t where flow was n o n - v e r t i c a l . 

Downward v e r t i c a l a i r v e l o c i t y measurements were made along the walls 

of the p i t at various distances from the c e i l i n g using a s p e c i a l l y -

constructed, U-shaped p i t o t - s t a t i c tube. This required d r i l l i n g 24 new 

holes around the perimeter of the p i t , 30 mm from the walls. Runs were 

again repeated to investigate both the standard 6 and 8 ingot arrangements 

and graphs of v e l o c i t y versus percentage p i t height were p l o t t e d . 

F i n a l l y , a i r v e l o c i t i e s were measured at a l l 24 ports e x i t i n g to the 

l e f t and ri g h t recuperators, using the standard L-shaped p i t o t - s t a t i c tube. 

The t i p of the tube was placed at and perpendicular to the plane of the 
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recuperator entrance. This required the d r i l l i n g of holes i n the recup

erator roof d i r e c t l y behind and above each e x i t port. For each of the 71 

experimental conditions examined, several a i r v e l o c i t y measurements were 

taken at each of the 24 ports and the r e s u l t s averaged s t a t i s t i c a l l y . The 

conditions were chosen to investigate the e f f e c t s of f i r i n g c ondition, 

standard and non-standard ingot p o s i t i o n i n g , f l o o r height and scale blockage 

(simulated by s t r a t e g i c a l l y positioned wood c h i p s ) . In ad d i t i o n , the 

e f f e c t s of both angle and distance of the ingot to the recuperator walls 

were inve s t i g a t e d . Graphs of e x i t v e l o c i t y versus port p o s i t i o n were drawn 

for each run to display the r e s u l t s . 

4.6.2 Results 

4.6.2.1 A i r In l e t V e l o c i t i e s 

The v a r i a t i o n i n v e r t i c a l a i r v e l o c i t y with p o s i t i o n around the a i r 

i n l e t annulus i s shown i n Figure 4.8. V e l o c i t i e s at the recuperator sides 

are generally much lower than at the b l i n d sides, i n d i c a t i n g a lack of 

r a d i a l symmetry that was not apparent by v i s u a l observation i n the f i r s t 

study. This implies that more a i r i s e x i t i n g through the bli n d sides. This 

d i f f e r e n c e i s at t r i b u t e d to a "tunnelling e f f e c t " caused by the underlying 

a i r duct work. Incoming a i r through the tunnel from each recuperator 

r e t a i n s i t s ho r i z o n t a l momentum even a f t e r h i t t i n g the f u e l pipe and 

d e f l e c t i n g upwards, as i l l u s t r a t e d i n Figure 4.9. It flows around the f u e l 

pipe to meet the stream from the opposite tunnel at the midway or b l i n d 

side" of the a i r annulus. There, the streams impinge and merge, r e s u l t i n g 

i n more upward flow on these sides of the a i r annulus. In addition, a i r 
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Figure 4.8 Upward v e r t i c a l v e l o c i t y ( i n m/s) versus p o s i t i o n 
i n the a i r i n l e t annulus 
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Figure 4.9 Schematic diagram of burner chamber and arched roof 
a i r i n l e t tunnels showing development of non symmetrical 
flow d i s t r i b u t i o n through a i r annulus 
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v e l o c i t i e s at the NW and SE d i r e c t i o n s appear p a r t i c u l a r l y high although 

there i s no immediately apparent reason f o r t h i s . 

4.6.2.2 Inside P i t V e l o c i t i e s 

The horizontal v e l o c i t y measurements Indicated i n Figures 4.10 and 4.11 

and the v e r t i c a l measurements graphed i n Figure 4.12 generally r e i n f o r c e the 

v i s u a l observations of flow patterns (documented i n section 4.5). Curve E 

i n Figure 4.12 shows the upward v e r t i c a l v e l o c i t y along the burner axis to 

be the highest at mid height of the p i t . Below 30% p i t height, the maximum 

upward v e r t i c a l v e l o c i t i e s are found at a radius of 75-100 mm from the 

burner axis, corresponding roughly to l o c a t i o n D. Lower v e l o c i t i e s are 

measured both farther away and closer to the burner a x i s . The low readings 

d i r e c t l y above the burner could be p a r t l y due to the high s t a t i c pressure 

but they i n d i c a t e that the a i r - f u e l j e t i s a c t u a l l y stronger on the outside 

i n the lower l e v e l s of the p i t . This was not apparent i n the v i s u a l obser

vations reported i n section 4.5. Figure 4.10 shows that h o r i z o n t a l v e l o 

c i t i e s below mid-height, are n a t u r a l l y very low. Several positions have no 

measurement due to the presence of Ingots or the burner. The d i r e c t i o n of 

maximum hori z o n t a l v e l o c i t y constantly f l u c t u a t e s , r e f l e c t i n g the random 

s w i r l i n g nature of turbulent gas currents i n the burner j e t . The slow 

entrainment of surrounding a i r by the burner j e t i s indicated by v e l o c i t y 

vectors pointing generally inward towards the burner a x i s . 
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Figure 4.10 Horizontal v e l o c i t y p r o f i l e s i n lower p i t section 
(9% p i t height, standard 8 ingot arrangement) 
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Figure 4.11 Horizontal v e l o c i t y p r o f i l e i n upper section above Ingots 
(96% p i t height, standard 8 ingot arrangement) 
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Figure 4.12 Upward v e r t i c a l v e l o c i t y at various locations in the p i t 
(marked i n Figure 4.11) 
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Above the mid-height of the p i t , the v e r t i c a l v e l o c i t y component along 

the burner axis gradually decreases while h o r i z o n t a l v e l o c i t i e s s t e a d i l y 

increase to maximum values near the roof. In Figure A.11, r a d i a l symmetry 

of the flow f i e l d i s r e f l e c t e d by the consistent d i r e c t i o n of the maximum 

ho r i z o n t a l v e l o c i t y away from the burner a x i s . This strong, general upward 

motion combined with s t e a d i l y increasing outward movement ind i c a t e s that the 

burner j e t fans out somewhat before h i t t i n g the roof. 

Near the f l o o r and between the burner j e t and the walls, both v e r t i c a l 

and h o r i z o n t a l v e l o c i t i e s are very low. This i n d i c a t e s that large "dead 

volumes" ex i s t where the only movement i s a gradual r e c i r c u l a t i o n of gases 

d r i f t i n g slowly towards the burner j e t to be entrained. 

No e f f e c t of changing ingot arrangement on the v e l o c i t y p r o f i l e s was 

found. This i s understandable since the ingots are positioned i n the pre

dominantly low v e l o c i t y "dead zone" of the p i t where obstructing the low 

v e l o c i t y flow would have l i t t l e e f f e c t . 

4.6.2.3 Wall V e l o c i t i e s 

The graph of downward v e r t i c a l wall v e l o c i t y i n Figure 4.13 shows very 

low values near the c e i l i n g and f l o o r . This r e f l e c t s the non-vertical 

nature of flow i n these areas. A i r t r a v e l l i n g h o r i z o n t a l l y across the 

c e i l i n g over the ingots d e f l e c t s downwards upon reaching either the b l i n d 

side walls or recuperator walls. The greatest v e l o c i t i e s are found near the 

top of the p i t down the center of these s i d e s . While v e l o c i t i e s down the 

corners are r e l a t i v e l y low near the top, they gradually increase to become 
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Figure 4.13 Downward v e r t i c a l v e l o c i t y along p i t walls 
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the highest below 50% p i t height. In a d d i t i o n , below 70% p i t height, velo

c i t y down the b l i n d sides i s s i g n i f i c a n t l y lower than down the recuperator 

sides. These r e s u l t s r e f l e c t the increasing a i r flow d e f l e c t i n g horizon

t a l l y towards the corners from the b l i n d sides. 

4.6.2.4 Recuperator Port V e l o c i t i e s 

T y p i c a l recuperator port e x i t v e l o c i t i e s are shown i n Figure 4.14 where 

i t i s seen that the maximum v e l o c i t y i s at the corners. This trend p e r s i s t s 

f o r a l l f i r i n g conditions, ingot heights, and ingot arrangements, inc l u d i n g 

the empty p i t . Even when pieces of wood were inserted to block the spaces 

between ingots the " U " shaped v e l o c i t y p r o f i l e was observed. Thus, the 

phenomenon seems inherent to t h i s design of soaking p i t . 

The U-shaped v e l o c i t y p r o f i l e can be explained by considering that 

roughly h a l f of the o r i g i n a l burner j e t a i r h i t t i n g the roof t r a v e l s down 

the two b l i n d side walls and eventually d e f l e c t s toward the recuperators. 

The e x i t ports nearest the corners n a t u r a l l y must accept most of t h i s a i r i n 

a d d i t i o n to t h e i r share of a i r from the recuperator walls. 

The extent to which t h i s e f f e c t occurs can vary somewhat, depending on 

how close the ingots are against the recuperator walls. Moving c e n t r a l 

ingots c l o s e r to the walls r e s u l t s i n almost uniform a i r flow through a l l 

the ports. A l t e r n a t i v e l y , moving corner ingots closer to the wall or cover

ing both the front and back of the burner with wood chips simulating scale 

both exaggerate the U-shape v e l o c i t y p r o f i l e s . Another i n t e r e s t i n g observa

t i o n i s that covering one side of the burner simply increases v e l o c i t i e s 
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(west recuperator, standard 8 ingot arrangement) 
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through the e x i t ports on the opposite side, as the e n t i r e flow pattern i s 

skewed. 

The r e s u l t s of experimental runs examining the importance of ingot 

p o s i t i o n i n g close to the recuperator walls are i l l u s t r a t e d i n Figure 4.15. 

I f the ingot face i s more than 35 mm from the port, ingot p o s i t i o n i n g has no 

e f f e c t on e x i t v e l o c i t y . Since t h i s corresponds to only .28 m (or about 

12") i n the prototype, t h i s implies that e x i t port v e l o c i t y i s unaffected by 

ingot p o s i t i o n i n g unless an ingot p h y s i c a l l y touches the recuperator wall at 

some point. Moving the ingot face c l o s e r than 35 mm i n i t i a l l y causes a i r to 

accelerate s l i g h t l y through the p a r t i a l l y shielded e x i t ports. A maximum i n 

e x i t v e l o c i t y occurs when a c r i t i c a l distance of about 20 mm i s reached, 

corresponding to .16 m (or 6 inches) i n the prototype. Moving the ingot 

face even closer r e s u l t s i n a rapid decline i n e x i t v e l o c i t y as those ports 

e f f e c t i v e l y become blocked. While a i r v e l o c i t y through the blocked ports 

eventually decreases to zero, the o v e r a l l flow pattern i n the p i t remains 

unaffected. The same e f f e c t s were found when ingots touching the recup

erator wall along one edge were moved closer to reduce the angle between 

t h e i r mid-faces and the w a l l . 

A f i n a l observation i s that v e l o c i t i e s through the e x i t ports are 

always the highest at the top of i n d i v i d u a l ports. This e f f e c t i s exaggera

ted by r a i s i n g the f l o o r and indicates that a i r flowing down the recuperator 

wall exits at i t s e a r l i e s t opportunity. Ingot height (or scale build-up on 

the f l o o r ) had l i t t l e other e f f e c t on exit v e l o c i t y through the ports. 
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Figure 4.15 E f f e c t of ingot positioning close to 
recuperator exit port on gas v e l o c i t y 
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4.7 Mixing Study 

The f i n a l study using the soaking p i t model was to determine the height 

and shape of the burner flame, thereby gaining i n s i g h t into r a d i a t i v e heat 

transfer within the p i t . This ambitious undertaking using an isothermal 

model could only be done by assuming that the flames are d i f f u s i o n 

c o n t r o l l e d . Thus, the stoichiometric mixing front between the f u e l and a i r 

streams corresponds to the flame boundary. At the operating temperatures i n 

a soaking p i t , the chemical reactions of combustion are extremely rapid so 

th i s i s a good assumption. 9 6 The s p e c i f i c objectives of the mixing study 

were: 

(1) to determine the flame height and shape under standard operating 

conditions. 

(2) to find those operating variables most d i r e c t l y responsible for deter

mining flame geometry by i n v e s t i g a t i n g the e f f e c t s of changing: 

f i r i n g conditions, exhaust oxygen percentage and ingot arrangement. 

(3) to compare the resultant model flame height and shape predictions to 

observations and photographs of actual flames taken at Stelco. 
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4.7.1 Experimental Methodology 

In order to c a l c u l a t e the r e l a t i v e amounts of f u e l and a i r at location s 

throughout the model soaking p i t , helium gas was continuously injected as a 

tracer into the f u e l stream. An i n i t i a l experiment was performed to v e r i f y 

that s i m i l a r mixing r e s u l t s are obtained when i n j e c t i n g tracer into the a i r 

stream. Local helium concentrations were measured throughout the p i t using 

a 4 component gas analysis system con s i s t i n g of a sampling probe, gas chrom-

atograph, d i g i t a l i n t e g r a t o r and 1/4 HP vacuum pump. The gas sample was 

c a r e f u l l y drawn at below 300 ml/s through a s p e c i a l l y tapered 45 mm x 1.5 mm 

D sampling probe i n order to minimize any d i s t o r t i o n of the flow pattern. 

The sample then flowed through 3 mm brass tubing to one of two gas 

analyzing columns i n the gas chromatograph. While one sample was being 

analyzed, another could be c o l l e c t e d . The d i g i t a l integrator connected to 

the gas chromatograph printed out helium counts which were converted to 

percent using the r e s u l t s from previous c a l i b r a t i o n s with a standard. Any 

problems of re s i d u a l gas accumulation were eliminated because the sampling 

system was capable of c o l l e c t i n g gas samples continuously. 

From the l o c a l helium concentrations, the p o s i t i o n of the flame front 

was determined by c a l c u l a t i o n s of the stoichiometric mixing r a t i o . Assuming 

that "mixed i s burned", the flame-front helium concentration i s a function 

only of i n i t i a l helium concentration, a i r - f u e l r a t i o and exhaust oxygen 

percentage. 
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These c a l c u l a t i o n s , given i n Appendix VI, show that, f o r an i n i t i a l 

h e l i u m concentration i n the f u e l stream of 2%, and an exhaust concentra

t i o n i n the prototype of 2%, the flame front occurs where helium concentra

tions drop to 0.78%, 0.87%, and 1.20% f o r the high f i r e , new high f i r e and 

low f i r e conditions r e s p e c t i v e l y . Complete mixing i n the p i t y i e l d s exhaust 

helium concentrations of 0.72%, 0.80% and 1.10%. The r e s u l t s were displayed 

by p l o t t i n g contour maps of helium concentration at each of 7 l e v e l s cut at 

d i f f e r e n t heights through the model soaking p i t . In add i t i o n , a side 

p r o f i l e of helium concentration versus height at a mid plane through the 

burner axis was made for each experimental run. 

I n i t i a l runs were made to check the system and to determine i f varying 

Reynolds number i n the f u l l y turbulent regime had any influence on mixing 

c h a r a c t e r i s t i c s . Raising the volumetric flow rates of f u e l and a i r at a 

fixed a i r - f u e l mass r a t i o was found to have no e f f e c t on either the flame 

height or shape. Thus, the previous assumption that Reynolds number was 

unimportant so long as flow was i n the f u l l y turbulent regime has been 

v e r i f i e d for mixing as well as for o v e r a l l flow pattern. 

Subsequent experimental runs were made using the three previously noted 

a i r and f u e l flow rates for the high f i r e , new high f i r e and soaking condi

t i o n s . Each run was repeated using three d i f f e r e n t exhaust oxygen concen

t r a t i o n s (1%, Stelco's standard set point of 2%, and 3%) and three d i f f e r e n t 

ingot arrangements (empty p i t , standard 6 ingot, and standard 8 i n g o t ) . 

Several of the experimental conditions tested are summarized i n Figure 4.16 

along with t h e i r r e s u l t s . These runs include simulation of the conditions 
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under which a picture was taken at Stelco of actual flames i n a soaking p i t 

with i t s roof removed. 

4.7.2. Results 

The flame-front p r o f i l e s determined through stoichiometric concentra

t i o n c a l c u l a t i o n s for f i v e d i f f e r e n t experimental conditions are i l l u s t r a t e d 

i n Figure 4.16. Because the flame shape was found to be generally symme

t r i c , sampling for several runs was conducted i n only h a l f of the p i t to 

save time and to conserve helium. A t y p i c a l set of helium contours at d i f f 

erent l e v e l s i n the p i t i s presented i n Figure 4.17. For c l a r i t y , only the 

flame front contour i t s e l f has been shown. The r e s u l t s reveal that the 

flame i n t h i s bottom-fired soaking p i t using low c a l o r i f i c fuels i s gener

a l l y quite short. 

Figure 4.17 describes the flame geometry under standard high f i r e con

d i t i o n s . The flame f i r s t appears j u s t above the burner and spreads to reach 

i t s maximum width by about 30% p i t height. I t then tapers o f f and event

u a l l y disappears at 60% p i t height. The presence of turbulent eddy currents 

causes the flame to move around slowly during the course of a run. This 

random f l u c t u a t i n g behavior makes i t very d i f f i c u l t to reproduce i d e n t i c a l 

r e s u l t s at every l e v e l . 
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percentage of p i t height: 

Figure 4.17 Stoichiometric flame front contours at d i f f e r e n t p i t 
cross sections (high f i r e , 2% exhaust oxygen, 
standard 8 ingot arrangement) 
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Figure 4.17 also shows that the flame has a s l i g h t tendency to elongate 

towards the recuperator walls. In addition, for runs where a i r v e l o c i t i e s 

through the i n l e t were greater In the NW and SE d i r e c t i o n s , the flame tended 

to lean toward the NE and SW d i r e c t i o n s . This i s due to the resistance to 

f u e l flow caused by increased a i r flow through the b l i n d sides of the a i r 

annulus. Combined with the h o r i z o n t a l momentum imparted to the a i r stream 

by the underlying ductwork, t h i s d e f l e c t s f u e l towards the recuperator 

si d e s . The r e s u l t i n g elongated flame i s consistent with the conclusion of 

previous w o r k e r s 9 6 that the flame i s longer where there i s an excess of f u e l 

or a shortage of a i r . 

4.7.2.1 E f f e c t of Excess A i r 

An examination of Figure 4.16 reveals that the highest flames occur 

under high f i r e conditions. Decreasing the a i r - f u e l r a t i o to new high f i r e 

then low f i r e conditions r e s u l t s i n a continuously shortening flame. This 

i s understandable since the lower c a l o r i f i c - v a l u e f u e l mixtures, r e q u i r i n g 

more excess a i r , d i l u t e the f u e l stream f a s t e r . Thus, mixing to the s t o i c h 

iometric percentage required f or combustion occurs c l o s e r to the burner. 

F i r i n g condition i s not the only important v a r i a b l e a f f e c t i n g flame 

l e n g t h , however. The p r e v i o u s tren d o n l y h o l d s at c o n s t a n t exhaust 0^ 

l e v e l s . Decreasing the percent oxygen i n the exhaust gas r e s u l t s i n drama

t i c increases i n flame length. In f a c t , I n j e c t i n g exactly the s t o i c h 

iometric a i r requirement with no allowance for exhaust oxygen would r e s u l t 
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i n an i n f i n i t e flame length using the flame front c a l c u l a t i o n method i n 

Appendix VI. While i n p r a c t i c e , the r e s u l t would simply be incomplete com

bustion, Figure 4.16 shows that flames can h i t the roof and even l i c k down 

the p i t sides to the recuperator e x i t s i f the exhaust oxygen percentage 

f a l l s to 1%. This mushroom shaped flame i s never encountered for exhaust 

oxygen percentages of 2% or more as the flame length c o n t i n u a l l y decreases 

with increasing exhaust oxygen concentration. 

The e f f e c t s of these two i n f l u e n t i a l v a r i a b l e s ; a i r - f u e l r a t i o ( f i r i n g 

c ondition) and exhaust oxygen percentage, are not independent. In f a c t , the 

determining v a r i a b l e for flame height was found to be excess a i r , which was 

c a l c u l a t e d from given f u e l compositions and exhaust oxygen percentages i n 

Appendix IV. Figure 4.18 i l l u s t r a t e s the r e l a t i o n s h i p between excess a i r 

and flame length using data from the f i v e experimental runs given i n Figure 

4.16. It i s of p a r t i c u l a r i n t e r e s t to note that nearly the same flame 

l e n g t h was a c h i e v e d i n run 3 (34%) using high f i r e and 3% exhaust as i n 

run 5 (28-32%) using low f i r e and 2% exhaust 0^. Since these two d i f f e r e n t 

combinations of c o n t r o l l a b l e process v a r i a b l e s both had nearly the same -

21.5 vs 23% - excess a i r , t h i s r e s u l t indicates that percent excess a i r i s 

the more fundamental va r i a b l e determining flame height. However, the 

importance of excess a i r i s most pronounced when i t f a l l s below about 15%. 

Figure 4.18 shows that above t h i s l e v e l , the flame height i s f a i r l y short 

and consistent. 



Figure 4.18 Dependence of flame height on excess a i r percentage 
f o r runs given i n Figure 4.16 
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As the flame becomes shorter, i t also tends to become hollow i n the 

center, reducing in the extreme to a t o r r o i d or ring shape. Runs 4 and 5 i n 

Figure 4.16 i l l u s t r a t e t h i s phenomenon f or the new high f i r e and low f i r e 

cases. This happens because the Increased excess a i r promotes f a s t e r mix

in g . This a i r immediately d i l u t e s the f u e l stream to below stoi c h i o m e t r i c 

requirements before i t can move around the burner cap to the region d i r e c t l y 

above i t . 

While runs 3 and 5 had s i m i l a r flame heights and excess a i r percent

ages, Figure 4.16 shows that t h e i r flame shapes are quite d i f f e r e n t . Thus, 

excess a i r i s not the sole v a r i a b l e determining flame geometry. The d i f f e r 

ences can be at t r i b u t e d to the d i f f e r e n t a i r - f u e l r a t i o s . Because the e x i t 

ports on the f u e l nozzle are sloped, increasing the r e l a t i v e flow through 

the f u e l l i n e (by decreasing the a i r - f u e l r a t i o ) imparts more h o r i z o n t a l 

momentum to the gases. This forces mixing to occur further away from the 

burner nozzle which r e s u l t s i n an increasing tendency f o r a torroid-shaped 

flame rather than a s o l i d one. The e f f e c t i s increased with increasing 

angle of the f u e l ports with respect to the burner a x i s . 
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4.7.2.2 E f f e c t of Ingot Arrangement 

Figure 4.19 shows that the flame geometry i s v i r t u a l l y independent of 

ingot arrangement regardless of whether zero, 6 or 8 ingots are charged. 

This lack of dependence of the flame on ingot arrangement i s consistent with 

the previous findings of the flow pattern and v e l o c i t y p r o f i l e studies. I t 

i s understandable since the areas of the p i t where ingots are placed are 

predominantly "dead zones" having l i t t l e influence on the i n i t i a l burner 

j e t . 

4.8 Comparison with I n d u s t r i a l Observations 

A photograph of the flames i n a soaking p i t running with i t s roof 

removed i s presented i n Figure 4.20. The test was conducted under standard 

high f i r e conditions except that the exhaust oxygen percentage was unknown. 

The flame height i s estimated from t h i s photograph to be roughly 175% of p i t 

height. When compared with model run 2 i n Figure 4.16 done at high f i r e 

using the standard exhaust oxygen set point of 2%, t h i s observed height 

appears s u b s t a n t i a l l y higher. However, the model flame height recorded for 

run 1 in Figure 4.16 using 1% exhaust oxygen i s projected to have been 

150-200% of p i t height i f the roof were not present. Considering that the 

model runs were performed with a closed roof, t h i s r e s u l t agrees with the 

i n d u s t r i a l observation, i f the exhaust oxygen percentage had f a l l e n below 

the 2% set point at the time the photograph was taken. In a d d i t i o n , mixing 

by molecular d i f f u s i o n , which i s required on the micro-scale before combust-



Figure 4.19 E f f e c t of ingot arrangement on flame geometry 
(high f i r e , 2% exhaust oxygen) 



Photograph of the flames in a Stelco soaking p i t 
with I t s roof removed 
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ion takes place, can produce flames over 25% higher than those predicted by 

the macro-scale mixing assumption made i n the model. 9 6 This f a c t also could 

account for the longer flame observed i n the prototype. 

Besides the quantitative comparison of flame height, several q u a l i t a t 

ive features of the model flames can also be compared with the prototype. 

I f examined c l o s e l y , one can see the s l i g h t l y lower In t e n s i t y of the 

i n t e r i o r of the flame. In a d d i t i o n , the flames i n the prototype were 

observed to wander and f l u c t u a t e , i n d i c a t i n g the presence of the same turbu

l e n t eddy currents that were encountered during the model simulations. The 

flame shape i t s e l f i s s l i g h t l y more v e r t i c a l l y elongated i n the prototype 

but t h i s i s most l i k e l y due to the lack of a roof over the soaking p i t . In 

conclusion, the model appears able to reproduce behavior i n the prototype i n 

at l e a s t a q u a l i t a t i v e sense. 

4.9 Implications f o r Heat Transfer and Panel Cracking 

Heat i s transferred to the ingots i n a bottom f i r e d soaking p i t through 

a combination of both r a d i a t i o n and convection. Using an isothermal model, 

i t i s d i f f i c u l t to exactly quantify heat transfer i n the p i t . Nevertheless, 

several important conclusions regarding both r a d i a t i o n and convection can be 

drawn from these studies. 
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Because of the high operating temperatures, the majority of the heat 

tra n s f e r r e d to the ingots i s through r a d i a t i o n . C a l c u l a t i o n s which support 

t h i s conclusion are given i n Appendix VII. They are based on v e l o c i t y 

measurements i n the model soaking p i t and c a l c u l a t i o n s f o r forced convective 

heat t r a n s f e r . This heat can radiate from the flame i t s e l f , the hot com

bustion gas, or most importantly, the p i t walls and roof. Since the hot 

combustion gas flows across the roof and down the walls, i t s heat w i l l be 

transferred to the roof and walls as well as to the upper parts of the 

ingots. The walls, i n turn, w i l l radiate heat back to the tops of ingots 

and those sides facing walls. F i n a l l y , convective heat transfer i s highest 

where gas v e l o c i t i e s are highest. Thus, although convection plays only a 

minor role i n t r a n s f e r r i n g heat d i r e c t l y to the ingots, i t too w i l l be 

greatest on the outer sides and tops of the ingots. This w i l l r e s u l t i n 

ingot heating rates that are somewhat uneven as the sides f a c i n g the p i t 

walls heat f a s t e r . Cernoch reports t h i s same phenomemon i n other soaking 

p i t d e s i g n s . 9 7 

This study has revealed very few i n d i c a t i o n s of an enhanced p o t e n t i a l 

f o r panel cracking i n ingots charged i n c e r t a i n p o s i t i o n s . In f a c t , the 

complete lack of dependence of e i t h e r the flow patterns or the mixing char

a c t e r i s t i c s with ingot arrangement i s s u r p r i s i n g , when one considers that 8 

ingots comprise over 25% of the t o t a l p i t volume. The excel l e n t s t a b i l i t y 

of the flow and mixing patterns implies that ingot p o s i t i o n i n g i n the p i t i s 

not l i k e l y to be a fa c t o r with regard to cracking tendency. The only poss

i b l e exception i s for ingots charged very close (le s s than 1 foot) to ports 

i n the recuperator w a l l s . It Is therefore recommended that Ingots be kept 

away from the recuperator walls whenever p o s s i b l e . 
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A f a c t o r of much greater Importance i s the exhaust oxygen percentage. 

I f i t i s allowed to become very low ( l e s s than 1%), then the dramatic 

increase i n size of the flame could r e s u l t i n flame impingement on the 

ingots. The r e s u l t could be damage to those ingot faces by severe oxida

t i o n . Even i f d i r e c t flame impingement did not occur, the increased temp

eratures could r e s u l t i n extreme grain growth and perhaps even l o c a l grain 

boundary melting. This would enhance d u c t i l i t y related cracking problems 

l a t e r , p a r t i c u l a r l y for long times i n the soaking p i t . Thus, the c a r e f u l 

monitoring of exhaust oxygen l e v e l s and p i t temperatures i s recommended. 

A f i n a l f actor not previously discussed i s the alignment of the f u e l 

pipe i n the burner chamber. S l i g h t errors i n alignment are g r e a t l y magni

f i e d i n d i s t o r t i n g the shape of the a i r annulus. In the model studies, t h i s 

r e s u l t e d i n major d i s t o r t i o n s i n the symmetry of both the flow pattern, as 

in d i c a t e d by recuperator port e x i t v e l o c i t i e s and the flame shape. This 

v a r i a b l e i s therefore l i k e l y to influence heat transfer much more than ingot 

p o s i t i o n i n g . 



151 

4.10 Summary and Conclusions 

This chapter has described three experimental studies made using a 

l / 8 f c ^ scale model of a bottom-fired soaking p i t . The o v e r a l l flow patterns, 

v e l o c i t y p r o f i l e s and mixing c h a r a c t e r i s t i c s were determined under a v a r i e t y 

of d i f f e r e n t operating conditions. The combination of these three studies 

together can be applied to present a consistent d e s c r i p t i o n of flow and 

flame c h a r a c t e r i s t i c s i n the bottom-fired soaking p i t . 

The i n i t i a l j e t of f u e l and a i r discharging from the burner nozzle 

g e n e r a l l y mixes very quickly to produce a short, bushy flame. The height of 

t h i s flame i s c o n t r o l l e d by the percentage of excess a i r . For a given exha

ust oxygen percentage, i t becomes longer as the f u e l mixture becomes r i c h e r 

i n coke gas, increasing i n length continuously from low f i r e to new high 

f i r e to high f i r e . For a given f u e l , i t also becomes longer and can even 

touch the roof i f the percent exhaust oxygen f a l l s below the set point of 

2%. The i n i t i a l a i r j e t i s stronger through the b l i n d side of the i n l e t 

annulus due to the configuration of the underlying duct work. This causes 

the flame to elongate towards the recuperators. The flame i s le a s t intense 

i n i t s center and, when excess a i r exceeds 15% causing very f a s t mixing, the 

flame reduces to a ring shape about the top of the burner. 

From the burner, the gas j e t sw i r l s upwards, fanning out s l i g h t l y 

before h i t t i n g the roof. The highest v e l o c i t i e s are found i n the outside of 

t h i s j e t , which slowly entrains surrounding a i r as i t r i s e s . A f t e r h i t t i n g 

the roof, the gas d e f l e c t s equally i n a l l d i r e c t i o n s to t r a v e l h o r i z o n t a l l y 
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across the roof, over the ingots towards the w a l l s . Gas flowing towards the 

recuperators d e f l e c t s downwards between the wall and the back, face of ingots 

and through the top of the e x i t ports. Gas flowing down the b l i n d side 

walls must s p l i t to flow towards either recuperator w a l l . This added flow 

increases gas v e l o c i t i e s through recuperator ports nearest the corners. 

V e l o c i t y decreases through ports next to ingots positioned very close to the 

recuperator w a l l . F i n a l l y , some of the gas moving down the walls d r i f t s 

inwards across the f l o o r and between the ingots to become re-entrained i n 

the i n i t i a l gas j e t . The large zones i n these lower regions of the p i t 

where the ingots are located exhibit very low v e l o c i t i e s . Because of them, 

the o v e r a l l flow pattern and flame geometry are almost completely unaffected 

by ingot arrangement (including number of ingots charged), ingot height and 

scale build-up. Within the range of standard operating conditions, the flow 

pattern i s also unaffected by the a i r - f u e l mass flow r a t i o . 

Several of the findings from t h i s study can be applied to enable a more 

comprehensive understanding of flow patterns and heat tran s f e r and a s s i s t i n 

the design of other types of furnaces. These general conclusions are as 

follows: 

(1) Flames produced by low c a l o r i f i c f u e l s , such as b l a s t furnace gas, are 

generally short and busy. In the bottom-fired soaking p i t , the flow of 

hot gases d e f l e c t s along the roof and down the walls to t r a n s f e r heat 

to the ingots more r a p i d l y from the outside inwards. 
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(2) The flow pattern i s i n s e n s i t i v e to obstructions i n low v e l o c i t y 

regions, even i f they are very l a r g e . Thus, ingot p o s i t i o n i n g i s not 

expected to be an important f a c t o r i n panel cracking. 

(3) Percent excess a i r i s the most important v a r i a b l e c o n t r o l l i n g flame 

length. Flame length increases dramatically with decreasing excess a i r 

which i s the fundamental v a r i a b l e c o n t r o l l i n g flame length. 

(4) Flame length increases with both increasing a i r - f u e l mass flow r a t i o 

( f o r a fixed exhaust oxygen percentage) and decreasing exhaust oxygen 

percentage ( f o r a given f u e l ) . 

(5) The momentum imparted to gases moving through the duct work underlying 

the burner nozzle i s i n f l u e n t i a l i n the development of both flow 

pattern and flame shape. The importance of the p r i o r duct work there

fore must not be overlooked i n furnace design. 

(6) The a i r - f u e l r a t i o also influences flame shape when the burner ports 

are angled with respect to the burner a x i s . Increasing the angle or 

decreasing the a i r - f u e l r a t i o causes the flame to broaden. 

(7) Flow pattern and flame c h a r a c t e r i s t i c s are both independent of absolute 

a i r and f u e l flow rates so long as the gases e x i t the burner nozzle i n 

the f u l l y turbulent regime. 

(8) Isothermal physical models can be used e f f e c t i v e l y to study heat 

tr a n s f e r as well" as flow patterns In an i n d u s t r i a l furnace. 
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CHAPTER 5 COMPARISON OF NUMERICAL METHODS FOR HEAT TRANSFER MODELLING 

5 . 1 Introduction 

Many numerical methods have been employed to solve f o r the temperature 

d i s t r i b u t i o n i n transient heat-conduction problems with or without change of 

phase. T r a d i t i o n a l l y , f i n i t e - d i f f e r e n c e techniques have been applied with 

considerable success; but as i n t e r e s t has grown i n complex shapes and 

combined heat flow/stress problems, an example of which i s the s o l i d i f i c a 

t i o n of s t e e l ingots with corrugations, a t t e n t i o n has turned to f i n i t e -

element methods developed o r i g i n a l l y for str e s s analysis of s t r u c t u r e s . As 

a r e s u l t , the number of numerical methods and versions of each, a v a i l a b l e 

f o r use i n tackl i n g a given heat-flow problem, has increased r a p i d l y . 

However, the comparative advantages of the d i f f e r e n t techniques with respect 

to accuracy, s t a b i l i t y and cost remain unclear. This chapter w i l l examine 

th i s question by comparing the temperature predictions of several d i f f e r e n t 

formulations of the standard finite-element method, 9 8 the matrix method of 

Ohnaka 9 9 and the a l t e r n a t i n g - d i r e c t i o n , i m p l i c i t f i n i t e - d i f f e r e n c e m e t h o d 1 0 0 

against a n a l y t i c a l solutions for two problems. 

Because the immediate objective of th i s study Is to determine the best 

numerical method with which to model heat flow i n a corrugated s t e e l Ingot, 

the two problems have been chosen to approximate d i f f e r e n t stages i n ingot 

processing: reheating i n a soaking p i t and s o l i d i f i c a t i o n i n the mould. 

These problems also test the a b i l i t y of the numerical methods to handle 
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temperature-dependent boundary c o n d i t i o n s and the l a t e n t heat of 

s o l i d i f i c a t i o n r e s p e c t i v e l y . Two-dimensional heat flow i n the transverse 

mid-plane of the ingot has been considered. 

The f i r s t problem examined was the transient temperature d i s t r i b u t i o n 

i n the t r a n s v e r s e s e c t i o n of a s t e e l i n g o t (0.762 m x 1.524 m) 

"convectively" heated i n a soaking p i t , as shown i n Figure 5.1. Heat was 

assumed to transfer uniformly to a l l four sides of the ingot, g i v i n g r i s e to 

a temperature d i s t r i b u t i o n with two-fold symmetry; thus only one-quarter of 

the ingot section need be considered. The i n i t i a l temperature of the Ingot 

at c h a r g i n g , T , c o n v e c t i v e heat transfer c o e f f i c i e n t , h, surrounding p i t 

temperature, T o, and thermophysical properties, k, p and were a l l assumed 

to be constant. 

Heat conduction within the ingot then i s described mathematically by 

5.2 Problems Studied and A n a l y t i c a l Solutions 

5.2.1 Reheating i n a Soaking P i t 

the well-known p a r t i a l d i f f e r e n t i a l equation 

k ( + 
ay' 

(5 .1 ) 

* A l l symbols are defined in a Nomenclature 
sec t i o n at the end of t h i s chapter 
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Figure 5.1 Schematic diagram of f i r s t problem 



applied over the two-dimensional, rectangular domain, 

0 < x < 0.381 

0 < y < 0.762 

with the i n i t i a l condition, 

T = T 
o 

and boundary conditions: 

x = .381, - k = 0 
5x 

y = .762, - k -g = 0 

x = 0, - k | ^ = h (T - T ) ' ox 0 0 

y = 0, - k | ^ = h (T - T ) 
J * by ro 
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Time (s) 

Figure 5.2 Temperature response of locations A, B, C, D, E 
(Shown i n Figure 5.1) from a n a l y t i c a l s o l u t i o n to 
f i r s t problem 
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The a n a l y t i c a l s o l u t i o n to t h i s problem was o b t a i n e d by the 

superposition of two one-dimensional seri e s solutions from L u i k o v 1 0 1 . A 

s u f f i c i e n t number of terms were taken to ensure an estimated accuracy, with 

respect to the exact s o l u t i o n , of better than ± 0.01% for both short and 

long times. Values of the parameters used i n the c a l c u l a t i o n s are given i n 

Table 5.1 and Figure 5.2 shows sample temperature responses from the 

a n a l y t i c a l s o l u t i o n for various locations i n the ingot. 

5.2.2 S o l i d i f i c a t i o n i n the Mould 

The second problem was concerned with the temperature d i s t r i b u t i o n i n a 

corner of the transverse section of the same s t e e l ingot during the early 

stages of s o l i d i f i c a t i o n i n the mould as shown i n Figure 5.3. Again 

symmetrical cooling was assumed so that only one quarter of the Ingot was 

c o n s i d e r e d . The temperature at the ingot/mould boundary, T , was taken to 

be f i x e d at 1150°C. The i n i t i a l temperature of the molten s t e e l was 

assigned a value of 1535°C which Included a 35°C superheat over the unique 

s o l i d i f i c a t i o n temperature, T^, of 1500°C. Thermophysical properties were 

again taken to be constant. 

The problem i s expressed mathematically by the same governing equation, 

Eq. (5.1), domain Eqs. (5.2), and (5.3), i n i t i a l condition, Eq. (5.4), and 

f i r s t two boundary conditions, Eqs. (5.5) and (5.6), as the f i r s t problem, 

but includes the boundary conditions, 

x = 0 and y = 0, T = T J ' w (5.9) 
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Table 5.1 Conditions Assumed for F i r s t Problem of 
Ingot Reheating i n a Soaking P i t 

Ingot dimensions 0.762 m x 1.524 m 

I n i t i a l s t e e l temperature, T Q 600°C (uniform) 

Thermal conductivity of s t e e l , k 30 W/m°C 

Density of s t e e l , p 7500 kg/m3 

S p e c i f i c heat of s t e e l , C 
P 

800 J/kg°C 

Convective heat-transfer c o e f f i c i e n t , h 394 W/m 2°C 

Surrounding p i t temperature, T 
CO 

1100°C 

Table 5.2 Conditions Assumed for 
Ingot S o l i d i f i c a t i o n i n 

Second Problem of 
a Mould 

Ingot dimensions 0.762 m x 1.524 m 

I n i t i a l temperature of molten s t e e l , T 
o 

1535°C 

S o l i d i f i c a t i o n temperature of s t e e l , T^ 1500°C 
* 

Thermal conductivity of s t e e l , k 30 W/m°C 
* 

Density of s t e e l , C 
P 

7200 kg/m3 

* 
S p e c i f i c heat of ste e l , C 

P 
750 J/kg°C 

Latent heat of s o l i d i f i c a t i o n , H 
' s 

262.5 KJ/kg 

Temperature of ingot/mould boundary, T w 1150°C 

*Thermophysical properties of l i q u i d and s o l i d s t e e l are 
assumed to have the same values. 



y(m ) 
4 

0.762 V//////Y//////// 

Cast iron mould 

Ingot / mould 
boundary fixed at 

T w = 1150 °C 

L 

q = 0 

I. 
Steel ingot 

T (x.y.t) 

T 0 = 1535 °C 

T w = I I50°C 

'/ 
/ 
/ I 
i 
^—»•» x (m) 0.381 

F i g u r e 5 . 3 S c h e m a t i c d i a g r a m of second p r o b l e m 
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and a d d i t i o n a l conditions regarding the p o s i t i o n of the s o l i d i f i c a t i o n 

f r o n t , S: 

y = S (x, t ) , T = T f ... (5.10) 

5T 

|y = S 5y + J t 1 + <S)2]=^sf 5S 

\f - S 
... (5.11) 

An approximate so l u t i o n for t h i s problem was obtained from the 

a n a l y t i c a l s o l u t i o n of Rathjen and J i j i 1 0 2 for s o l i d i f i c a t i o n i n an 

unbounded corner. The problem i s characterized, using t h e i r terms and 

parameters, by a dimensionless i n i t i a l temperature, 

* T - T 
* o r 

T. = r r =r- = 0.1 i T, - T f w 

... (5.12) 

and a l a t e n t - t o - s e n s i b l e heat r a t i o , 

P = C (T - T ) p f w 
= 1.0 ... (5.13) 

To r e t a i n an estimated accuracy i n p r e d i c t i n g temperatures of better than 

±0.3%, the a p p l i c a b i l i t y of t h i s s o l u t i o n i s r e s t r i c t e d to times less than 

6000 s. The progress of the s o l i d i f i c a t i o n front with time, calculated from 

t h i s s o l u t i o n for the conditions summarized i n Table 5.2, i s i l l u s t r a t e d i n 

Figure 5.4. 
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y(m) 

0.762 

J x ( m ) 
0.381 

Figure 5 .4 Position of sol i d i f i c a t i o n front at different times 
from analytical solution to second problem 
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5.3 De s c r i p t i o n of Numerical Methods Tested 

The numerical methods were formulated, f o r th i s study, to solve the 

general heat-conduction problem, Eq. (5.1) with one of the following three 

boundary conditions s p e c i f i e d on each part of the boundary enclosing the 

region where temperatures are to be c a l c u l a t e d : 

i ) Neumann convective boundaries with s p e c i f i e d heat transfer 

c o e f f i c i e n t , h, 

-k | £ = h ( T o - T) ... (5.14) 

i i ) Neumann s p e c i f i e d heat f l u x , q, boundaries, 

on q ... (5.15) 

i i i ) D i r i c h l e t fixed temperature boundaries, 

T = T 
w ... (5.16) 

where n i s i n a d i r e c t i o n normal to the boundary. Thermophysical 

p r o p e r t i e s , k, p and are p o t e n t i a l l y functions of temperature and T^, 

may be functions of time, while q and h may be both temperature and time 

dependent. In addition, the general problem i s subject to the i n i t i a l 

condition given by Eq. (5.4) where T q may be a function of p o s i t i o n . 
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Three d i f f e r e n t numerical methods were studied f o r solving the two, 

previously described, s p e c i a l cases of t h i s problem. The a l t e r n a t i n g -

d i r e c t i o n i m p l i c i t f i n i t e - d i f f e r e n c e , or "ADI" method of Peaceman and 

R a c h f o r d 1 0 0 was selected from the many f i n i t e - d i f f e r e n c e techniques a v a i l 

able owing to i t s advantages (unconditional s t a b i l i t y , second-order accuracy 

and a c o s t - e f f i c i e n t s o l u t i o n algorithm in v o l v i n g t r i d i a g o n a l m a t r i c e s ) 1 0 3 

f o r two and three-dimensional heat-conduction p r o b l e m s 1 0 4 . The ADI method 

then was used as a basis for comparison with the two finite-element methods 

studied i n t h i s i n v e s t i g a t i o n . 

F i n i t e element methods have advantages over f i n i t e d i f f e r e n c e schemes 

i n problems i n v o l v i n g complex geometry 1 0 5 and are more e a s i l y coupled with 

f i n i t e element thermal stress models. The most widely used f i n i t e element 

method, referred to here as the "Standard Method", formulates element matrix 

equations by evaluating terms from general i n t e g r a l equations using element 
Q O 

i n t e r p o l a t i o n functions . 

The Matrix method of Ohnaka" i s an alternate way to formulate the 

linear-temperature, three node tria n g u l a r element using a lumping procedure 

rather than the consistent d i s t r i b u t i o n of the Standard method. It was 

chosen over other lumping schemes because the element equations are derived 

i n a p h y s i c a l l y more l o g i c a l manner by applying heat balances to the i n d i v i 

dual nodes. 
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5.3.1 Formulation of F i n i t e Element Methods 

For the Standard and Matrix methods, the s p a t i a l continuum was 

d i s c r e t i z e d into 3 node, l i n e a r temperature, tria n g u l a r elements as shown i n 

Figure 5.5. Triangles were chosen over other shapes such as rectangles 

owing to th e i r v e r s a t i l i t y i n d i s c r e t i z i n g regions of complex shape. Higher 

order elements were not considered since f o r the ingot s o l i d i f i c a t i o n 

problem i t was f e l t that the discontinuous temperature f i e l d across the 

s o l i d - l i q u i d boundary would be better approximated by a large number of 

elements than by fewer elements each having more degrees of freedom. 

By applying the finite-element method to the heat-conduction problem, 

v i z . Eqs. (5.1), (5.4) and (5.14)-(5.16), and summing the contributions from 

i n d i v i d u a l elements and boundaries, 

NE NBE 
[K] = E [K]J + Z [h]J ... (5.17) 

1-1 1-1 

NE 
[C] = E [C ]* ... (5.18) 

i-1 

N B E K K K 

(Q) = E [ {Q}° - [h]J {TJI ] ... (5.19) 



Complete Coarse Mesh With Nodes 

Figure 5.5 Meshes used for numerical methods 
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the following global matrix equation i s obtained: 

[K] {T} + [ c ] {f} = {Q} ... (5.20) 

where {T} c o n t a i n s the time d e r i v a t i v e s of the unknown nodal temperatures, 

{T}. Equation (5.20) i s solved at each time step using one of the 

techniques discussed i n Section 5.3.4. 

The e l e m e n t c o n d u c t i v i t y m a t r i x , [K] 6, i s the same f o r both the 

Standard and Matrix methods, although the d e r i v a t i o n f or each i s d i f f e r e n t . 

Applying the Standard method to the linear-temperature t r i a n g u l a r element 

y i e l d s the following i n d i v i d u a l terms i n the 3 x 3 [K ] e matrix: 

K l j = 2A ( b i b j + C i C j } i , J = 1,2,3 ...(5.21) 

where D^ = 3̂2 ~ v 3 

c l = x3 x2 

and the o t h e r b^ and c^ v a l u e s are obtained through c y c l i c permutation of 

the s u b s c r i p t s , 1,2,3, which represent the three nodes of the t r i a n g l e 

having c o o r d i n a t e s (x^, y ^ ) , (.^2' v2^ a n <* ^ x3' ^3^ r e s p e c t i v e l y . Although 

i t i s formulated by applying a f i n i t e - d i f f e r e n c e method to t r i a n g l e s , the 

element c o n d u c t i v i t y matrix obtained using the Matrix method i s i d e n t i c a l 

to that given by Eq. (5.21). 
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The only d i f f e r e n c e between the two methods i s the formulation of the 

c a p a c i t a n c e , or h e a t - s t o r a g e matrix, [c]e. Using the Standard method and 

assuming constant pC within the element r e s u l t s i n a consistent 3 x 3 [c ]e 

p 
matrix given by: 

pC A 
c i j " i f " t 1 + 6 i j l i , j = 1,2,3 ...(5.22) 

where 6 i s the Kronecker d e l t a . 

For the Matrix method, [c ] 6 i s calculated by unequally d i s t r i b u t i n g the 

c a p a c i t a n c e to each node i n p r o p o r t i o n to i t s nodal a r e a , Â, which i s 

defined by constructing perpendicular b i s e c t o r s on each side of the 

t r i a n g l e : 

A i = 2 ~ 4 ( a i + b i X c + C i y c ) 1 = 1 , 2 » 3 ( 5 ' 2 3 ) 

where ( x
c » v

c ) a r e t n e coordinates of the centroid of the t r i a n g u l a r element 

and â , i s defined i n a s i m i l a r manner to b^ and ĉ . with a^ = x^y^ " X 3 V 2 * 

This r e s u l t s i n a capacitance matrix i n which terms are lumped along the 

main diagonal: 

C i j " p C p A i 6 i J 1 , j = 1 , 2 > 3 
(5.24) 
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5.3.2 Formulation of Boundary Conditions 

Four d i f f e r e n t methods for formulating the boundary conditions f o r the 

f i r s t problem were compared for each version of both the Standard and Matrix 

methods. A Neumann convective boundary i s the n a t u r a l choice and Is 

accounted f o r In the finite-element methods by i n c l u d i n g the [h ] b matrix f o r 

each element side that forms part of the e x t e r i o r boundary where Eq. (5.14) 

a p p l i e s . Applying the Standard method assuming l i n e a r v a r i a t i o n f o r T and h 

along the boundary r e s u l t s In the " l i n e a r h formulation": 

L(h + h ) Lh 
hj\j 1 2 + - g ^ i . J = 1.2 ...(5.25) 

where L i s the length of the boundary segment connecting nodes a r b i t r a r i l y 

numbered 1 and 2. 

A l t e r n a t i v e l y , [h ] b may be defined by "lumping" h at the two boundary 

nodes, g i v i n g r i s e to: 

. h L 
h l j

D = ^ - ( 6 l j ) i , j = 1,2 ...(5.26) 

This formulation, referred to as the "lumped h formulation", i s more 

t h e o r e t i c a l l y consistent with the Matrix method. 
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An a l t e r n a t i v e way to formulate the boundary conditions for the f i r s t 

problem i s through the use of Neumann heat-flux boundaries (Eq. 5.15). The 

finite-element methods account f o r these by incorporating a heat-flux 

vector, {Q}k, f o r each appropriate boundary segment. 

Applying the Standard method and assuming l i n e a r v a r i a t i o n of both q 

and T along the boundary leads to the " l i n e r q formulation": 

Q i = 6 ( q l + q2 + q i } 1 = 1 , 2 ...(5.27) 

which i s more compatible with the Standard method. 

The f i n a l option, termed the " l i n e a r q formulation", leads to: 

... (5.28) 

For the second problem, D i r i c h l e t boundaries, Eq. (5.16), are required. 

The temperatures of nodes on these boundaries were e f f e c t i v e l y forced to 

assume desired values by employing the lumped h formulation with an 
9 

a r b i t r a r i l y . l a r g e h (eg. 10 ). 

5.3.3 Methods of Latent-Heat E v o l u t i o n 

Accounting for latent-heat evolution i s a d i f f i c u l t task for numerical 

methods, p a r t i c u l a r l y when the phase-change temperature i n t e r v a l i s 

s m a l l . 1 0 6 The problem has received a great deal of a t t e n t i o n i n recent 
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l i t e r a t u r e . For problems dominated by latent-heat evolution, such as 

f r e e z i n g s o i l , several researchers have developed methods of dynamically 

deforming the element g r i d system to maintain the f i n e s t mesh i n the 

v i c i n i t y of the c r i t i c a l phase-change r e g i o n 1 0 7 . With these methods, the 

l o c a t i o n of the s o l i d i f i c a t i o n front i s c o n t i n u a l l y tracked. However, f o r 

the s t e e l s o l i d i f i c a t i o n problem i n v o l v i n g important boundary heat flows, 

which i s not dominated by l a t e n t heat e f f e c t s , the extra complication and 

expense of these methods i s not considered worthwhile. 

For f i x e d - g r i d systems, where the s o l i d i f i c a t i o n front i s generally at 

an unknown l o c a t i o n between nodes, two d i f f e r e n t classes of methods are 

a v a i l a b l e . The f i r s t t r e a t s l a t e n t heat as a temperature-dependent heat 

source term i n the o r i g i n a l heat-conduction equation, Eq. (5.1). The 

temperature of each n o d e 1 0 8 or e l e m e n t 1 0 9 undergoing phase change then i s 

f i x e d at the s o l i d i f i c a t i o n temperature u n t i l s u f f i c i e n t heat has been 

extracted to complete s o l i d i f i c a t i o n and allow the s o l i d i f i c a t i o n front to 

move on. These methods properly require i t e r a t i o n within a time step, 

however, and therefore were not considered further i n t h i s study. 

The second group of methods t r e a t s the latent heat i n terms of a 

temperature-dependent s p e c i f i c heat which, for finite-element methods, i s 

included i n the capacitance matrix [c ] e of the element. 

Two types of the s p e c i f i c - h e a t method were evaluated i n t h i s 

i n v e s t i g a t i o n . The f i r s t i s based on a temperature-dependent e f f e c t i v e 

s p e c i f i c heat, which i s a r t i f i c a l l y r aised above over the phase-change 

temperature i n t e r v a l , or "PCTI", to account for la t e n t heat: 
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H 
C = C + 
P P 

s for < T < T ( 5 . 2 9 ) - T sol l i q 

where T l i q and T so l are the l i q u i d u s and solidus temperatures r e s p e c t i v e l y . 

For problems i n v o l v i n g a unique s o l i d i f i c a t i o n temperature such as the 

second problem outlined e a r l i e r , t h i s method obviously requires the cr e a t i o n 

of an a r t i f i c i a l PCTI about the true s o l i d i f i c a t i o n temperature. To safe

guard against nodes that "jump" over the PCTI i n a si n g l e time step, and 

thus miss t h e i r latent-heat evolution, a p o s t - i t e r a t i v e c o r r e c t i o n technique 

i s used to readjust the temperatures of those nodes. This procedure, 

r e f e r r e d to as the "Specific-Heat method", i s commonly used i n f i n i t e -

d i f f e r e n c e f o r m u l a t i o n s 1 0 4 and therefore was the only latent-heat evolution 

technique employed with the ADI method. Because t h i s method a t t r i b u t e s a 

d i f f e r e n t C to each i n d i v i d u a l node, rather than to the element, i t was not 
P 

considered applicable to the Standard finite-element method. However, i t 

was used i n conjunction with the Matrix method. 

The second s p e c i f i c - h e a t method investigated i s a c t u a l l y a sub-class of 

methods which c a l c u l a t e an e f f e c t i v e s p e c i f i c heat f o r an en t i r e element, 

through the use of an enthalpy function, H. 

The f i r s t of these methods, evaluated In t h i s i n v e s t i g a t i o n , was 

developed by Lemmon 1 1 0 i n which 



1 7 4 

c - c W a x ) 2 + W a y ) 2 1 / 2 _ ( 5 > 3 0 ) 

p (5T/oxr + (BT/ &y) 

where, f o r linear-temperature, t r i a n g u l a r elements, 

5H/5x - b l H l + b 2 H 2 + b 3H 3 m ^ ( 5 > 3 1 ) 

5H/ay = + c 2 H 2 + C3H3 _ ( 5 < 3 2 ) 

o/T5x - b l T l + b 2 T 2 + b 3 T 3 _ ( 5 > 3 3 ) 

oT/ a y = + c 2 T 2 + c 3 T 3 _ ( 5 > 3 4 ) 

The second method, reported by Del-Giudice et a l 1 1 1 , gives the following 

r e l a t i o n s h i p between and H: 

c = [OH/ox) (oT/ox) + (5H/oy) (oT/oy)j _ (5.35) 
p (aT/ax) 2 + O T / a y ) 2 

In both methods, i f the denominator equals zero, the temperature i s constant 

throughout the element and the appropriate can e a s i l y be determined. 

The use of a PCTI i s optional for these methods. 

A t h i r d method developed by Comini et a l 1 1 2 uses 

. 1 aH/ax 8H/ a y 

P 2 laT/ax aT / a y
J . . . ( 5 . 3 6 ) 
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but was not considered i n t h i s work because Del-Giudice et a l 1 1 1 found i t to 

be i n f e r i o r to that given by Eq. (5.35). 

5.3.4 Time-Stepping Techniques 

The system of d i s c r e t e f i r s t - o r d e r , non-linear, d i f f e r e n t i a l equations 

obtained from the finite-element, s e m i - d i s c r e t i z a t i o n of space, given by the 

matrix equation, Eq. (5.20), was solved incrementally using a f i n i t e -

d i f f e r e n c e approximation i n the time domain. Although several i n v e s t i g a t o r s 

have used f i n i t e elements In t i m e , 1 1 3 ' 1 1 4 f i n i t e - d i f f e r e n c e recurrance 

r e l a t i o n s h i p s , a great many of which are i n the l i t e r a t u r e , are u s u a l l y 

employed. Of these, three d i f f e r e n t time-stepping algorithms were 

i n v e s t i g a t e d . They are d i s t i n g u i s h e d by the way i n which {T} and {T} are 

evaluated i n terms of temperatures at known and unknown time l e v e l s . 

The f i r s t method investigated was the Dupont th r e e - l e v e l t e c h n i q u e 1 1 5 

or "Dupont" method: 

3T + T T T 
[ K ] { — - } + [ C ] { 3

2 ~ T
 1 ) = {Q} . . . (5.37) 

Solving for the unknown temperatures at the t h i r d time l e v e l , y i e l d s 

{T3> - Xf-) 1
 { T 2 } _ { T I } + { Q } ] . . . ( 5 . 3 8 ) 
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This method i s one of a c l a s s of second-order accurate, t h r e e - l e v e l 

techniques developed by Dupont et a l 1 1 5 and i s r e f e r r e d to by Hogge 1 1 6 as 

the "Dupont II scheme with a ° 1/4". I t was chosen because Hogge reported 

i t s o v e r a l l performance i n accuracy and s t a b i l i t y to be superior to other 

time-stepping methods i n solving the one dimensional, homogeneous equation: 

kT + f - 0 ... (5.39) 

where k had a s l i g h t l i n e a r temperature dependence. 

The Dupont method has u n c o n d i t i o n a l A q s t a b i l i t y 1 1 6 ' 1 1 7 ; but i n a 

t h e o r e t i c a l study on the s t a b i l i t y of various time-stepping techniques i n 

so l v i n g Eq. (5.39) with constant k, Wood 1 1 7 has demonstrated that any 

t h r e e - l e v e l method which i s A q stable cannot guarantee a l l r e a l eigenvalues, 

so i s termed " r e l a t i v e l y unstable". This means that the Dupont method could 

be prone to o s c i l l a t i o n under c e r t a i n circumstances. 

The second method tested was the Lees t h r e e - l e v e l t e c h n i q u e 1 1 8 or 

"Lees" method" 
T + T + T T T 

[K] {— ^ - } + [C] { ^ 1 } = (Q) ... (5.40) 

i 

Again s o l v i n g for the unknown temperatures at the t h i r d time l e v e l gives: 

<V = ^ + 2 f t - l " 1 I - I f i { T 2 } - I f I { T l } + i t - { T l } + ( 5- 4 l> 
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This method was chosen because i t has been used s u c c e s s f u l l y by several 

i n v e s t i g a t o r s 1 1 1 ' 1 1 2 ' 1 1 9 ' 1 2 0 i n modelling non-linear, m e t a l l u r g i c a l heat-

t r a n s f e r problems. Like the Dupont method, i t has unconditional A q s t a b i l 

i t y but i s r e l a t i v e l y unstable for both very small and very large time 

s t e p s 1 1 7 . 

The f i n a l method tested was the Crank-Nicolson two-level t e c h n i q u e 1 2 1 

or "C-N" method: 

T + T T — T 
[K] f- 2—£—~) + [C] { 2

A t
 l} = {Q} ... (5.42) 

Solving f or the unknown temperatures at the second time l e v e l y i e l d s : 

{T 2} = [1^1+ l^)1 [ZL|L {Tl> +1^1 { T i} + { Q } ] ... (5.43) 

This well known, two-level technique was chosen f o r comparison with the 

t h r e e - l e v e l schemes, and a d d i t i o n a l l y was used to generate second-level 

temperatures to s t a r t the t h r e e - l e v e l methods. C-N i s the only second-order 

accurate, two-level scheme and has zero s t a b i l i t y , A q s t a b i l i t y and r e l a t i v e 

s t a b i l i t y 1 1 7 . However, i t s s t a b i l i t y i s only marginal so that t h i s method 

also i s prone to o s c i l l a t i o n i f large time steps are u s e d 1 1 7 ' 1 2 2 . 

For highly non-linear problems, several researchers have employed 

secant or tangent methods which involve i t e r a t i o n within each time 

s t e p 1 2 3 - 1 2 6 . These methods have been compared by Hogge 1 2 7 and are 

expensive, p a r t i c u l a r l y i n the case of the tangent method i n which new [K] 
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and [C] matrices are constructed every i t e r a t i o n . Since the s t e e l ingot 

s o l i d i f i c a t i o n problem i s only m i l d l y non-linear, these methods were not 

considered to be j u s t i f i e d economically. However, they may have us e f u l 

a p p l i c a t i o n f o r s o l i d i f i c a t i o n problems dominated by hi g h l y non-linear 

latent-heat e f f e c t s . 

No I t e r a t i o n was done within time steps i n t h i s i n v e s t i g a t i o n . Thus, 

the c a l c u l a t i o n of temperature dependent, or non-linear terms i n [K], [C] 

and {Q}, r e q u i r e s the use of temperatures, {T^}, evaluated at preceeding 

time l e v e l s . In the f i r s t problem, {Q} i s non-linear for the s p e c i f i e d q 

f o r m u l a t i o n owing to i t s dependence on the surface temperature, T . In the 
s 

second problem, [C] i s non-linear due to the temperature dependence of the 

s p e c i f i c heat, C . 
K P 

For the ADI and C-N methods, these c a l c u l a t i o n s must be performed using 

temperatures from the f i r s t - t i m e l e v e l , ( T^(t^)}. However, the Dupont and 

Lees methods may employ any l i n e a r combination of temperatures from the 

f i r s t and second time l e v e l s . In t h i s study, the following f i v e cases were 

in v e s t i g a t e d : 

V ^ ) = T ( t l ) (5.44) 

T * ( t 1 . 5 ) = °-5T<tl> + °-5T(V (5.45) 

T * ( t 2 ) = T ( t 2 ) ... (5.46) 

T ^ ( t 2 > 5 ) = 1.5T(t 2) - 0 . 5 1 ^ ) ... (5.47) 



V t 3 ) = 2.0T(t2) - T(t L ) (5.48) 

From a t h e o r e t i c a l s t a n d p o i n t , should be evaluated at for the Lees 

m e t h o d 1 1 6 ' 1 1 9 and at t- for the Dupont method 1 1 6. 
/ . J 

Using these techniques, the matrix equations r e s u l t i n g from Eqs. 

(5.38), (5.41) and (5.43) can be written i n the form: 

[M] {T} = {F} ... (5.49) 

Since [M] i s a p o s i t i v e d e f i n i t e , symetric, banded matrix, the equation can 

be solved e f f i c i e n t l y at each time step using the Cholesky method 1 2 8. 

5.4 Comparison Methodology 

To compare the finite-element and the ADI methods on an equal b a s i s , 

one fourth of the ingot section (0.381 m x 0.762 m) was d i s c r e t i z e d i n t o a 

rectangular g r i d of nodes. For the Standard and Matrix methods, the nodes 

were then connected to form a mesh of three-node, right-angled, t r i a n g u l a r 

elements. Three meshes, shown i n Figure 5.5, were employed: a coarse, 6 x 

11 mesh with 66 nodes and 100 elements, a medium 11 x 21 mesh with 231 nodes 

and 400 elements and a fin e 21 x 42 mesh with 861 nodes and 1600 elements. 

I t should be noted that each refinement of the mesh completely contains a l l 

coarser meshes. Care was taken i n numbering the nodes to ensure that the 

band width of [M] was minimized. The numerical methods were coded as 

Fortran IV programs that were made to be as s i m i l a r and e f f i c i e n t as 

p o s s i b l e . The programs were run on an Amdahl 470 V/8, 12-megabyte computer 
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at the U n i v e r s i t y of B r i t i s h Columbia. 

The a n a l y t i c a l s o l u t i o n s were used to c a l c u l a t e n e a r l y e x a c t 

temperatures {T } for each node i n the mesh at 600 s time i n t e r v a l s f o r both a 
test problems investigated. Per cent dif f e r e n c e s between the "exact" 

temperatures and n u m e r i c a l l y generated values, {T }, were ca l c u l a t e d f o r 
n 

each node at these time i n t e r v a l s . 

Two c r i t e r i a were established to compare the r e l a t i v e accuracy of the 

various methods at each time step: 

i ) average absolute value of percent e r r o r : 

NN T - T 
1/N I | ~ | x 100% ... (5.50) 

i=l a 

i i ) maximum percent error from the set of NN nodal errors i n Eq. 

(5.50). 

For problems involving s o l i d i f i c a t i o n such as the second problem, many 

previous investigators have based the comparison of numerical and 

a n a l y t i c a l solutions on the p o s i t i o n of the s o l i d i f i c a t i o n f r o n t . However, 

errors i n actual temperature predictions are more s e n s i t i v e , and therefore 

have been used as the c r i t e r i o n f o r comparison. Their accuracy i s also of 

p r a c t i c a l importance because the thermal stress c a l c u l a t i o n s require these 

temperatures. 
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S t a b i l i t y was estimated by v i s u a l l y examining the behavior of the 

maximum absolute percent error with increasing time, and assigning an 

" i n s t a b i l i t y index" of 0 to 3 i n order of increasing i n s t a b i l i t y as 

follows: 

0 = completely stable, with maximum error decreasing monotonically 

with time. 

1 = stable with a f l u c t u a t i n g maximum error that eventually decreases. 

2 = unstable, with a f l u c t u a t i n g maximum error that gradually increases 

out of c o n t r o l . 

3 = extremely unstable, with average error exceeding 100% a f t e r only a 

few time steps. 

Figure 5.6 shows examples of these defined forms of i n s t a b i l i t y f o r 

four t y p i c a l runs taken from the f i r s t problem. Costs for each method were 

estimated by considering both CPU time and core storage. 

5.5 Results and Discussion 

Each numerical method generated many nodal temperatures at every time 

step of the simulation from which average and maximum percent errors were 

c a l c u l a t e d . Typical r e s u l t s are given i n Appendix IX. For comparative 

purposes, i t was desirable to characterize the o v e r a l l accuracy of each 

method using errors calculated at only a single time step. Extensive 

examination of the lo c a t i o n of the node with the maximum error has 

c o n s i s t e n t l y r e v e a l e d that e r r o r s i n temperature p r e d i c t i o n s are 

proportional to the temperature gradient, regardless of the method, mesh and 

time step used. Because temperatures are changing the most r a p i d l y e a r l y 
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Figure 5 . 6 Examples of runs with varying s t a b i l i t y 
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i n the simulation, average and maximum errors at 600 s have been singled out 

to characterize accuracy for both problems. 

5.5.1 Size of Mesh and Time Step 

5.5.1.1 E f f e c t on Accuracy 

The influence of mesh refinement and time-step s i z e on accuracy can be 

seen by examining Figure 5.7. This f i g u r e shows the t y p i c a l e f f e c t s of 

these v a r i a b l e s on average error using equivalent formulations of the 

Standard and Matrix methods as examples. Unless s t a b i l i t y problems are 

encountered, accuracy generally improves with refinement of both mesh and 

time-step. However, u n t i l the time-step s i z e i s reduced below a c r i t i c a l 

value, mesh refinement does not lead to improvement, as accuracy i s s i m i l a r 

among a l l three meshes for large time steps. Once the time-step i s smaller 

than the c r i t i c a l value, f i n e r meshes g r e a t l y improve accuracy. This c r i t i 

c a l time-step s i z e i s smaller for f i n e r meshes. Continued refinement of the 

time-step si z e ( i . e . increase i n the number of time-steps taken to reach 600 

s) r e s u l t s i n l i t t l e further improvement and eventually the accuracy 

worsens. Thus, every given mesh has an inherent l i m i t i n achievable accur

acy and an optimum range of time-step size associated with i t . 

Time-step s i z e optima have been reported elsewhere i n previous studies 

comparing n u m e r i c a l m e t h o d s 1 1 3 ' 1 2 9 . Gray and S c h n u r r 1 2 9 found such optima 

only when using the finite-element method and postulated that any increase 
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Figure 5 . 7 E f f e c t of size of mesh and time step on accuracy 
for f i r s t problem 
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i n error with increasing degrees of freedom was due to simple computational 

round-off e r r o r . However, K e r a m i d a s 1 1 3 a t t r i b u t e d the optima to the space 

and time approximations inherent i n the numerical methods. He found sharp, 

d i s t i n c t optima to occur at a constant value of dimensionless At/Ax of 0.5 

i n a study of a s i m p l i f i e d , one-dimensional, heat-conduction problem i n v o l v 

ing a f i r s t - o r d e r p a r t i a l d i f f e r e n t i a l equation formulated i n terms of heat 

displacement, U, where T = SU/dx. I t was stated that for a more conven

t i o n a l formulation, the parameter for error and s t a b i l i t y c o n t r o l should 

instead be At/Ax 2. 

In the present study, time-step s i z e optima were found for every method 

tested, including the ADI. Unfortunately, the optimum values varied with 

the method, were problem dependent, and often were not d i s t i n c t . Thus, a 

precise r e l a t i o n s h i p between the mesh size and optimum time-step s i z e was 

d i f f i c u l t to e s t a b l i s h i n general. However, the optimum does occur at 

smaller time steps with f i n e r meshes; and the dimensionless parameter, 
k At 

(——) — appears to remain constant with a value of roughly 0.1 at the 
P C P ( A x ) 2 

optimum of each of the three meshes examined. I t i s important to emphasize 

that increasing refinement of the time-step si z e for a given mesh does not 

continuously improve accuracy, but i t does s t e a d i l y r a i s e computing costs. 

5.5.1.2 E f f e c t on S t a b i l i t y 

For the l i n e a r problem, i . e . the f i r s t problem formulated with h 

boundaries, a l l the numerical methods remained stable with time steps at 

le a s t up to 4800 s although the accuracy became unacceptably poor with 

higher values of At. In the case of the non-linear problems which included 
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a l l other formulations of the f i r s t problem and a l l formulations of the 

second problem {Q} and [C] are temperature dependent) every method examined 

eventually became unstable i f the time step was made s u f f i c i e n t l y l a r g e . 

However, i n s t a b i l i t y was much less severe with the second problem since I t 

was formulated with fixed-temperature boundaries. I n s t a b i l i t y was found f o r 

time steps i n excess of 300 s for both the Lees and C-N methods; f o r ADI, 

i n s t a b i l i t y occurred at time steps of 600 s or more. The Dupont method i s 

the most stable, as I t s s t a b i l i t y was retained for time-steps up to 1200 s. 

These values pose upper l i m i t s to s t a b i l i t y since they were determined for 

the optimum formulation of each method. They are independent of the mesh 

used and are s l i g h t l y lower for the Standard method, as compared with the 

Matrix method, which i s more stable. 

5.5.1.3 Grading of Mesh and Time-Step 

The r e s u l t s i n the preceding sections have been obtained with constant 

time-steps and a uniform mesh. Accuracy may be improved, however, i f the 

mesh i s refined i n regions which experience rapid temperature changes or i f 

the time step i s reduced during periods when the temperature changes 

q u i c k l y . An example of improved accuracy achieved by using smaller time 

steps early i n the simulation of the f i r s t problem i s shown i n Figure 5.8. 

Other c a l c u l a t i o n s revealed that grading the time-steps i n t h i s way 

c o n s i s t e n t l y resulted i n improved accuracy over constant time-steps for an 

equal number of i t e r a t i o n s , and had no adverse e f f e c t on s t a b i l i t y provided 

that time-step l i m i t s were not exceeded. Thus s i g n i f i c a n t cost savings are 

possible i n solving r e a l p r o b l e m s 1 1 2 . However, grading the mesh by using 

f i n e r elements near the surface was found to be much less advantageous. 
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While accuracy close to the surface improved, increased errors resulted i n 

the i n t e r i o r with no net s i g n i f i c a n t improvement i n accuracy f o r the two 

graded mesh configurations tested. In a d d i t i o n , the use of a graded mesh 

increased the tendency toward i n s t a b i l i t y . Although the benefits of mesh 

refinement should not be disregarded, these r e s u l t s i n d i c a t e that consider

able care must be taken i n s e l e c t i n g a graded mesh. In p a r t i c u l a r , elements 

with excessive aspect r a t i o s must be avoided. 

5.5.2 Comparison of Numerical Methods 

5.5.2.1 Accuracy and S t a b i l i t y 

The accuracy and s t a b i l i t y of the numerical methods tested are 

presented i n Tables 5.3 and 5.4. For comparative purposes, a constant time-

step of 120 s was selected for the f i r s t problem and 30 s for the second 

problem i n conjunction with a regular, medium mesh. These conditions were 

chosen because they generally produced a reasonable accuracy of les s than 1% 

average error at 600 s for both problems. In addition, the r e s u l t s i n 

Tables 5.3 and 5.4 are representative of the comparisons made over the 

e n t i r e spectrum of mesh and time-step sizes examined. 

Although each of the seven methods compared can solve either problem 

e f f e c t i v e l y i f formulated optimally, some have d i s t i n c t advantages over 

others. Tables 5.3 and 5.4 and Figure 5.7 show that the Matrix method has 

better accuracy and s t a b i l i t y than the Standard finite-element method, 

although t h e i r performance i s generally quite s i m i l a r . Since i t represents 

an upper bound to the eigenvalues, the Standard method, with i t s consistent 
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Table 5.3 Accuracy and S t a b i l i t y of Numerical Methods 
for F i r s t Problem 

Boundary 
Condition 

Formulation 
Dupont Dupont Lees Lees C-N C-N 
Matrix Standard Matrix Standard Matrix Standard 

Lumped 
h 

-
.43 .53 .52 .58 .37 .47 .08 
1.6 1.8 2.1 1.9 1.6 1.4 0.3 
0 0 0 0 0 0 0 

Linear 
h 

-
.43 .54 .52 .56 .38 .47 
1.7 1.8 2.1 1.9 1.6 1.4 
0 0 0 0 0 0 

Lumped 
q 

' l 
.87 .62 .69 1.51 .31 .44 .31 
4.7 4.2 11.3 67.4 1.2 28.4 1.2 
0 1 1 3 0 3 0 

Lumped 
q 

'1.5 
.54 .52 .27 .31 
2.8 5.6 1.1 14.6 
0 0 0 2 

Lumped 
q H 

.23 .29 1.13 2.77 " Average Error (%) 
1.1 1.5 38.9 189.4 -< Maximum Error (%) 
0 1 3 3 •< Instability Index 

Lumped 
q 

'2.5 
.15 5.65 
0.7 243.0 
0 3 

Lumped 
q 

£3 
.43 
1.6 
0 

Linear 
q 

ll 
.85 .62 .68 1.42 .31 .34 
4.6 4.1 8.1 44.1 1.9 11.4 
0 0 1 3 0 1 

Linear 
q 

h.5 
.54 .51 .27 .25 
2.7 4.3 1.3 5.4 
0 0 0 1 

Linear 
q 

C2 
.23 .29 1.07 2.29 
1.7 2.9 26.9 91.1 
0 0 3 3 

Linear 
q 

'2.5 
.24 13.17 
1.3 630.3 
0 3 

Linear 
q 

£3 .55 
12.1 
0 

Evaluated for medium mesh with time step - 120 s 
Average and Maximum Errors recorded at 600 s 



Table 5 . 4 Accuracy and S t a b i l i t y of Numerical Methods 
for Second Problem 

S o l i d i f i c a t i o n 
Method 

Dupont Dupont Lees Lees C-N C-N ADI 
Matrix Standard Matrix Standard Matrix Standard 

Specific 
Heat 

l l 
.16 .36 
1.2 2.8 

3 1 1 

Specific 
Heat 

'1.5 3 3 
Specific 

Heat .15 
1.1 
1 3 

Specific 
Heat 

' 2 . 5 3 

Lemmon 

.26 .63 .13 .39 
5.1 5.7 3.1 2.9 
1 1 1 1 

Lemmon 

.28 .38 .11 .24 
3.8 2.6 2.8 1.9 
1 1 1 1 

Lemmon 
l2 

.12 .43 .17 .45 Average Error (%) 
1.5 2.9 3.7 5.5 -> Maximum Error (%) 
1 1 2 2 I n s t a b i l i t y Index 

Lemmon 

' 2 . 5 
.21 .43 
3.0 3.8 
1 1 

Del-Giudice 

' l 
.26 .64 .24 .41 
5.0 6.0 3.6 4.0 
1 1 1 1 

Del-Giudice 

h.5 
.28 .40 .12 .25 
3.8 3.8 2.8 1.9 
1 1 1 1 

Del-Giudice 

*2 
.14 .46 .19 .45 
2.9 3.8 4.6 5.6 
1 1 2 . 2 

Del-Giudice 

£2.5 
.22 .45 
3.8 4.5 
1 1 

Phase Change Temperature Interval = 20°C for Specific Heat Technique 
= 2°C for Lemmon and Del-Giudice 

Evaluated for medium mesh with time step = 30 s 
Average and Maximum Errors recorded at 600 s 
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[C] matrix, has a greater tendency toward o s c i l l a t i o n f o r short time steps 

when steep temperature gradients are p r e s e n t 1 3 0 ' 1 3 1 . This i s seen i n Table 

5.3 pertaining to the f i r s t problem where higher values of the i n s t a b i l i t y 

index are l i s t e d f o r the Standard method, p a r t i c u l a r l y f o r the Lees and C-N 

time-stepping techniques. In the second problem, Table 5.4, s t a b i l i t y of 

the Standard and Matrix methods i s s i m i l a r but the accuracy of the Matrix 

method i s c l e a r l y superior. 

Very l i t t l e d i f f e r e n c e i s seen between the lumped and l i n e a r boundary 

condition formulations i n Table 5.3. Average errors are the same but maxi

mum errors are s l i g h t l y higher for the l i n e a r formulation. Since there i s 

no d i f f e r e n c e In s t a b i l i t y between them for the Matrix method, i t would seem 

better to formulate the Matrix method using the lumped formulation. How

ever, the Standard method exhibits s l i g h t l y increased i n s t a b i l i t y with the 

lumped formulation and i s better with the l i n e a r formulation. These f i n d 

ings are consistent with the t h e o r e t i c a l bases of these methods. 

The s i n g l e , most important v a r i a b l e a f f e c t i n g s t a b i l i t y and accuracy 

f o r both problems i s the choice of time l e v e l at which T^ i s evaluated for 

the t h r e e - l e v e l methods. Tables 5.3 and 5.4 i n d i c a t e that the optimum 

choice, although d i f f e r e n t for each time-stepping technique, i s the same for 

each problem. This i s e s p e c i a l l y s i g n i f i c a n t because the n o n - l i n e a r i t y 

occurs i n d i f f e r e n t places for each problem; temperature dependencies occur 

only i n {Q} f o r the f i r s t problem and i n [C] for the second. 
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The Lees method has a c c e p t a b l e s t a b i l i t y only at T ^ ( t ^ In f a c t , 

with the mesh and time-step s i z e used i n Table 5.3, i t became unstable 

( i n s t a b i l i t y index > 2) for every choice other than T.(t c ) . In a d d i t i o n , 

optimum accuracy occurs at T ^ ( t ^ This f i n d i n g i s contrary to the theo

r e t i c a l p redictions of Bonacina et a l 1 1 9 that the best r e s u l t should be 

obtained at T A ( t 2 ) . 

The Dupont method, on the other hand, has excellent s t a b i l i t y f o r a l l 

ways of c a l c u l a t i n g T^. I t s accuracy i s at an optimum for T ^ ( t 2 ̂ ) i n the 

f i r s t problem and i s best at T ^ ( t 2 ) f o r the second. However, when the time 

l e v e l exceeded t 2 f o r the f i r s t problem, the method became unstable beyond 

time-steps of 600 s. R e c a l l i n g that the optimum Dupont method, evaluated 

u s i n g T ^ ( t 2 ) , d i d not become unstable u n t i l greater than 1200 s, T ^ ( t 2 ) i s 

the safer o v e r a l l choice. This i s again contrary to the t h e o r e t i c a l analy

s i s that T should be evaluated at t_ c
1 1 6 . 

The r e s u l t s i n Tables 5.3 and 5.4 combined with the previous d i s c u s s i o n 

of upper l i m i t s to time steps, i n d i c a t e that the Dupont method has much 

better s t a b i l i t y than that of Lees. This agrees with the findings of 

Hogge 1 1 6 and Wood 1 1 7 that the Lees method i s more prone to o s c i l l a t i o n and 

i n s t a b i l i t y . In addition, Tables 5.3 and 5.4 show that the Dupont method i s 

s l i g h t l y more accurate than the Lees. 

The C-N two-level, time-stepping method has been used as a basis f o r 

comparison by several i n v e s t i g a t o r s 1 3 2 - 1 3 1 * . In t h i s i n v e s t i g a t i o n , i t s 

performance was s u r p r i s i n g l y good, p a r t i c u l a r l y with the Matrix method. 
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Tables 5.3 and 5.4 show i t s accuracy and s t a b i l i t y to be close to that of 

the best formulations of the Dupont and Lees methods. 

Three d i f f e r e n t methods for handling latent-heat evolution are compared 

i n Table 5.4. To enable implementation of the Specific-Heat method i n the 

second problem, inv o l v i n g a unique s o l i d i f i c a t i o n temperature, an a r t i f i c i a l 

phase change temperature i n t e r v a l (PCTI) was created. Although i t should 

t h e o r e t i c a l l y equal zero for the other methods, Figure 5.9 shows the e f f e c t 

on accuracy of varying the PCTI up to 50°C f o r a l l three methods. The 

Dupont-Matrix method with T^it^) was chosen for i l l u s t r a t i v e purposes. As 

one would expect, er r o r generally r i s e s as PCTI i s increased. The Del-

Giudice method y i e l d s the lowest error at a PCTI of about 5°C while the 

Specific-Heat method has a minimum at 20°C. When the PCTI i s increased 

above 30°C, a l l three methods pr e d i c t roughly the same temperatures. 

Accuracy i s not very dependent on changes i n PCTI for any of the 

methods. However, without the p o s t - i t e r a t i v e c o r r e c t i o n , the Specific-Heat 

method i s extremely s e n s i t i v e to the PCTI and accuracy deteriorates r a p i d l y 

when i t i s reduced to below 30°C. Table 5.4 shows that the Specific-Heat 

method i s prone to serious i n s t a b i l i t y problems for a l l but the best time-

s t e p p i n g methods: Dupont with T^Ct^), C-N, and ADI. In a d d i t i o n , i t s 

accuracy even at the optimum PCTI of 20°C i s s l i g h t l y worse than that of the 

other methods at t h e i r best. Thus, the enthalpy methods seem better suited 

for finite-element predictions of latent-heat evolution. 
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Table 5.4 and Figure 5.9 also show that the Lemmon and Del-Giudice 

methods are very s i m i l a r with respect to both s t a b i l i t y and average e r r o r . 

However, the Lemmon method has s l i g h t l y lower maximum errors and i s the only 

method whose error i s lowest at the PCTI of zero. In addition, i t s accuracy 

increases more r a p i d l y than that of Del-Giudice with time-step refinement. 

The Lemmon method, therefore, i s recommended for the ingot s o l i d i f i c a t i o n 

problem. 

Since the second problem studied with a PCTI of zero was a c t u a l l y a 

more d i f f i c u l t challenge f o r the numerical methods, temperature p r e d i c t i o n s 

f o r the s t e e l ingot, where the PCTI i s about 25°C, are expected to be quite 

accurate. 

5.5.2.2 Costs 

The cost per time-step was almost I d e n t i c a l for every finite-element 

method tested, regardless of i t s formulation. I t was independent of the 

number of time-steps but rose markedly with mesh refinement. Table 5.5 

compares the cost per time step of the finite-element methods with that of 

ADI f or each of the three meshes used. The ADI method i s seen to have a 

large cost advantage, both i n CPU time and VM storage, which agrees with the 

f i n d i n g s of s e v e r a l p r e v i o u s i n v e s t i g a t o r s . 9 9 ' 1 3 5 ' 1 3 6 . The cost of the 

ADI method i s only one-third that of the other methods and, i n add i t i o n , 

increases less r a p i d l y with mesh refinement. 
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Table 5.5 Estimated Computer Costs per Time Step 

Mesh Number of 
Nodes 

Number of 
Elements 

Method CPU Time 
(seconds) 

Core Storage 
(Megabytes) 

* 
Cost 

(cents) 

Coarse 66 100 
Standard and 

ADI 

Matrix .032 

.012 

.071 

.024 

0.29 

0.11 

Medium 231 400 
Standard and 

ADI 

Matrix .141 

.042 

.129 

.038 

1.31 

0.38 

Fine 861 1600 
Standard and 

ADI 

Matrix .743 

.154 

.416 

.088 

7.60 

1.41 

* Based on = 8.88C/CPU 8 and 3.25c/Megabyte-s 

or Cost = (CPU Time) (8.88 + 3.25 (Core Storage)) 
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Moreover, Table 5 . 3 i n d i c a t e s that ADI has comparable accuracy to the 

finite-element methods when a q formulation i s used and i s f i v e times more 

accurate f o r the h formulation. Although not quite as accurate for the 

second problem, i t might be improved i f enthalpy methods were imple

mented 1 3 7. F i n a l l y , i t s s t a b i l i t y i s comparable to the best of the f i n i t e -

element methods. Thus, the ADI f i n i t e - d i f f e r e n c e method i s the most cost-

e f f e c t i v e method evaluated i n this i n v e s t i g a t i o n . 

5 . 6 Conclusions 

From t h i s comparative study of numerical methods for complex, trans

i e n t , heat-conduction problems, the following conclusions can be drawn: 

1) For heat-flow problems involving i r r e g u l a r geometry (such as the pre

sent s t e e l ingot processing problem involving mould corrugations), the 

Dupont-Matrix method with a lumped boundary-condition formulation and 

T ^ ( t 2 ) coupled w i t h the Lemmon l a t e n t - h e a t technique, i f change of 

phase i s involved, has the best s t a b i l i t y and accuracy of a l l combina

tions of methods tested. 

2) For problems with a simple geometry, the ADI f i n i t e - d i f f e r e n c e method 

coupled with the Specific-Heat, latent-heat technique i s more cost-

e f f e c t i v e with s t a b i l i t y and accuracy s i m i l a r to the finite-element 

methods. 

3 ) Using a f i n e r mesh gives l i t t l e or no improvement unless employed i n 

conjunction with f i n e time steps. Every given mesh has an inherent 
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l i m i t i n achievable accuracy and continuous refinement of the time-step 

s i z e does not continuously increase the accuracy. 

The use of graded time-steps with the finite-element method i s very 

b e n e f i c i a l but the advantages from grading the mesh are more d i f f i c u l t 

to achieve. 

The Dupont t h r e e - l e v e l time stepping scheme i s c l e a r l y superior to that 

of Lees i n both accuracy and s t a b i l i t y . 

Temperature-dependent terms should be evaluated using T.(t- c) for the 
* 1 • J 

Lees time-stepping method and T^(t2) f o r the Dupont method. 

The Matrix method c o n s i s t e n t l y has s l i g h t l y better accuracy and 

s t a b i l i l t y than the Standard finite-element method. 

A l i n e a r l y d i s t r i b u t e d boundary condition formulation should be used i n 

conjunction with the Standard method while a lumped formulation i s 

s l i g h t l y better for the Matrix method. 

The Lemmon method i s the best latent-heat evolution technique but i s 

only s l i g h t l y better than that of Del-Giudice. The e f f e c t of varying 

phase change temperature i n t e r v a l i s small. 

The C-N two-level time stepping method i s comparable i n both accuracy 

and s t a b i l i t y with the three-level schemes. Thus, further study i s 

recommended into the use of two-level schemes, p a r t i c u l a r l y for 

s o l i d i f i c a t i o n problems, where i t e r a t i o n within a time step and 

cost-saving, e x p l i c i t schemes might prove to be b e n e f i c i a l . 
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CHAPTER 6 HEAT TRANSFER MODEL FOR INGOT CASTING 

The stress generated i n a s t a t i c - c a s t ingot during processing before 

r o l l i n g Is caused almost e n t i r e l y by the volumetric expansions and contract

ions r e s u l t i n g from changing thermal gradients within the ingot. I t Is 

therefore important to accurately c a l c u l a t e the i n t e r n a l temperature d i s t r i 

bution i n the ingot as a function of time, p a r t i c u l a r l y during the l a t t e r 

stages of cooling and early stages of reheating, when a s u b s t a n t i a l p o r t i o n 

of the ingot i s below 900°C and panel cracking i s most l i k e l y to occur. 

Many mathematical heat transfer models of s t a t i c - c a s t ingot s o l i d i f i c a 

t i o n and soaking p i t reheating have been documented and used i n recent 

y e a r s . 1 3 7 - 1 5 0 These models were constructed f o r various purposes, such as 

determining the optimum cooling and reheating times to ensure complete 

s o l i d i f i c a t i o n , 1 3 7 ' l 4 3 - 1 4 5 s t u d y i n g the e f f e c t s of mould taper and hot 

topping on pipe f o r m a t i o n , 1 4 1 p r e d i c t i n g the e f f e c t s of s o l i d i f i c a t i o n rate 

on s e g r e g a t i o n and i n t e r n a l q u a l i t y , 1 4 2 ' 1 4 5 ' 1 5 0 and examining f l u i d flow 

during s o l i d i f i c a t i o n . 1 4 9 R e l a t i v e l y few models have been designed with 

subsequent thermal stress modelling i n mind, and no model reported i n the 

l i t e r a t u r e has yet been u t i l i z e d to study panel cracking. 
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6 . 1 Model Formulation and Assumptions 

The accuracy of a heat-transfer model depends unquestionably on the 

v a l i d i t y of i t s assumptions. While some areas of ingot heat-flow modelling, 

such as segregation and f l u i d flow studies, require gross assumptions that 

introduce inaccuracy, the physical p r i n c i p l e s governing simple, t r a n s i e n t , 

heat conduction are well understood. Thus, very accurate mathematical 

pr e d i c t i o n s of the thermal f i e l d s and s o l i d i f i c a t i o n f ronts are possible i f 

the c o r r e c t boundary conditions and thermal property data are employed. 

For reasons already explained, the model assumes two-dimensional heat 

flow i n 1/4 of a transverse section through the mid-height of the ingot. 

The inaccuracies associated with t h i s assumption are n e g l i g i b l e since the 

heat transmitted from the top and bottom of the ingot i s small and nearly 

s y m m e t r i c a l . 1 3 7 ' 1 4 3 ' 1 4 5 The benefits are a s u b s t a n t i a l saving i n computer 

funds and ease of analysis of r e s u l t s . 

The governing equation f o r heat conduction within the s t e e l ingot i s 

then, 

dx 1 I ox J oy ^ I oy P I C p I a ? . ..(6.1) 

and within the c a s t - i r o n mould i s : 

(6.2) 
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Since the I n i t i a l stages of s o l i d i f i c a t i o n are known to be of l e s s e r 

importance to panel cracking, a number of other s i m p l i f y i n g assumptions were 

made: 

1) Teeming was assumed to take place Instantaneously, thus allowing 

the i n i t i a l condition to be l i q u i d s t e e l at a constant temperature 

throughout the ingot: 

t = 0, T x = T Q I ...(6.3) 

To p a r t i a l l y account for cooling during teeming, the values chosen 

f o r were approximately 10°C lower than average I n i t i a l c asting 

temperatures. The t y p i c a l value used for T ^ was 1530°C. 

The mould was i n i t i a l l y assumed to be at ambient temperature: 

t = 0 » T M = T 0 M = 2 5 ° C ...(6.4) 

2) Convection i n the l i q u i d pool was approximated simply by a r t i f i -

c a l l y r a i s i n g the thermal conductivity of l i q u i d s t e e l by 20%. 

Calculations showed that varying convection from stagnant to w e l l 

s t i r r e d made very l i t t l e d i f f e r e n c e to the subsequent temperature 

d i s t r i b u t i o n s and only Introduced unc e r t a i n t i e s i n the l o c a t i o n of 

the l i q u i d u s f r o n t . 
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The temperature dependent functions for the thermal conductivities 

of steel and cast iron that were used in the model are illustrated 

in Figure 6.1. The function for steel was established by compil

ing data from several d i f f e r e n t s o u r c e s 1 5 1 ' 1 5 2 and includes a 

dependence with carbon content. The function for cast iron has 

been used in previous models.11*2' 1 5 0 

The latent heat of so l i d i f i c a t i o n (272 kJ/kg) was assumed to 

evolve linearly over the two-phase region between the liquidus, 

T ^ J Q , and solidus, TgoL» t e m P e r a t u r e s • Figure 6.2 illustrates the 

temperature dependent functions for the heat contents of steel and 

cast iron which were used in the heat-transfer model. The 

corresponding functions for specific heat which were obtained 

through differentiation of the heat content functions, are given 

in Figure 6.3 

The enthalpy functions were again based on data from several d i f f 

erent sources for s t e e l 8 2 ' 1 4 2 ' 151-153 a n d c a s t i r o n.l 1+2» 150» 

15k 

Density variations were ignored since they are mainly due to 

thermal contraction and with non-variable mesh dimensions, 

maintaining constant mass i s more important. 1 3 7' 1 4 3 Constant 

densities of 7400 kg/m3 for steel and 7100 kg/m3 for cast iron 

were assumed. 
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Figure 6.1 Thermal conductivity functions for s t e e l and 
cast iron used i n heat transfer model 
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Figure 6.2 Enthalpy functions for s t e e l and cast iron used 
i n heat transfer model 
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Figure 6.3 S p e c i f i c heat of s t e e l and cast iron assumed 
in enthalpy functions i n Figure 6.2 
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Any e f f e c t s of segregation on the thermal properties were ignored 

so that the same data could be applied throughout the ingot. 

Any e f f e c t s of heat transfer through the scale layer on the ingot 

surface during reheating or subsequent cooling were ignored. 

Liquidus and solidus temperatures were determined using the 

empirical r e l a t i o n s : 

T = 1537 - 88 (%C) - 25 (%S) - 5 (%Cu) 

- 8 (%Si) - 5 (%Mn) - 2 (%Mo) 

- 4 (%Ni) - 1.5 (%Cr) - 18 (%Ti) 

- 2 (%V) - 30 (%P) ...(6.5) 

TS0L " 1 5 3 5 ~ 2 0 0 ( % C ) " 1 2 * 3 ( % S ± ) " 6 , 8 ( % M n ) 

- 124.5 (%P) - 183.9 (%S) - 4.3 (%N1) 

1.4 (%Cr) - 4.1 (%A1) ...(6.6) 

These equations were adapted from e x i s t i n g l i t e r a t u r e . 1 5 5 ' 1 5 6 The 

temperatures calculated using these r e l a t i o n s f o r assumed 

compositions representing t y p i c a l midface and off-corner panel 

cracking grades are given i n Table 6.1. 
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Table 6.1 Steel compositions used for thermal property 

data c a l c u l a t i o n s 

midface panel cracking off-corner panel cracking 

t y p i c a l grade t y p i c a l grade 

%c 0.57 0.15 

%Mn 0.65 1.50 

% S i 0.30 0.35 

%S 0.01 0.01 

%P 0.01 0.01 

%A1 O.OA 0.04 

T 
LIQ 

1480°C 1513°C 

T 
SOL 

1410°C 1486°C 
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6.2 Boundary Conditions 

Several recent studies have been devoted to c h a r a c t e r i z i n g the boundary 

conditions of a s o l i d i f y i n g i n g o t . 1 5 7 - 1 6 0 The boundary conditions are 

divided into four separate temporal regions, corresponding to: 

1) s o l i d i f i c a t i o n and cooling i n the mould during the jacketed time. 

2) ambient a i r cooling during the unjacketed time. 

3) reheating i n the soaking p i t . 

4) ambient a i r cooling a f t e r removal from the soaking p i t . 

The boundary conditions can also, be divided into four d i s t i n c t s p a t i a l 

regions. These are the ingot center l i n e s , ingot e x t e r i o r and mould 

i n t e r i o r or the ingot/mould "gap" and the mould e x t e r i o r . They are 

i l l u s t r a t e d i n Figures 6.4 and 6.5 for the 1/4 transverse sections at 

mid-height through ingots chosen to represent t y p i c a l sizes a f f e c t e d by 

mid-face panel cracking and off-corner panel cracking r e s p e c t i v e l y . 

The f i r s t boundary conditions impose two-fold symmetry by s e t t i n g the 

temperature gradients along the sides of the mesh representing ingot center-

l i n e s to zero, thereby modelling one quarter of the ingot s e c t i o n : 

x = 0, y = 0, q = 0 .. .(6.7) 

A l l of the other boundary conditions are time and/or temperature 

dependent. 
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y (m) 

I 

q=0 

Mould exterior 
q=f(T) 

Ingot/mould gap, 
ingot exterior 

q= f (T,t) 
x (m) 

0.178 0.274 

q = 0 

Figure 6.4 Heat transfer model boundary condition regions 
for the 1/4 transverse section through a 355 x 355 mm 
mid-face panel-cracked ingot 
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y (m) 

q=0 

Figure 6.5 Heat transfer model boundary condition regions 
for the 1/4 transverse section through a 
760 x 1520 mm off-corner panel-cracked ingot. 
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6.2.1 Mould Cooling 

The f i r s t stage of ingot processing requires the i n c l u s i o n of the mould 

into the model. Conduction i s then the only mode of heat transfer within 

the ingot and within the mould. Heat i s l o s t from the ex t e r i o r surface of 

the mould by r a d i a t i o n and by natural convection to the surroundings at 

ambient temperature: 

*SB «M ( TSM 4 ' T » 4 > + X ' 2 4 <TSM " T - > 1 , 3 3 • • • ( 6 ' 8 ) 

where q = heat flux from mould, (W/m2) 

o-eD = Stefan-Boltzman constant = 5.67 x 1 0 - 8 W/râ K1* 

= mould emmislvity = .85 

T„„ = surface temperature of mould 
SM 

T = ambient temperature = 25°C 

The second term of this equation was based on an empirical r e l a t i o n s h i p 

f o r n a tural convection f o r turbulent flow over v e r t i c a l p l a t e s 1 6 1 and 

produces heat transfer c o e f f i c i e n t s of the order of 10 W/m2K. 

Between the ingot and the mould, heat transfer i n i t i a l l y occurs by 

conduction. A f t e r a short time the ingot shrinks away from the mould, 

g i v i n g r i s e to an a i r gap. This gap i s large enough such that conduction 

through the a i r i s unimportant, so that r a d i a t i o n becomes the dominant mode 

of heat t r a n s f e r . 1 3 7 ' 1 3 8 ' 1 4 1 ' I t 3 - l t 5 . 158, 160 T h e t i m e f o r g a p f o r m a _ 

t i o n , t , i n c r e a s e s s i g n i f i c a n t l y with i n c r e a s i n g d i s t a n c e from the gap* 
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corner, exceeding 1500s (25 min.) at the mid-face of a 600 x 600 mm 

i n g o t . 1 5 8 

A r e l a t i o n s h i p based on the data from O e t e r s 1 5 8 shown i n Figure 6.6 was 

developed : 

t = 50 + 10,800 d 1 ' 6 ...(6.9) 
gap 

where t = gap formation time (s) gap 6 v 

d = distance along side from corner (m) 

The heat transferred from the ingot e x t e r i o r to the mould i n t e r i o r 

p r i o r to s t r i p p i n g i s given as: 

t < t - J » s t r i p ' 

« = aSB e < TSI 4 " TSM ̂  + hcond < TSI " TSM> .-.(6.10) 

where the c o n d u c t i v e heat transfer c o e f f i c i e n t , h was assumed to drop 
cond' y 

l i n e a r l y from an i n i t i a l maximum of 1700 W/m2K to 0 W/m2K at t according 
gap 

to the r e l a t i o n : 

t < t ' , h , = ( 1 - — — ) 
gap cond t g a p 

t < t, 
gap 

h , = 0 cond ,(6.11) 
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Centre Corner Centre 

- 0 . 3 - 0 . 2 - 0 . 1 0 0.1 0 . 2 0 . 3 

Distance from corner,d(m) 

Figure 6.6 A i r gap formation times half way up mould 
for a 6 ton, 600 x 600 mm i n g o t 1 5 8 
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and the e f f e c t i v e e m i s s i v i t y , e f o r r a d i a n t exchange between p a r a l l e l 

plates i s given b y 1 6 2 

7 = ...(6.12) 

— + - - 1 
e I ^ 

Ty p i c a l values for ingot and mould surface e r a i s s i v i t i e s were taken to 

be ez = 0.9 and ^ = 0.85 . 

6.2.2 A i r cooling 

In the second stage, a f t e r the ingot has been stripped from the mould, 

heat i s l o s t d i r e c t l y from the ingot surface to the ambient surroundings by 

r a d i a t i o n and natural convection according to: 

t _ . < t < t_ , s t r i p track 

« = 0SB E I ( T S I 4 " T ~ 4 ) + X ' U ( T S I " V 1 * 3 3 -..(6.13) 

A l l of the events . i n the processing of the ingot used by the model, 

such as the s t r i p time, t ^ . and the track time, t , , refer to the time v ' s t r i p ' track' 
i n t e r v a l since i n i t i a l casting of the s t e e l . 

The fourth stage of a i r cooling which corresponds to removal of the 

ingot from the soaking p i t , ( t > t ^ r ) can be treated i n a s i m i l a r manner. 
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6.2.3 Soaking P i t Reheating 

During the th i r d stage, the ingot gains heat by r a d i a t i o n and forced 

convection i n the bottom-fired soaking p i t . Since the c a l c u l a t i o n s i n 

Appendix VII show that the heat transferred by forced convection i s very 

small, this term was ignored. Heat flux to the ex t e r i o r surface of the 

ingot during this stage i s therefore: 

i < t < t, track draw, 

q = °SB E I ( T P I T 4 ~ T S I 4 ) ...(6.14) 

where the average i n t e r i o r p i t temperature, Tpj.p> i s input as a function of 

time according to the designed reheating schedule. This function Is defined 

as follows: 

t t r a c k < C * fch f i r e ' TPIT = T P I T I ...(6.15) 

fch f i r e ^ c ^ 'soak' 

TPIT = T P I T I + ( TSOAK " T P I T I } ( t , -V1" } •••(6'16) 
soak h f i r e 

'soak < C < 'draw' TPIT TSOAK ...(6.17) 

The p i t can be held at i t s i n i t i a l temperature, Tp^^j, for a delay time 

before beginning the high f i r i n g rate at t^ f £ r e * T n e i n t e r i o r p i t tempera

ture then i s assumed to increase l i n e a r l y u n t i l i t reaches the equilibrium 

s o aking temperature, TgQ^^ » a t t i m e 'soak* T n e s e four parameters permit 
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simulation of a wide v a r i e t y of soaking p i t reheating schedules. Aside from 

the mould geometry and s t e e l composition, the only c o n t r o l l a b l e v a r i a b l e s 

f o r ingot processing were assumed to be: 

tstrip» t t r a c k ' fch f i r e ' 'soak' tdraw' T P I T I and TSOAK" 

6.3 S o l u t i o n Technique 

The r e s u l t s of Chapter 5 indicated that t h i s type of heat t r a n s f e r 

problem, which involves i r r e g u l a r mould geometry, can be solved most 

e f f e c t i v e l y using the finite-element method. The f i r s t step was to d i s c r e -

t i z e separately, the ingot and mould regions into meshes of three-node, 

linear-temperature, t r i a n g u l a r elements. Temperature within each element i s 

defined uniquely by the three descrete nodal temperatures: 

T (x, y) = N l T l + N 2T 2 + N3T3 ... ( 6.16) 

where , N 2 and N3 are the i n t e r p o l a t i n g shape functions given by: 

a ± + h± x + ^ y 
N i = 2A , i = 1, 3 ...(6.17) 

where a^ = x 2 y^ ~ x 3 v
2 

b i = y 2 - y 3 

c l = x 3 x2 

and the o t h e r a^, b^, and c^ values are obtained by c y c l i c permutation of 

the subscripts 1, 2, and 3 as described i n Chapter 5. 
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Figure 6.7 shows a computer p l o t of the elements which was used to 

v e r i f y that the program was c o r r e c t l y generating the mesh for a 355 x 355 mm 

(14 x 14"), 2 ton ingot and mould representing a t y p i c a l mid-face, panel-

cracked ingot. Figure 6.8 shows the corresponding mesh for the 760 x 1520 

mm (30 x 60"), 25 ton, off-corner, panel-cracked ingot. I n i t i a l runs with 

both coarser and f i n e r meshes were used to determine these optimum mesh 

s i z e s , d e t a i l s of which are given i n Table 6.2. The meshes of elements were 

graded to include extra d e t a i l near the boundaries and were c a r e f u l l y 

constructed to avoid angles greater than 90°. 

To d i s t i n g u i s h the ingot surface from the mould surface at t h e i r common 

boundary, two d i f f e r e n t nodes with the same (x, y) coordinates were employed 

at each point along the i n t e r f a c e . One node forms part of the ingot exter

i o r and exchanges heat d i r e c t l y with i t s corresponding node on the mould 

i n t e r i o r surface. By making the a d d i t i o n a l assumption that the temperature 

dependence of k i s i n s u f f i c i e n t to necessitate the i n c l u s i o n of ok/5T terms 

i n the heat conduction equation, Eqs. (6.1) and (6.2) can be rewritten as 

Eq. (5.1). 

In the previous chapter, Chapter 5, a wide range of numerical methods 

were evaluated for solving this mathematical d e s c r i p t i o n of the transient, 

heat-conduction problem. The primary objective was to choose a s u i t a b l e 

method to use for mathematically modelling the present s t e e l ingot process 

ing problem which involves both s o l i d i f i c a t i o n and i r r e g u l a r geometry. The 

optimum method was determined to be the Matrix version of the f i n i t e element 

method, coupled with the Dupont time-stepping scheme, lumped boundary condi-
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Figure 6.7 F i n i t e element mesh for a 355 x 355 mm (14 x 14") 
2 ton, mid-face panel-cracked ingot and mould 



F i g u r e 6.8 F i n i t e element mesh f o r a 760 x 1520 mm 
(30 x 6 0 " ) , 25 t o n , o f f - c o r n e r p a n e l - c r a c k e d 
i n g o t and mould 
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Table 6.2 F i n i t e element meshes 

Variable 

355 x 355 mm 760 x 1520 mm 
Mid-face panel cracking off-corner panel cracking 

Variable 

ingot & ingot ingot & ingot 
mould only mould only 

number of 
nodes, NN 

number of 
elements, NE 

maximum half 
band width 

number of external 
boundaries, NBE 

273 125 672 330 

435 201 1158 575 

19 13 26 16 

50 27 82 47 
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t i o n 8 f o r m u l a t e d w i t h p r o p e r t y e v a l u a t i o n a t T ^ ( t 2 ) , and the Lemmon 

technique for handling latent heat e v o l u t i o n . 

A computer program based on this method was coded i n Fortran IV to 

solve f o r the temperature d i s t r i b u t i o n i n the ingot using the previously 

described boundary conditions. Since these boundary conditions are highly 

non-linear, only Neumann, s p e c i f i e d - h e a t - f l u x boundaries were used as 

described i n Eq. 5.15. A flow chart describing the program i s given i n 

Figure 6.9. The program i t s e l f i s included i n Appendix VIII. 

When running the model, v a r i a b l e time steps were used, s t a r t i n g with 

0.9375 s and increasing by doubling i n s i z e every 4-15 i t e r a t i o n s to a f i n a l 

time increment of 30s. This was done to minimize inaccuracies each time the 

ingot surface underwent rapid temperature changes a t : 

t = 0, t ^ . , t , and t, . The f i n a l time step s i z e of 30s s t r i p ' t r a c k draw r 

was chosen to be compatible with the mesh size i n maintaining 

( J l _ A t 2 ) . o . l . 
P Cp ^ 
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S t a r t 

ir 

/ INPUT: 
X I n i t i a l temperatures - T Q I , T Q M , T p i T I , T g o a k 

thermal property data « T J J Q , TgQ L 

time data: t 8 t r l p , t t r a c k , t h f i r e , t d r a w 

p r i n t i n g & p l o t t i n g frequencies, At, max # of time steps 
band width, number of nodes, elements, boundaries 

mesh data » nodal coordinates and types 
element c o n n e c t i v i t y 
boundaries 

INITIALIZE: 
element areas, natural coordinate a, b, c values 
[M] & {F> - 0 
t = At 

t - t + At 

for each node: 
evalua te K, H based on old temperatures 

for each element: 
evaluate element [ k ] e and [ c ] e matrices 
using Matrix and Lemmon methods 

0 

YES 
assemble global [M] matrix 
using Crank-Nicolson method 

NO 

assemble global [M] matrix 
using Dupont method 

Figure 6.9 Flow Chart of finite-element 
heat transfer model computer program 



for each boundary: 
ca l c u l a t e nodal heat f l u x , q = f ( t , x, y, node type, time data) 
evaluate {Q} using lumped formulation 
assemble each con t r i b u t i o n into global {F} vector 

SOLVE: matrix 
new tei 

equation [M] {T} = {F} for 
nperatures, {T} using Cholesky method 

< 

p r i n t 
s p e c i f i c important 

temperatures 

plot 
>/ temperature 

contours 

UPDATE: save old temperatures for property evaluation 
r e - i n i t i a l i z e [M] & {F> 

Figure 6 . 9 Continued 
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6.4 Heat-transfer Model V e r i f i c a t i o n 

To v e r i f y the i n t e r n a l consistancy of the model, the r e s u l t s from 

i n i t i a l runs were checked against the a n a l y t i c a l solutions f or the two test 

problems described i n Chapter 5. As documented i n Appendix IX, the maximum 

di f f e r e n c e found at any time for ei t h e r problem was l e s s than 1.5%. 

The model was then formulated to c a l c u l a t e temperatures during s o l i d i -

i c a t i o n for a small, 230 x 405 mm (9 x 16") s t e e l ingot. A mesh was gener

ated by d i s t o r t i n g the 355 x 355 mm mesh to match the dimensions of an ingot 

mould used at Stelco for experimental temperature measurements. 1 1* I t i s 

shown i n Figure 6.10. An i n i t i a l s t e e l teeming temperature of 1620°C was 

used, a l o n g with T = 1527°C and T = 1515°C. Figure 6.11 compares the 

temperatures predicted by the model with those measured at S t e l c o . The 

temperature predictions are i n general very close and c o n s i s t e n t l y s l i g h t l y 

high. This i s undoubtedly due i n part to the two-dimensional nature of the 

model which neglects a x i a l heat flow. For an ingot t h i s small, i t can be 

seen that heat flow through the top and bottom of the ingot i s small but 

s i g n i f i c a n t . A second source of discrepancy i s the p o s i t i o n i n g of thermo

couples i n the experimental ingot. They were located well above mid height 

i n the ingot where the temperatures would be lower than at mid height. 

I t has therefore been shown that the heat-transfer model pr e d i c t s 

temperatures i n a s t e e l ingot during processing to a reasonable degree of 

accuracy. This i s p a r t i c u l a r l y s i g n i f i c a n t since the only adjustable para 

meters i n the model are d i r e c t l y l i n k e d to measurable process variables.-
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F i g u r e 6.10 F i n i t e element mesh f o r a 230 x 405 mm (9 x 16") 
e x p e r i m e n t a l i n g o t and mould used f o r c o m p a r i s o n w i t h 
i n d u s t r i a l t e m p e r a t u r e measurements 
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Figure 6.11 Comparison of measured and calculated temperature 
responses for a 230 x 405 mm (9 x 16") s t e e l ingot 
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CHAPTER 7 STRESS MODEL OF STATIC-CAST INGOT 

This chapter describes the mathematical model used to calculate the 

stresses generated during the processing of a static-cast steel ingot as a 

result of the changing temperature profiles calculated by the heat-transfer 

model. Several previous models have been constructed to calculate thermal 

stresses in steel at elevated temperatures for a variety of different 

processes. These include continuous c a s t i n g , 1 6 3 - 1 7 3 residual stresses from 

w e l d i n g , 1 7 4 - 1 7 7 quench hardening involving martensite f o r m a t i o n , 1 7 8 - 1 8 0 

c a r b u r i z i n g , 1 8 1 the cooling of ingot moulds, 1 8 3' 1 8 4 and s t a t i c ingot 

c a s t i n g . 1 8 5 - 1 8 8 

Until recently, the modelling of thermal stresses in s o l i d i f i c a t i o n and 

casting process involved crude "strength of materials" approaches and had 

only limited application. Only now, i s the capability to accurately predict 

stresses being developed. Of the latter four models studying stress in 

static ingot casting, only two have considered the effects of phase 

transformation 1 8 5' 1 8 7 and none have considered creep. More importantly, no 

advanced stress model has yet been utilized to study panel cracking. 
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7.1 Model Formulation 

The stress d i s t r i b u t i o n i n a two-dimensional s o l i d region i s governed 

by the equilibrium, p a r t i a l d i f f e r e n t i a l equations for plane e l a s t i c i t y : 

da dx 
-r-Z- + = 0 ...(7.1) 
5x 5y 

da dx dy + lIF -° •••(7'2> 
where a , a are the stresses normal to the x and y planes r e s p e c t i v e l y and x y 

x i s the shear s t r e s s . T h i s f o r m u l a t i o n of the problem neglects body xy 
forces such as g r a v i t y or i n e r t i a . 

These equations are subject to two d i f f e r e n t types of boundary 

c o n d i t i o n : 

1) s p e c i f i e d displacement boundaries 

u = f ( x , y) on $ u ...(7.3) 

v = f ( x , y) on 3 v ...(7.4) 

where u 

v 

= displacement i n x d i r e c t i o n 

= displacement i n y d i r e c t i o n 
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2) s p e c i f i e d stress boundaries: 

a n + i n = ? on Sf ...(7.5) 
x x x y y x ^ a 

T n + a n = I o n S ' ,-, , N x y x y y y o" ...(7.6) 

where n i s a unit vector normal to the surface 

with components n and n r x y 
? i s a s p e c i f i e d surface t r a c t i o n vector 

with components I and I x y 

and £ = ...(7.7) 
U V 0 

Exactly one of these boundary conditions must be s p e c i f i e d on each part 

of the boundary, if, enclosing the region where stresses are to be c a l c u l a 

ted. This region i s , for example, the one-quarter, transverse section of 

the 760 x 1520 mm s t e e l ingot shown schematically i n Figure 7.1. Stresses 

i n the mould were not computed. 

To impose two-fold symmetry, one degree of freedom was removed along 

each center l i n e : 

y = 0, u = 0 ...(7.8) 

x = 0, v = 0 ...(7.9) 

The conditions i n Eqs. (7.8) and (7.9) include the removal of both degrees 

of freedom from the center of the ingot (0,0), which must be fixed to 

prevent r i g i d body motion. 
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Zero normal stress 
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Zero displace-
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Figure 7.1 Stress model boundary conditions 
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A zero stress boundary condition was then imposed over the remaining 

e x t e r i o r surface of the ingot by se t t i n g $ to zero i n Eqs. (7.5) and (7.6). 

This condition assumes that no s t i c k i n g occurs i n the mould. This i s 

reasonable since the stresses a r i s i n g due to s t i c k i n g occur e a r l y during 

s o l i d i f i c a t i o n and can only lead to hot tearing. 

Since the boundary conditions on 0 and 0 are formulated i n terms of 
u v 

displacement, and the governing p a r t i a l d i f f e r e n t i a l equations only involve 

s t r e s s , equations are required to relate stress and displacement. This so 

c a l l e d "displacement formulation" i s also required to properly take into 

account thermal e f f e c t s . The f i r s t of these equations are the "kinematic 

r e l a t i o n s " , which define s t r a i n i n terms of displacement: 

e = ...(7.10) 
X ox ' 

e - -JL ...(7.11) 
y 5y 

Y - -sr + T r " 2 e ...(7.12) 
xy oy ox xy 

where e , e and Y are the three components of the t o t a l s t r a i n vector, x y xy r ' 

(e) . I t should be noted that since there are only two unknown variables for 

displacement, u and v, and three s t r a i n components, the three s t r a i n compo

nents are not independent but are, i n f a c t , related by the co m p a t i b i l i t y 

equation: 
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* 2 A 2 a 2 

o e o e o y 
+ — ^ - S L . ...(7.13) 

3x 5y ox oy 

Assuming a plane stress condition, s t r a i n i s then re l a t e d to stress 

through the following c o n s t i t u t i v e r e l a t i o n s : 

a [c + v e ) 

a 

x 2 x
v x e ye ; ...(7.14) (1 - v ) 

(v e + £ ) y ( X _ v2^ ^ xe y e ; ...(7.15) 

...(7.16) xy 2 (1 + v) 'xye 

where E i s the temperature dependent e l a s t i c modulus and v i s the Poisson 

r a t i o r e l a t i n g l a t e r a l contraction to extension i n a u n i - a x i a l t e n s i l e t e s t . 

( e e } i s a 3 X 1 v e c t o r c o n t a i n i n g the three components of e l a s t i c s t r a i n , 

E , e and y and {a} i s the corresponding vector containing the three xe' ye 'xye r e & 

s t r e s s components, a , a and T . I t i s a l s o necessary to assume that r ' x y xy J 

material behavior i s i s o t r o p i c and constant throughout the ingot on both a 

micro and macro l e v e l . 

The true stress state of a s t e e l ingot l i e s somewhere between plane 

stress and plane s t r a i n and i s closer to generalized plane s t r a i n . However, 

the l a t t e r two s t r e s s s t a t e s r e q u i r e the c o n s i d e r a t i o n of a which i s 
n z 

rendered a r t i f i c i a l l y large In magnitude by the thermal s t r a i n s i n that 

d i r e c t i o n . This d i s t o r t s the c a l c u l a t i o n of t o t a l e f f e c t i v e stress which i s 

required to ca l c u l a t e the p l a s t i c s t r a i n s and thereby introduces large 

inaccuracies. Before they can be used e f f e c t i v e l y f o r two dimensional 
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thermal stress c a l c u l a t i o n s involving p l a s t i c flow, these formulations 

require further study. Many previous two dimensional p l a s t i c , thermal 

stress models have assumed plane s t r e s s . 1 6 4 - 1 6 5 ' 1 6 8 ' 1 6 9 This stress state 

involves the further conditions: 

a = y = y = T = T = 0 ...(7.17) 
z xz yz xz yz 

e = Zl ( a + a ) + crT + E . . . ( 7 . 1 8 ) 
z E x y pz 

The t o t a l s t r a i n was then divided into three parts i n order to r e l a t e 

i t to the e l a s t i c s r a i n : 

{e} = {£ } + (e } + {e } ...(7.19) e o p 

where {e } and {e } are the 3 X 1 v e c t o r s containing the i n i t i a l thermal 
o p 

s t r a i n components and p l a s t i c creep s t r a i n components r e s p e c t i v e l y . 

7.1.1 Thermal S t r a i n 

The volume changes that accompany changing temperature gradients are 

t r a d i t i o n a l l y accounted f or i n thermal stress models through a constant 

thermal expansion c o e f f i c i e n t , a . 1 6 4 ' 1 7 3 ' 1 8 9 ' 1 9 0 This r e s u l t s i n an 

i n i t i a l thermal s t r a i n vector: 
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<eo> 

8 < Tt + At 

i a ( T t + At 
0 

T t ) a AT 

T t ) > - < a AT ^ ...(7.20) 

where T + ^ and T t define the change in temperature over a time i n t e r v a l 

for which the r e s u l t i n g stresses are to be c a l c u l a t e d . However, a can 

i t s e l f be temperature dependent. In addition, the volume changes caused by 

phase transformation are known to be very important to panel cracking and 

must be included. A novel method for handling any type of volume change was 

developed for use in this model. A state function for thermal expansion was 

defined i n an analogous fashion to enthalpy, H, which i s used i n heat 

transf e r modelling instead of C : 

TLE (T) = 
T 
/ 
T 

a (T) d T .(7.21) 

where T q i s an a r b i t r a r y base temperature, assumed equal to 0°C. The 

d e r i v a t i o n i n Appendix X shows that the state function, T L E , i s simply the 

thermal l i n e a r expansion. The i n i t i a l thermal s t r a i n vector i s then simply: 

{ eo> 

TLE ( T t + A t ) -

TLE ( T t + A t ) -

TLE (T ) 

TLE (T ) ,(7.22) 

Thus, the model requires as input data, the thermal l i n e a r expansion for 

s t e e l as a function of temperature, including the length changes caused by 

phase transformation. 
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In a d d i t i o n , the model requires for input at this stage, the tempera

tures c a l c u l a t e d using the heat transfer model. The time dependent nature 

of the s t r e s s model a r i s e s In part from the transient nature of these 

thermal f i e l d inputs. 

7.1.2 P l a s t i c S t r a i n 

Aside from the thermal s t r a i n , two other types of non-elastic s t r a i n 

are very important i n a f f e c t i n g stress generation at high temperatures. 

These are time-independent p l a s t i c flow and s t r a i n due to creep. Creep i s 

p a r t i c u l a r l y i n f l u e n t i a l i n s t e e l at the high temperatures and low s t r a i n 

rates encountered during ingot c a s t i n g . Unfortunately, most previous 

models, inc l u d i n g a l l of the ingot models, have neglected time-dependent 

p l a s t i c c r e e p . 1 6 4 ' 1 6 5 ' 1 8 5 » 1 8 6 ' 1 8 7 ' 1 8 8 

I f they were considered at a l l , the two phenomena usually have been 

treated separately. However, the p l a s t i c s t r a i n generated by creep i s 

p h y s i c a l l y Indistinguishable from that r e s u l t i n g from time-independent 

p l a s t i c flow. Both are incompressible and non-recoverable and they a f f e c t 

s t r e s s i n the same way. P a r t i c u l a r l y at higher temperatures, where experi

mental observations are d i f f i c u l t , and only the combined e f f e c t i s measur

able, there i s no reason to divide p l a s t i c s t r a i n into two types. The 

d i s t i n c t i o n i s , at best, only an a n a l y t i c a l c o n v e n i e n c e . 1 9 1 

Part of the confusion arises because the time-dependent, p l a s t i c flow 

b e h a v i o r of m e t a l s a t e l e v a t e d t e m p e r a t u r e s has been s t u d i e d u s i n g s e v e r a l 
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d i f f e r e n t experimental methods. The f i r s t i s standard t e n s i l e testing where 

a f i x e d s t r a i n rate i s applied to a specimen and the r e s u l t i n g stress i s 

recorded as a function of p l a s t i c s t r a i n . This leads to mathematical 

de s c r i p t i o n s of the behavior in terms of s t r a i n hardening: 

a = f ( E , T, e ) .. .(7.23) 
p p 

The second method i s the standard creep t e s t , where a fixed stress i s 

applied and the r e s u l t i n g s t r a i n i s recorded as a function of time. This 

gives r i s e to time-hardening descriptions i n v o l v i n g creep or creep rate 

functions. For example: 

e p = creep s t r a i n = f ( a , T, t) ...(7.24) 

A t h i r d method i s stress r e l a x a t i o n which examines time-dependent 

p l a s t i c flow under constant s t r a i n . This r e s u l t s i n time-softening, 

expressions for s t r e s s : 

o = f ( e p , T, t) ...(7.25) 

These seemingly d i f f e r e n t phenomena are a l l simply d i f f e r e n t manifesta

tions of a s i n g l e complex r e l a t i o n s h i p between a, e , T and t. 
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A more general d e s c r i p t i o n of time-dependent, p l a s t i c - f l o w I s : 

e = f (a, T, structure) ...(7.26) 

where the structure parameter characterizes the resistance to p l a s t i c flow 

offered by the i n t e r n a l micro s t r u c t u r a l state of the m a t e r i a l . This can be 

accomplished by using any number of v a r i a b l e s such as accumulated p l a s t i c 

s t r a i n , time or d i s l o c a t i o n density. This was the formulation incorporated 

i n t o the p r e s e n t m o d e l . 1 9 1 The p l a s t i c s t r a i n r a t e , , i s a s c a l a r 

function which must be input i n t o the model for s t e e l over appropriate 

s t r e s s , s t r a i n rate and temperature ranges. 

T h e three components of the p l a s t i c s t r a i n vector are: 

r 

<V -
px 

Y 
P xy 

...(7.27) 

These were found using the Prandtl-Reuss r e l a t i o n s for associated p l a s t i c 

i t y 1 9 1 - 1 9 1 * which i n 2D plane s t r e s s , gives r i s e to: 

px ( a - v a ) x P y ...(7.28) 

py 
(a - v a ) y P x .(7.29) 
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e 
£pxy = = ~ ( 3 \y' ...(7.30) 

• 
where the t o t a l p l a s t i c s t r a i n , e i s found through I n t e g r a t i o n of e 

P o e> p 

and v p i s the P o i s s o n r a t i o for p l a s t i c flow behavior which i s equal to .5 

since p l a s t i c s t r a i n i s incompressible. 

These equations were derived by applying the associated flow rule which 

s p e c i f i e s that an increment of p l a s t i c s t r a i n always occurs i n a d i r e c t i o n 

normal to the y i e l d s u r f a c e . The t o t a l e f f e c t i v e s t r e s s , a , i s used to 

define the Huber-von Mises y i e l d surface. I t applies to most metals, i n c l u 

ding s t e e l at elevated temperatures, and i s calculated for plane stress 

from: 

1 

a = ( 0 2 + a 2 + 3 x 2 - a a ) 2 ...(7.31) 
x y x y x y 

This formulation can be c l a s s i f i e d as an e l a s t o - v l s c o - p l a s t i c thermal 

stress m o d e l . 1 9 1 I t provides both a simpler and more p h y s i c a l l y correct 

mathematical treatment of p l a s t i c i t y than other formulations such as e l a s t o -

p l a s t i c - c r e e p thermal stress m o d e l s . 1 9 5 I t can be used e f f e c t i v e l y to prov

ide economic solutions to both pure elasto-creep problems and time-

independent p l a s t i c i t y problems. 
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7.2 Solution Technique 

A large volume of l i t e r a t u r e e x i s t s on computational methods f o r 

e l a s t o - p l a s t i c thermal stress analysis including v a r i a b l e mechanical proper

t i e s . In f a c t , the a v a i l a b l e s o l u t i o n techniques are s u f f i c i e n t l y advanced 

that the method i s li m i t e d mainly by our understanding of the material 

behavior or c o n s t i t u t i v e r e l a t i o n and oc c a s i o n a l l y by computing capacity. 

They a l l employ some form of the f i n i t e element method but only a few of 

them include time-dependent p l a s t i c i t y or c r e e p . 1 9 1 - 1 9 5 The s o l u t i o n tech

nique developed for the present model was based on the v i s c o - p l a s t i c model 

of Zienkiewicz and Cormeau 1 9 1 combined with the approaches taken i n a few 

other selected r e f e r e n c e s . 1 8 9 ' 1 9 0 ' 1 9 2 ' 1 9 3 

Formulation of the finite-element stress model followed a p a r a l l e l 

course to the formulation of the heat transfer model. The s p a t i a l continium 

was f i r s t divided into three-node, constant-strain, triangular f i n i t e e l e 

ments. These simple elements were chosen for the same reasons that they 

were used for the heat-transfer model. In addition, they match p e r f e c t l y 

f o r accepting nodal temperature input d i r e c t l y from the heat-transfer model 

and they enable the use of the same ingot mesh data. Since stresses were 

only desired within the ingot i t s e l f , the mould was ignored to save comput

ing time. Heat-transfer model temperature output was then translated to 

correspond with renumbered ingot meshes, shown i n Figure 7.2 and 7.3. 

Standard f i n i t e element techniques were then used to reformulate and 

solve the e l a s t o - v i s c o - p l a s t i c thermal stress problem described mathematic

a l l y by Eqs. (7.1)-(7.16), (7.19), (7.22), (7.26)-(7.31) which contain the 
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Figure 7.2 F i n i t e element mesh for the 355 x 355 mm, 
(14 x 14"), 2 ton, mid-face panel-cracked 
ingot alone 



Figure 7.3 F i n i t e element mesh for the 760 x 1520 mm 
(30 x 60"), 25 ton, corrugated, off-corner 
panel-cracked ingot alone 
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displacement formulation of the equilibrium equations for plane e l a s t i c i t y , 

compatibility relations, constitutive relations and appropriate boundary 

conditions. This is achieved either by minimizing a functional representing 

the total potential energy with respect to the unknown nodal displacements 

or by applying Galerkin's method of minimizing the total error by requiring 

the individual errors to be orthogonal. In either case, the result is a set 

of simultaneous equations to be solved for the unknown nodal displacements, 

{d}, which contain the x and y displacements, u and v, for each node in the 

mesh: 

[K a] {d} = {F e } + ( F £ } ...(7.32) 
o p 

where the global stiffness matrix, [K ], global thermal force vector, {F } 
o 

and global p l a s t i c s t r a i n force vector, ( F } are found by summing the 
P 

contributions from individual elements: 

NE NE T 
[K a] = I [K ] % = I jj [B]J [Ê  [B]J dA ...(7.33) 

i=l 1=1 A 

NE NE 

{F e } = I {F £ }6 = I jj [ B ] f [E] {e } dA ...(7.34) 
o i=l o i i=l A 

NE NE T ,e r t r r- ne {F } = I (F } = I jj [B]? [E] {e>dA ...(7.35) 
p i=l p i i=l A p 
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For three-node triangular elements In a state of plane s t r e s s , the s t r a i n -

d i s p l a c e m e n t m a t r i x , [ B ] 6 , which i s o b t a i n e d by d i f f e r e n t i a t i n g the 

i n t e r p o l a t i n g shape functions, N ^ , and the e l a s t i c i t y matrix, [E ], are given 

by: 

b l b2 b3 0 0 0 

0 0 0 C l C2 C3 

c l C2 C3 b l b2 b3 

. . .(7.36) 

[E] = 
1 - v 

V 

1 

0 

0 . ..(7.37) 

0 0 1-v 

where the nodal displacements i n an i n d i v i d u a l element with nodes numbered 

1, 2 and 3 are given by: 

eT 
{d} = {u l t v l f u 2 , v 2 , u 3 , v 3> .. .(7.38) 

Applying the finite-element method to the temperature dependent e l a s t i c 

modulus function y i e l d s a constant e l a s t i c modulus within the element of: 

E ( T 1 ) + E ( T 2 ) + E ( T 3 ) 
(7.39) 

Poisson's r a t i o was assumed to remain constant. 
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Fixed degrees of freedom are achieved simply by removing the appro

p r i a t e rows and columns from the global matrices. There was no need to 

i n c l u d e the boundary s u r f a c e - t r a c t i o n force vector, (F-j.) since a l l of the 

str e s s boundaries i n the present problem had zero s t r e s s . 

The time dependency of the problem i s introduced through both the temp
e r a t u r e i n p u t from the heat transfer model, a f f e c t i n g E, e and e and the 

r ' o p 

time dependency of the p l a s t i c creep s t r a i n , e^, i t s e l f . While many d i f f 

erent time-stepping techniques have been u t i l i z e d i n the l i t e r a t u r e , i n c l u d 

ing incremental loading procedures and complicated i t e r a t i v e techniques that 

do not even involve time d i r e c t l y , a simple e x p l i c i t time-stepping procedure 

was used i n the present model. 

Variables that define the state of the ingot were i n i t i a l i z e d and tracked as 

time proceeded. These included the temperature, t o t a l s t r a i n components, 

t o t a l p l a s t i c s t r a i n components, t o t a l stress components, the f r a c t i o n aus

tenite transformed, and the d i r e c t i o n of heating/cooling for each node i n 

the mesh. E l a s t i c modulus, E, and p l a s t i c s t r a i n rate, e^, values were then 

c a l c u l a t e d based on the previously known temperature and stress s t a t e . For 

the next time s t e p , i n c r e m e n t a l thermal loads, {eo)i were calculated f o r 

each node using Eq. (7.22). P l a s t i c creep strains f o r the time i n t e r v a l 

were evaluated from: 

e = Ate ...(7.40) 
P P 

and Eqs. (7.27)-(7.31). The matrix equation, Eq. (7.32), was then assembled 

and solved for the unknown nodal displacements using the Cholesky method. 1 2 8 
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T o t a l s t r a i n increments were then calculated from the displacements by: 

{e} e - [B] (d} e ••' < 7 

and stresses were evaluated from str a i n s by: 

{of = [E] ( {e} e - {e p} - {e o} ) ...(7.42) 

F i n a l l y , the t o t a l state variables were updated p r i o r to the next time 

step: 

{°total> * { ' t o t a l > + {*> •••<7-43) 

< £ t o t a l * " { e t o t a l > + { e> •••<7-44) 

{ e p t o t a l > = { £ p t o t a l > + V •••(7'45> 
This procedure i s summarized i n the flow chart given i n Figure 7.4. The 

en t i r e program including the thermophysical property functions described i n 

the next section i s included i n Appendix XI. 

Because the thermal and p l a s t i c s t r a i n vectors do not contribute 

d i r e c t l y to the stresses and no n - l i n e a r i t y i s introduced into the problem 

mainly through these terms, minimization of a r e s i d u a l , or out of balance 

force vector, i s not very productive i n improving accuracy. For this 

reason, i t was f e l t that accuracy improvement by i t e r a t i o n within a time 

step would best be achieved by simply applying the thermal load i n smaller 
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Start 

I N P U T : 

stress condition (plane s t r e s s ) , Poisson r a t i o 
composition ( % C , %Mn) for A-̂ , A3, T g o 2 , T L I Q temps 

transformation temperatures Ar^, Ar^, Ac-^, Ac 3 

time step data: s t a r t time, max # of time steps, # of 
mini time steps per time steps: N I T , f i n i s h time 

mesh data: band width, number of nodes, elements boundaries 
nodal coordinates 
element connectivity 
boundaries 

INITIALIZE: 
element areas, natural coordinate a, b, c values 
read s t a r t i n g nodal temperatures, {T} 
i n i t i a l i z e state v a r i a b l e s - t o t a l s tress, s t r a i n , p l a s t i c s t r a i n , 

transformation f r a c t i o n s ( e i t h e r input from tape or zero) 

zero matricies [K ], {F }, {F_ } e t c . 
u ''o '-p 

echo output desired values and t i t l e s 

;[ 
t = s t a r t time + At 

Start simulation 

Figure 7 . 4 Flow chart of computer stress model 
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S t a r t S i m u l a t i o n 

'read ( f r o m tape) : new time 
new t e m p e r a t u r e s , {TOLD} 

f o r e ach node: 
e v a l u a t e = e l a s t i c modulus EMOD ( T ) , 

t h e r m a l l i n e a r e x p a n s i o n d i f f e r e n c e TLE (T) - TLE (TOLD) 
exchange T & TOLD 

assemble g l o b a l s t i f f n e s s m a t r i x [ K a ] 

assemble i n i t i a l t h e r m a l f o r c e v e c t o r {F } 
E o 

0— I 
e v a l u a t e p l a s t i c c r e e p s t r a i n s f o r each node 

e p = At f (T, a } 

t r u n c a t e and r e c o r d p l a s t i c c r e e p s t r a i n s , i f n e c e s s a r y 

assemble p l a s t i c c r e e p l o a d v e c t o r , {F } 

0 
F i g u r e 7.4 C o n t i n u e d 
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O 
V 

apply zero displacement boundary conditions 
(remove appropriate degrees of freedom) 

solve matrix equation for {d}: 
< F £ > 

[K a] (d> = 
NIT P 

evaluate incremental st r a i n s and stresses 

(e) - B| {d} 
[E] {e Q} - [ E ] {e p} (a) = E j {e} - [E] {e Q} - [ E ] {e p} 

J 

update t o t a l state v a r i a b l e s , 
{e*total» ^ p ^ t o t a l ' ^ t o t a l 

Figure 7.4 Continued 
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increments, d i s t r i b u t e d throughout the time i n t e r v a l . This i s equivalent to 

using smaller time steps and i t allows a l l of the n o n - l i n e a r i t i e s i n the 

problem to more c l o s e l y approach the l i n e a r approximation inherent to the 

c a l c u l a t i o n procedure. 

Use of the same g l o b a l s t i f f n e s s matrix, [K^], for several "mini time 

steps" allows a substantial reduction i n computing costs and i s s i m i l a r to 

the modified Newton-Raphson method used i n the i n i t i a l stress approach to 

e l a s t o - p l a s t i c p roblems. 1 9 2' 1 9 4 

Because the time-integration procedure i s e x p l i c i t i n nature, i t i s 

prone to i n s t a b i l i t y i f the nonlinear! t i e s are too large. This was 

p a r t i a l l y overcome through the int r o d u c t i o n of the var i a b l e time steps that 

were used i n the heat-transfer model. Smaller time steps were used 

i n i t i a l l y and at times when both temperature and str e s s were changing 

r a p i d l y so that p l a s t i c creep s t r a i n was also increasing quickly. At other 

times, the l i n e a r approximations of the model were v a l i d over longer time 

i n t e r v a l s . 

Unfortunately, the optimum time step siz e to use i s very d i f f i c u l t to 

estimate and i s a subject of ongoing r e s e a r c h . 1 9 6 Thus, other means were 

sought to overcome s t a b i l i t y problems that were occasionally encountered. 

To prevent i n s t a b i l i t y , a truncating function subroutine was b u i l t into the 

program to l i m i t the maximum size of a p l a s t i c creep s t r a i n increment i n any 

time step to 5% of the t o t a l e f f e c t i v e p l a s t i c s t r a i n accumulated up to that 

time. The value of 5% f e l l i n the 1-15% range suggested by Zienkiewicz and 

Cormeau 1 9 1 and was found to prevent i n s t a b i l i t y i n a l l cases. By recording 
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the extent of truncation, any inaccuracies could be a n t i c i p a t e d since 

severely-truncated model runs would n a t u r a l l y underpredict creep s t r a i n and 

therefore overpredict s t r e s s . 

I t i s important to note that the three sources of s t r a i n - e l a s t i c , 

thermal, and p l a s t i c manifest themselves quite d i f f e r e n t l y i n the stress 

model. The philosophy of the method i s to f i r s t apply the loads that would 

be caused by the thermal and p l a s t i c s t r a i n s i f the ingot were completely 

constrained. The i n t e r n a l s t r a i n s are allowed to e l a s t i c a l l y r e d i s t r i b u t e 

themselves and then the "pseudo loads" are removed by subtracting the 

thermal and p l a s t i c s t r a i n s from the t o t a l s t r a i n before c a l c u l a t i n g the 

s t r e s s e s . The r e s u l t i n g e l a s t i c s t r a i n s cause s t r e s s . The p l a s t i c creep 

s t r a i n s only cause a reduction i n the o v e r a l l stress when they can 

r e d i s t r i b u t e the e l a s t i c s t r a i n s causing that stress into a more favorable 

o r i e n t a t i o n . Close examination of Eqs. (7.28) - (7.31) reveals that an 

Increase i n the x component of creep s t r a i n i n an element i s accompanied by 

a corresponding decrease i n the y or z components so that the volume i s 

always conserved. This corresponds c l o s e l y to the true behavior of s t e e l at 

high temperatures relaxing i n a state of plane s t r e s s . 
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7.3 Thermomechanlcal Property Data 

The accuracy of a mathematical stress model i s mainly dependent on the 

accuracy of the mechanical property data used i n the model. One of the 

major problems a f f e c t i n g stress models i n the past has been the lack of 

accurate mechanical property data for s t e e l , p a r t i c u l a r l y at high tempera

tures. However, i n recent years, the s u b s t a n t i a l gaps i n knowledge that 

e x i s t have received a good deal of attention and experimental work on the 

properties of s t e e l i s an ongoing f i e l d for present and future research. 

Thus, at the present time, there i s s u f f i c i e n t data a v a i l a b l e to 

adequately model thermal stress generation i n plain-carbon s t e e l s , p a r t i c 

u l a r l y at the intermediate s t r a i n rates found in continuous casting which 

have stimulated many recent studies. The only major d e f i c i e n c y i s the lack 

of a general c o n s t i t u t i v e equation to accurately quantify the v i s c o - p l a s t i c 

behavior described i n Eq. ( 7 . 2 6 ) . 8 2 

7.3.1 P l a s t i c Creep Function 

A g r e a t deal of research has been devoted to s t r e s s - s t r a i n b e h a v i o r 3 1 ' 

82» 174> 1 9 7 - 2 1 2 a n ( j c r e e p r a t e 2 1 3 - 2 1 9 i n s t e e l at elevated temperatures. 

Despite the abundance of data, fi n d i n g an accurate function to quantify the 

v i s c o - p l a s t i c s t r a i n rate i n Eq. (7.26) for s t e e l at high temperatures and 

low s t r a i n rates i s a d i f f i c u l t task. The data from creep and stress 

r e l a x a t i o n tests are u s u a l l y expressed as functions of time, which i s 

obviously a very poor state variable to characterize structure during the 
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processing of a s t e e l ingot. While the s t r a i n hardening r e l a t i o n s h i p s 

developed from t e n s i l e test data are better, they s t i l l model high tempera

ture softening behavior such as creep recovery, very poorly. In f a c t , the 

search for a better state function with which to characterize structure has 

been the objective of several recent s t u d i e s . 2 2 0 - 2 2 3 Annand 2 2 3 suggests the 

use of six material parameters including terms representing s t r a i n harden

ing, s t r a i n softening and a c t i v a t i o n energy. However, the work i s far from 

complete. Both the t h e o r e t i c a l development of better c o n s t i t u t i v e equations 

and the experimental studies required to provide relevant data for s t e e l 

comprise important areas for future research. This i s c l e a r l y beyond the 

scope of the present work. 

In view of these d e f i c i e n c i e s , the i n c l u s i o n of a structure parameter 

was judged to be both premature and unwarranted. Therefore, as a f i r s t 

approximation, data was used to f i t an equation of the form: 

d e 

d t P " F ( A ' T ) . . . ( 7 . 4 6 ) 

This assumption i s equivalent to assuming steady-state or secondary creep 

(creep test terminology) or zero s t r a i n hardening ( t e n s i l e test termino

l o g y ) . I t i s f a i r l y reasonable for s t e e l at elevated temperatures and has 

been used i n several previous m o d e l s . 1 6 7 

To model the medium-carbon st e e l s a f f e c t i n g mid-face panel cracking, a 

r e l a t i o n s h i p developed by Wray was adopted: 8 2 
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= 907 x IO 1 0 [sinh (.0356a)] 6' 9 0 exp ( ^ ^ 8 3 ) ...(7.47) 

This equation was based on intermediate strain-rate data from tensile tests 

conducted on .46%C steel in the austenite phase at a plastic strain of 0.2%. 

It predicts mechanical behavior similar to the data reported by other 

researchers. 2 0 9' 2 1 0 

Not surprisingly, the influence of temperature on the plastic deforma

tion of steel was found to be approximately the same regardless of the 

nature of the experimental data: an Arrenhius relationship with an activa

t i o n energy equal to that of i r o n s e l f - d i f f u s i o n : 200-340 kJ/g mole. 8 2' 

200> 203» 208 p i n e s a n d S irenko 2 1 4 report that the temperature dependence 

of creep rate in steel Is determined solely by the self-diffusion c o e f f i 

cient of iron. However, the self-diffusion coefficient of a iron is from 

3 0 0 2 1 3 to IOOO 2 1 9 times larger than that of y at the same temperature. In 

addition, several other studies have either noted or implied accelerated 

creep i n the softer ferrite phase of low-carbon s t e e l s . 1 7 4 ' 1 9 7 » 201» 

2 10> 219 Thus, to model the low-carbon steels affecting off-corner panel 

cracking, a modified version of a relationship developed by Wray 8 2 was 

adopted: 

^ 2 . = A q [sinh (.022a)] 5* 6 4 exp ( ^ ' ^ 3 ) ...(7.48) 

where, for T > A ^ , A q = 50.8 x 1 0 1 0 

for T < Ar_, A - 50.8 x 1 0 1 3 

3 o 
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The o r i g i n a l equation was based on t e n s i l e data for .051% C austenite at 

0.2% p l a s t i c s t r a i n . The p l a s t i c creep s t r a i n rate was enhanced by 1000 x 

f o r temperatures extrapolated below the Ar^ into the two-phase a + y region. 

Figure 7.5 shows the s t r a i n - r a t e temperature curves generated using this 

equation while Figure 7.6 presents the same data i n a form more f a m i l i a r to 

t e n s i l e t e s t i n g . 

E a r l y model runs were conducted using a r e l a t i o n s h i p by S a k u i 2 0 8 for 

secondary creep that was reported by G r i l l 1 6 9 to under predict creep i n 

continuous casting bulging studies: 

^ EP / 5.4 ,-34,470,. t n ._N 

at = 4 a 6 X P ( T + 273> ...(7.49) 

7.3.2 Thermal Linear Expansion Function 

T r a d i t i o n a l l y , the TLE function has been characterized with a constant 

c o e f f i c i e n t for thermal l i n e a r c ontraction. Previous work has established 

v a l u e s o f 2.2 x 10 ^ m/m°C f o r a u s t e n i t e and 1.55 x 10 ^ m/m°C f o r 

f e r r i t e . 8 2 ' 1 5 5 ' 224 These values are f a i r l y independent of both composi

t i o n and temperature above 300°C. However, one of the most important 

sources of stress contributing to panel cracking i s the volumetric expansion 

which accompanies the phase transformation from austenite to f e r r i t e between 

the Aj and A^ temperatures. T h i s expansion i s 0.342% (see Appendix XII) 

which i s quite s u b s t a n t i a l , being equivalent to a temperature r i s e on the 

order of 200°C. I t i s therefore e s s e n t i a l to incorporate this expansion 

into the model. Figure 7.7 i l l u s t r a t e s the r e s u l t i n g function for i r o n . I t 
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Figure 7 . 5 P l a s t i c creep s t r a i n rate function used for low 
carbon s t e e l 



Figure 7 . 6 Stress-temperature curves at low s t r a i n rates 
for low carbon s t e e l assumed i n Figure 7 . 5 
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Figure 7.7 Thermal l i n e a r expansion of iron assumed i n model 
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also includes the 0.20% contraction that accompanies the delta to austenite 

transformation at 1400°C.82 Finally, TLE is assumed to remain constant with 

increasing temperature above T g ^ . This i s done to help prevent stress 

development in the liquid, which does not occur in the real ingot. Liquid 

steel from higher in the ingot simply provides a reservoir to feed shrinkage 

of the ingot's interior. This eventually results in a shrinkage cavity in 

the hot top region but i t prevents any stress development in the liquid at 

the mid-height transverse section of the ingot being simulated. 

The development of a thermal linear expansion function for steel was 

more d i f f i c u l t . This is partly because the percent linear expansion that 

accompanies the y •*• a phase transformation in steel varies with composition. 

A relationship was derived to include the influence of carbon content, using 

data from several sources: 8 2' 225-229 

Details of the calculations are given in Appendix XII. 

The d i f f i c u l t y arises mainly in the calculation of thermal linear 

expansion in the two phase a + y region. It was assumed that the overall 

TLE value could be calculated using a weighted average of TLE for the 

fractions of ferrite/pearlite and austenite structures present: 

%TLE (y •* ct @ 900°C) = 0.342 - 0.178 (%C) ...(7.50) 

TLE 100 100 ...(7.51) 
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where TLE^ and TLE^ are calculated using the equations i n Figure 7.7 modi

f i e d to include Eq. (7.50). This assumption was v e r i f i e d by a dilatometer 

study i n Appendix XIII. The problem was then reduced to f i n d i n g the f r a c 

tions of f e r r i t e / p e a r l i t e and austenite present at any given temperature and 

time. 

If the structure present was dependent only on temperature, i t would be 

a simple matter to use the Fe-C phase diagram to c a l c u l a t e the equilibrium 

f r a c t i o n transformed f o r any temperature between the A^ and A^. However, 

the k i n e t i c s of the transformation are important, even at the slow cooling 

rates present i n the ingot. This i s because there i s an unavoidable delay 

i n nucleation before the s t a r t of the transformation which gives r i s e to a 

temperature d i f f e r e n c e between Ar^ and Ac^ of about 60°C. Ignoring this 

e f f e c t would produce a q u a l i t a t i v e d i f f e r e n c e i n stress generation. For 

example, reheating a portion of the ingot that had cooled into the two-

phase region would i n i t i a l l y r e s u l t i n expansion in the r e a l ingot but would 

instead be modelled with contraction i f equilibrium transformation was 

assumed. In addition, the r e v e r s a l from cooling to heating that occurs upon 

changing to the soaking p i t i s instrumental i n developing the phase 

transformation stresses that r e s u l t i n panel cracking. Thus, i t i s 

necessary to include this hysteresis e f f e c t i n the model. 

This was done by f i r s t f i n d i n g the transformation temperatures, f o r 

both c o o l i n g ( A r , , Ar.. ) and heating (Ac., Ac,). These are shown i n Table 
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7.1. The values used to model high carbon s t e e l s f o r mid-face panel 

cracking were determined using TTT curves for a t y p i c a l g r a d e . 2 3 0 In 

a d d i t i i o n to l i t e r a t u r e d a t a , 2 2 9 - 2 3 1 the values for low carbon s t e e l s were 

supplemented by dilatometer tests performed on specimens machined from an 

off-corner panel-cracked Stelco ingot. The d e t a i l s of these experiments are 

given i n Appendix X I I I . Table 7.1 also presents the equilibrium 

t r a n s f o r m a t i o n temperatures f o r comparison. The Ae^ and Ae^ temperatures 

were ca l c u l a t e d for the compositions given i n Table 6.1 using equations 

adapted from Andrews: 2 3 2 

Ae x = 723 - 10.7 (%Mn) + 29.1 (%Si) + 16.9 (%Cr) 

- 16.9 (%Ni) + 290 (%Si) + 6.4 (%W) ...(7.52) 

Ae 3 = 910 - 203 V%C - 30 (%Mn) +44.7 (%Si) 

+ 700 (%P) + 400 (%A1) - 11 (%Cr) 

+ 104 (%V) + 400 (%Ti) + 120 (%As) 

- 15.2 (%Ni) - 20 (%Cu) + 13.1 (%W) 

+ 31.5 (%Mo) ...(7.53) 

The transformation temperatures were used to c a l c u l a t e the f r a c t i o n 

austenite present for any temperature i n the two-phase region using the two 

equations: 

Ar^ < T < Ar^, c o o l i n g : 

(Ar - T) 
% Y = 50 cos [ TI ( A r

3 . A r } ] + 50 ...(7.54) 
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Table 7.1 Transformation Temperatures Used in Model* 

Temperature H i g h Carbon S t e e l Low Carbon S t e e l 
( m i d - f a c e p a n e l c r a c k i n g ) ( o f f - c o r n e r p a n e l c r a c k i n g ) 

A r l 650°C 650 

Ae^ 707 717 

Ac^ 720 725 

A r 3 695 780 

Ae^ 747 825 

A c 3 760 840 

T 
iSOL 

1410 1486 

T 
LIQ 

1480 1513 

* l i q u i d u s and solidus temperatures are copied from Table 6.1 
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Ac, < T < Ac-, heating: 

%Y = 50 cos [ 
(Ac 3 - T) 

] + 50 (Ac, - Ac.) (7.55) 

For slow cooling rates, the TTT curves are very f l a t so that transforma

t i o n i s better characterized by s t a r t and f i n i s h temperatures than by times. 

When reheating a p a r t i a l l y transformed structure, the austenite f r a c t i o n i s 

assumed to remain constant u n t i l the heating equation generates l a r g e r 

austenite f r a c t i o n s . The transformation f r a c t i o n s generated using the two 

simple r e l a t i o n s i n Eqs. (7.54)-(7.55) produce S curves for f r a c t i o n versus 

time that are remarkably close to those found e x p e r i m e n t a l l y , 2 3 3 as shown i n 

Figure 7.8. 

The thermal l i n e a r expansion versus temperature curves that are 

produced using this novel approach are given i n Figures 7.9 and 7.10. These 

fi g u r e s were generated assuming continuous cooling and heating of the 

t y p i c a l high carbon and low carbon s t e e l s for mid-face and off-corner panel 

cracking r e s p e c t i v e l y . The functions c l o s e l y model the true behavior of 

s t e e l s subject to a wide v a r i e t y of thermal treatments. To the author's 

knowledge, t h i s i s the f i r s t thermal stress model to include phase 

transformation k i n e t i c s and to incorporate separate transformation 

temperatures for heating and co o l i n g . 
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Figure 7.8 Comparison between model predictions of trans
formation product, percentages and experimental 
measurements from analysis of dilatometer curve 



Figure 7.9 Thermal l i n e a r expansion curves for the 
cooling and heating of high carbon s t e e l 
assumed i n the model 
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Figure 7.10 Thermal l i n e a r expansion curves for the cooling 
and heating of low carbon s t e e l assumed i n the model 
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7 . 3 . 3 E l a s t i c Modulus 

Many studies have been conducted on the e l a s t i c modulus of s t e e l at 

high temperatures. 2 3'* - 2' 4 2 Because i t i s related to inter-atomic distances, 

the e l a s t i c modulus generally decreases l i n e a r l y with increasing tempera

t u r e . 2 3 5 ' 2 3 7 In a d d i t i o n , i t i s q u i t e s e n s i t i v e to the s t r a i n rate at 

which measurements are made. This i s because the grain-boundary r e l a x a t i o n 

and creep e f f e c t s that occur at higher temperatures produce s u b s t a n t i a l l y 

greater drops i n e l a s t i c modulus at lower s t r a i n r a t e s . 

The choice of an e l a s t i c modulus function depends, to a great extent, 

on the philosophy used i n the stress model to account f o r creep and also on 

the physical nature of the problem being studied. 

When a constant s t r a i n rate can be assumed, creep can be roughly 

accounted for i n a time-independent e l a s t o - p l a s t l c model simply by choosing 

s t r e s s - s t r a i n data and a relaxed e l a s t i c modulus function measured at the 

appropriate s t r a i n r a t e . For example, the e l a s t i c modulus data from 

P u h r i n g e r 2 1 8 and Minakami 2 1* 2 were obtained using s t r a i n rates to approximate 

continuous c a s t i n g . In this case, creep should not be considered further i n 

the model. 

This assumption cannot be made for the ingot processing problem being 

considered. This i s because the s t r a i n rate experienced by d i f f e r e n t parts 

of the ingot at various times during processing i s extremely v a r i a b l e , 

ranging over many orders of magnitude. In this case, i t i s preferable to 
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account f o r creep separately with a time dependent, e l a s t o - v i s c o - p l a s t i c 

f u n c t i o n . 

Figure 7.11 presents the d i f f e r e n t e l a s t i c modulus functions used i n 

the model. The relaxed data of P u h r i n g e r 2 1 8 has the advantage of gradually 

tending to almost zero at the li q u i d u s temperature, which helps to avoid 

numerical d i f f i c u l t i e s i n the computation. 

Although i t i s v i r t u a l l y impossible to experimentally remove a l l 

r e l a x a t i o n , the f u n c t i o n i n Figure 7.11 obtained from "unrelaxed" d a t a 8 2 ' 

23 k> 2 3 8 - 2<t0 £ s c o n s i d e r a b l y higher at temperatures above the Curie temp

erature of 768°C. The close-packed FCC structure of austenite has a higher 

e l a s t i c modulus than the BCC structure of a or 6 i r o n at the same tempera

ture. This r e s u l t s i n an experimentally observed increase i n e l a s t i c 

modulus of about 15-20 GPa between 910 and 1400°C i n unrelaxed i r o n . 2 3 8 ' 2 3 9 

Any e f f e c t s of a l l o y i n g elements on e l a s t i c modulus were ignored since they 

are known to be quite s m a l l . 2 1 * 0 As the solidus temperature i s approached, 

t h i s function tends towards a f i n i t e e l a s t i c modulus of about 25% of the 

room temperature value. Above the solidus temperature, the e l a s t i c modulus 

i s reduced to only 1 MPa. Since t h i s i s over 4 orders of magnitude lower 

than i n the s o l i d , the l i q u i d then provides v i r t u a l l y no resistance to 

s t r a i n . This e f f e c t i v e l y models the true behavior i n a s o l i d i f y i n g ingot. 
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7.3.4 Poisson's Ratio 

Since v i s known to be i n s e n s i t i v e to v a r i a t i o n s i n temperature for 

s t e e l under e l a s t i c conditions, a constant value of 0.3 has been assumed i n 

the model. With increasing temperature and decreasing s t r a i n rate, v has 

been observed experimentally to increase, reaching a maximum of almost 

0 . 5. 8 2' 2 4 3 However, t h i s merely r e f l e c t s the increase in incompressible 

p l a s t i c flow due to creep which i s taken into account i n the model through 

the P o i s s o n ' s r a t i o f o r p l a s t i c s t r a i n , v p = 0.5. The same procedure has 

been used i n previous stress m o d e l s . 1 6 4 ' 1 6 5 ' 1 6 7 ' 1 6 8 

7.4 Stress Model Verification 

To v e r i f y that the stress model had been formulated and programmed 

c o r r e c t l y , i t was f i r s t used to solve a s e r i e s of simple problems whose 

solutions could be found a n a l y t i c a l l y . 

7.4.1 F i r s t Test Problem 

To v e r i f y the basic l o a d - d e f l e c t i o n c a l c u l a t i o n , the model was f i r s t 

run to p r e d i c t the t i p d e f l e c t i o n for an isothermal, s t a t i c a l l y loaded, 0.1 

x 1.2 x 4.8 m c a n t i l e v e r beam problem with a 400 N/m parabolic shear load 

d i s t r i b u t i o n at the t i p . A constant e l a s t i c modulus of 300,000 MPa and 

Poisson r a t i o of 0.25 were assumed. The problem i s i l l u s t r a t e d i n Figure 

7.12 (A). From beam theory, the h o r i z o n t a l d e f l e c t i o n at the t i p i s 

0.035583 m and the a x i a l stress at point A i s 600 MPa. 
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The stress model was run f o r one time step under plane s t r e s s 

conditions using the 165 node mesh shown i n Figure 7.12 (B) which, due to 

symmetry, models only one half of the beam and sets h o r i z o n t a l displacement 

along the c e n t e r l i n e to zero. The r e s u l t s were 0.0337 m t i p d e f l e c t i o n 

(5.3% low) and 537 MPa at point A (10.7% low) which are within engineering 

accuracy and are consistent with the inherent s t i f f n e s s of constant-strain 

t r i a n g l e s . E i t h e r further mesh size reduction or extra "time steps" using 

the out of balance force vector as a d r i v i n g force can be used to reduce the 

e r r o r to any desired lower l e v e l . 

7.4.2 Second Test Problem 

A second a n a l y t i c a l s o l u t i o n was obtained for a problem inv o l v i n g both 

thermal s t r a i n and creep to v e r i f y these aspects of the stress model. The 

same long, t h i n beam used i n the f i r s t problem was l e f t unconstrained for 

this problem. From an i n i t i a l uniform temperature of 0°C, i t was subjected 

to an instantaneous, one-dimensional, parabolic temperature d i s t r i b u t i o n 

across i t s width: 

T = -25 + 208.3 x 2 (7.56) 

This function was chosen such that 

0.6 
/ T dx = 

-0.6 

0.6 
/ T x dx = 0 

-0.6 
...(7.57) 
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This condition prevents any net change in length of the beam due to 

thermal expansion ( i . e . v = 0) and r e s u l t s i n the same simple expression f o r 

the i n i t i a l s t r e s s - d i s t r i b u t i o n i n the y d i r e c t i o n , a throughout the beam. 

This i n i t i a l s o l u t i o n was taken from Boley & W e i n e r , 2 4 4 and assuming an 

e l a s t i c modulus of 100,000 MPa, thermal expansion c o e f f i c i e n t of 2 x 10 ^ 

°C ^ and P o i s s o n r a t i o of 0.3 y i e l d s v a l u e s of a r a n g i n g from 100 MPa 

compression at the surface to 50 MPa i n the center: 

— 2 
a = -E a T = 50 - 416.6 x C O N y ...(7.58) 

The beam was subsequently allowed to relax by p l a s t i c creep, operating 

through the r e l a t i o n : 

oT 2 = 4 - ° X 1 0 " 8 ° ...(7.59) 

The s o l u t i o n to t h i s time dependent problem i s derived i n Appendix XIV and 

i s as follows: 

a = (50 - 416.6 x 2 ) exp (-0.004 t ) ( ? 6 Q ) 

'px = (.0005 - .00416 x ) [ 1 - exp (-0.004 t ) ] ( ? 

Note t h a t p l a s t i c c r e e p , e p , being d i r e c t l y p r o p o r t i o n a l to s t r e s s , 

i n c r e a s e s a s y m p t o t i c a l l y while i t gradually diminishes a to zero. Stress 

i n the x d i r e c t i o n , o^, remains zero throughout time. 
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The stress model was programmed to solve this simple thermal-stress, 

t r a n s i e n t , p l a s t i c creep problem using the constant-strain, plane-stress, 

finite-element mesh shown i n Figure 7.13. This mesh takes advantage of the 

one dimensional nature of this problem. A constant time-step s i z e of 30 s 

was assumed and mini-time steps were not used. The model predictions of 

both stress and p l a s t i c creep s t r a i n are compared with the a n a l y t i c a l 

s o l u t i o n r e s u l t s i n Tables 7.2 and 7.3 r e s p e c t i v e l y . The surface and center 

of the beam, being the extreme, l e a s t accurate p o s i t i o n s , for the numerical 

model, were singled out as locations for comparison. Table 7.2 shows that 

the stress model predictions of p l a s t i c s t r a i n d i f f e r from the a n a l y t i c a l 

s o l u t i o n by a maximum of only 15% I n i t i a l l y and improve s t e a d i l y with 

increasing time. The predictions of stress are even c l o s e r , as shown i n 

Figure 7.14. Table 7.3 shows that the i n i t i a l maximum error i n stress 

p r e d i c t i o n s i s l e s s than 5% and this decreases u n t i l the absolute stress 

l e v e l drops to the same order of magnitude as the computer round-off e r r o r s . 

The model i s again consistent i n under-predicting both stress and s t r a i n . 

In conclusion, comparison of model predictions with a n a l y t i c a l 

s o l u t i o n s shows t h a t the s t r e s s model can a c c u r a t e l y c a l c u l a t e 

displacements, s t r a i n s and stresses including the e f f e c t s of thermal 

expansion and p l a s t i c creep r e l a x a t i o n . Further v e r i f i c a t i o n and 

improvement of the stress model predictions using actual stress measurements 

i n s t e e l during processing at high temperature was beyond the scope of the 

present thesis and i s suggested for future work. 
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Table 7.2 Comparison Between A n a l y t i c a l and Numerical P l a s t i c - c r e e p 
S t r a i n Predictions for Second Test Problem 

A n a l y t i c a l Solution Stress Model P r e d i c t i o n 

Time (s) £P X 
10 3 (m/m) £P X 

10 3 (m/m) 

Center Surface Center Surface 

0 0.0 0.0 0.0 0.0 
150 0.225 -0.452 0.200 -0.382 
300 0.349 -0.698 0.341 -0.658 
450 0.417 -0.835 0.416 -0.808 
600 0.455 -0.909 0.456 -0.890 
750 0.475 -0.950 0.476 -0.935 
900 0.486 -0.972 0.488 -0.961 

1050 0.492 -0.985 0.493 -0.976 
1200 0.496 -0.991 0.496 -0.985 
1500 0.498 -0.998 0.498 -0.992 
CO 0.500 -1.000 0.500 -1.000 

Table 7.3 Comparison Between A n a l y t i c a l and Numerical Stress 
Predictions f o r Second Test Problem 

A n a l y t i c a l Solution Stress Model P r e d i c t i o n 
a (MPa) a (MPa) 

Time (s) Time (s) 
Center Surface Center Surface 

0 50.0 -100.0 49.9 -95.9 
150 27.4 - 54.9 30.0 -58.7 
300 15.1 - 30.1 15.9 -31.9 
450 8.3 - 16.5 8.4 -17.5 
600 4.5 - 9.1 4.5 - 9.8 
750 2.5 - 5.0 2.4 - 5.6 
900 1.4 - 2.7 1.3 - 3.3 

1200 0.4 - 0.8 0.4 - 1.3 
1500 0.1 - 0.2 0.2 - 0.8 

CO 0 0 0 0 



5 0 B 

-50 

100 

"i 1 1 1 1 r 

Centre 

Tension 

Compression 
••-—O-

/ 
/ 

/ 
_ / 

/ Surface — Analytical solution 
Stress model 
prediction 

J I J L 
400 

J L 
800 
Time (s) 

1200 1600 

Figure 7.14 Comparison of a n a l y t i c a l and numerical stress 
predictions f o r v e r i f i c a t i o n of finite-element 
stress model 



277 

7.5 Fracture C r i t e r i a and Presentation of Results 

Inte r p r e t i n g the r e s u l t s of a stress model can often be a more 

d i f f i c u l t problem than determining the stresses themselves. Part of the 

problem a r i s e s simply from the immense volume of data generated by the 

stress model. For each of the nodes i n the mesh and at each of the time 

steps of a single simulation, (>500), the stress model ca l c u l a t e s two 

displacements, three components each of e l a s t i c , p l a s t i c and thermal s t r a i n , 

and the three components of stress, not to mention other v a r i a b l e s such as 

s t r a i n rate which can be derived from these 14 values. To v i s u a l i z e those 

aspects that are important In the development of panel cracks, the stress 

model r e s u l t s must be portrayed e f f e c t i v e l y . Thus, the problem of d i s p l a y 

ing the r e s u l t s i s linked to f i n d i n g a parameter that q u a n t i t a t i v e l y 

measures the p o t e n t i a l for cracking. 

The present problem i s compounded by the lack of understanding of the 

fra c t u r e mechanism i n even a q u a l i t a t i v e sense. The studies i n Chapter 2 

revealed some of the complexities of high temperature f r a c t u r e i n s t e e l . 

F a i l u r e by the propagation of micro cracks competes with f a i l u r e by the 

growth and coalescence of micro voids, depending on the s t r a i n r a te. Thus, 

i t i s d i f f i c u l t to develop a fracture c r i t e r i o n that w i l l r e l i a b l y p r e d i c t 

cracking. 
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7.5.1 P r i n c i p a l Stresses 

Previous researchers often have used the c r i t e r i o n of maximum normal 

s t r e s s , where f a i l u r e i s predicted when the former exceeds the ultimate 

t e n s i l e strength of the mate r i a l . The maximum normal stress i s simply the 

greater, or more t e n s i l e , of the two p r i n c i p a l stresses which are calculated 

from the three stress components from the following expression: 

a. 
a + a / a - a x y . / r x y 

l 

I, II 2 - V L 2 J xy [ X
 9

 7 ] + T 2 ...(7.62) 

They make angles with the x ax i s , defined by: 

tan (20) = 
2 x 

xy 
°x °y ...(7.63) 

The c r i t e r i o n of maximum p r i n c i p a l t e n s i l e stress has been found to 

work e f f e c t i v e l y for b r i t t l e m a t e r i a l s 2 4 5 i n v o l v i n g time-independent e l a s t i c 

behavior. However, i t i s not known how v a l i d this c r i t e r i o n i s for s t e e l at 

elevated temperatures even i n a zone of embrittlement. For the present 

formulation of the stress model, comparison against an ultimate t e n s i l e 

strength i s questionable since this changes d r a s t i c a l l y with both tempera

ture and s t r a i n r a t e. Eq. (7.26) could be rewritten to c a l c u l a t e y i e l d 

s t r e s s values as a function of temperature and calculated p l a s t i c s t r a i n 

r a t e . However, i f the model i s working properly, t h i s should exactly 

reproduce the calculated stress values. Any dif f e r e n c e simply r e f l e c t s the 

numerical inaccuracy of the stress model's attempt to follow the given 

s t r e s s - s t r a i n curves of s t e e l . Fracture occurs p h y s i c a l l y only i f the 
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material i s unable to follow i t s natural flow behavior because of 

m e t a l l u r g i c a l problems such as d u c t i l i t y or stress concentration. Rather 

than b u i l d these m e t a l l u r g i c a l factors d i r e c t l y i n t o the model, st r e s s 

p r e d i c t i o n s have been employed simply as a quantitative measure of the 

i n t e r n a l state of the s t e e l ingot i n the absence of any cracking tendency. 

The s i g n i f i c a n c e of those stresses at p a r t i c u l a r times and locations can 

then be assessed under the l i g h t of our knowledge of high temperature 

d u c t i l i t y using both the thermal and s t r e s s / s t r a i n h i s t o r i e s of important 

l o c a t i o n s . 

Comprehensive temperature and strain-rate-dependent ultimate t e n s i l e 

strength data i s simply not a v a i l a b l e , p a r t i c u l a r l y for the varied thermal 

and s t r e s s h i s t o r i e s encountered at various locations i n the ingot. Never

theless, the magnitude of the maximum p r i n c i p a l t e n s i l e stress i s a good 

q u a l i t a t i v e i n d i c a t o r of cracking tendency. Because grains grow i n from the 

surface p a r a l l e l to the d i r e c t i o n of heat flow, and due to the nature of 

thermal stress development, one of the p r i n c i p a l stresses i s frequently 

aligned perpendicular to the grain boundaries. 

This p a r t i c u l a r stress i s therefore even more s i g n i f i c a n t since the 

g r a i n boundaries are known to f a i l during panel cracking. In a d d i t i o n , i t 

must be remembered that, regardless of their cause, cracks can only propa

gate and open up under tension. Thus, both of the p r i n c i p a l stresses and 

t h e i r angles were calculated by the stress model. They were presented 

g r a p h i c a l l y as stress bar crosses plotted at each node in the mesh and 

oriented in the d i r e c t i o n s of the p r i n c i p a l stresses with lengths that are 

proportional to t h e i r magnitudes. Compressive stresses are distinguished 
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with t i c marks at each end of the stress bar. In add i t i o n , the normal 

str e s s across the grain boundaries, or "normal s t r e s s " , was recorded f o r 

loca t i o n s i n the ingot that were s u i t a b l y a l i g n e d . 

7.5.2 E f f e c t i v e Stress 

For materials that y i e l d , flow p l a s t i c a l l y , and subsequently f a i l In a 

d u c t i l e manner, other fracture c r i t e r i a have been found to be more e f f e c t 

i v e . 2 4 5 They are based on the maximum shearing stress (Tresca) or the 

maximum d i s t o r t i o n energy (Von Mises). The l a t t e r c r i t e r i o n states that 

f a i l u r e w i l l occur once the e f f e c t i v e s t r e s s , as defined i n Eq. (7.31), 

exceeds the ultimate s t r e n g t h . 2 4 5 The e f f e c t i v e stress parameter has 

already been used i n the model as a sca l a r measure of the stress state i n 

c a l c u l a t i n g p l a s t i c creep flow. Therefore, t h i s parameter has been employed 

as a second parameter for presenting the r e s u l t s of the stress model. Due 

to Its d e f i n i t i o n , e f f e c t i v e stress i s always p o s i t i v e . However, since the 

d i s t i n c t i o n between tension and compression i s important i n terms of crack 

propagation, a was assigned a negative value i f the corresponding p r i n c i p a l 

stress with the greatest magnitude was compressive. At selected time i n t e r 

v a l s , t h i s v a r i a b l e was displayed g r a p h i c a l l y throughout the ingot s e c t i o n , 

using i s o - s t r e s s contour l i n e s . To do t h i s , a contour p l o t t i n g program was 

developed that interpolates l i n e a r l y between the nodes of each t r i a n g u l a r 

element. This program was also used to plo t temperature contours and i s 

included i n Appendix VIII. 



281 

7.5.3 P l a s t i c S t r a i n 

The f i n a l f r a c t u r e c r i t e r i o n t h a t i s most o f t e n used i n v o l v e s a l i m i t 

on e i t h e r the p l a s t i c s t r a i n o r the t o t a l s t r a i n . Because the t o t a l s t r a i n 

i s l a r g e l y composed of t h e r m a l s t r a i n , w h i c h s h o u l d n o t bear any d i r e c t 

i n f l u e n c e on c r a c k i n g tendency, t h i s c r i t e r i o n was r e j e c t e d . P l a s t i c 

s t r a i n , however, s h o u l d be an e f f e c t i v e f r a c t u r e c r i t e r i o n . F o r a c r e e p -

v o i d - c o a l e s c e n c e f r a c t u r e mechanism, b o t h t e n s i l e and c o m p r e s s i v e p l a s t i c 

s t r a i n s c o n t r i b u t e e q u a l l y to the s t r u c t u r a l damage u l t i m a t e l y l e a d i n g to 

f a i l u r e . Thus, the i n c r e m e n t s of p l a s t i c c r e e p s t r a i n t h a t were a l r e a d y 

c a l c u l a t e d i n the model u s i n g Eq. (7.50) were a c c u m u l a t e d i n a p o s i t i v e 

sense by: 

7 = 7 + I At I I 
P t + At P t P 

T h i s c r i t e r i o n o f t o t a l p l a s t i c c r e e p s t r a i n a c c u m u l a t i o n , e p , c o u l d 

t h e o r e t i c a l l y be compared w i t h an e x p e r i m e n t a l l y measured f r a c t u r e l i m i t . 

An e x a m i n a t i o n o f the l i t e r a t u r e r e v i e w e d i n C h a p t e r 2 r e v e a l e d minimum 

r e d u c t i o n i n a r e a v a l u e s t h a t , when c o n v e r t e d t o s t r a i n e l o n g a t i o n by 

z = I n (Ao/A) ranged from 5-60% w i t h an ave r a g e o f about 20%. However, 

r e l a t i n g t h e s e v a l u e s , w h i c h were d e t e r m i n e d i n o n e - d i m e n s i o n a l t e s t s 

i n v o l v i n g n e c k i n g to the t r i a x i a l s t r e s s c o n d i t i o n i n s i d e the s t e e l i n g o t i s 

n o t e a s y . Even I f i t were p o s s i b l e , t h o s e t e s t s were p e r f o r m e d i s o t h e r m a l l y 

w h i l e p o s i t i o n s w i t h i n the i n g o t e x p e r i e n c e v a r i e d t h e r m a l h i s t o r i e s . 
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The p l a s t i c s t r a i n a c c u m u l a t e d a t h i g h t e m p e r a t u r e c o n t r i b u t e s much 

l e s s t o f a i l u r e than does the s t r a i n a c c u m u l a t e d a t a l o w e r t e m p e r a t u r e zone 

o f e m b r i t t l e m e n t . I n a d d i t i o n , f o r a c r e e p f a i l u r e , the s t r a i n o c c u r i n g a t 

low s t r a i n r a t e i s more d e t r i m e n t a l than s t r a i n a c q u i r e d a t h i g h s t r a i n 

r a t e . I t i s t h e r e f o r e d i f f i c u l t to a s s e s s the s i g n i f i c a n c e o f the t o t a l 

a c c u m u l a t e d p l a s t i c s t r a i n w i t h o u t c a r e f u l c o n s i d e r a t i o n o f b o t h the s t r e s s 

and s t r a i n h i s t o r y . N e v e r t h e l e s s , t h i s c r i t e r i o n a l s o was r e c o r d e d and 

p r e s e n t e d i n c o n t o u r p l o t s as a n o t h e r u s e f u l q u a l i t a t i v e i n d i c a t o r . 
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CHAPTER 8 MATHEMATICAL MODELLING RESULTS 

8.1 Heat Transfer Model S e n s i t i v i t y A n a l y s i s 

The mathematical heat-transfer model was shown i n Chapter 6.4 to be 

capable of accurately p r e d i c t i n g the transient temperature f i e l d measured i n 

a s t e e l ingot and mould during processing. The model was then used f o r 

s e n s i t i v i t y analysis to determine the r e l a t i v e importance of various model 

assumptions. The runs simulated s o l i d i f i c a t i o n i n the mould of the 230 x 

400 mm test ingot and for convenience, the s o l i d i f i c a t i o n time was used as 

the means for comparison. The r e s u l t s are as follows: 

(1) Using a coarser mesh (containing one quarter as many nodes) reduces 

s o l i d i f i c a t i o n time by 10%. 

(2) Using a square mesh without corrugations increases s o l i d i f i c a t i o n time 

by 20%. 

(3) Using constant 60 s time steps instead of f i n e r , v a r i a b l e time steps 

decreases s o l i d i f i c a t i o n time by about 800 s. For the small test 

ingot, this represents a 40% reduction. However, the absolute time 

reduction i s r e l a t i v e l y independent of ingot size so the e f f e c t i s much 

l e s s f o r larger ingots. 

(4) Increasing both the ingot and mould siz e by 30% i n c r o s s - s e c t i o n a l area 

r e s u l t s i n a 25% increase i n s o l i d i f i c a t i o n time. 
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(5) Increasing the mould wall thickness by 5% for the same ingot s i z e 

produced a 13% decrease i n s o l i d i f i c a t i o n time. Continual increasing 

of the mould wall thickness eventually increases the s o l i d i f i c a t i o n 

time, however, as the o v e r a l l decrease i n the rate of heat conduction 

through the mould wall eventually overcomes the increased heat-sink 

e f f e c t . 

(6) Increasing the heat transfer rate from the external surface of the 

mould by 10% produced a 5% decrease i n s o l i d i f i c a t i o n time. 

(7) S i m i l a r l y , increasing thermal conductivity of the mould by 10% produced 

a 5% decrease i n s o l i d i f i c a t i o n time. 

(8) Increasing the time of a i r gap formation by 100% produced a 4% decrease 

i n s o l i d i f i c a t i o n time. 

(9) Increasing the i n i t i a l temperature of the mould by 100% or increasing 

the i n i t i a l temperature of the s t e e l by 5% had l i t t l e e f f e c t , increas

ing s o l i d i f i c a t i o n time by le s s than 1%. 

These r e s u l t s indicate that the model i s generally i n s e n s i t i v e to 

changes i n i t s input assumptions. However, i t i s important to model the 

mould geometry accurately and to use f i n e time steps i n i t i a l l y . I t i s 

i n t e r e s t i n g to note that crude models may achieve acceptable accuracy using 

coarse, square meshes and large, constant time steps i n i t i a l l y since the 

errors p a r t i a l l y o f f - s e t one another. 
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8.2 Mid-face Panel Cracking 

8.2.1 Heat-transfer Model Results 

Using the conditions documented in Chapter 6, the heat-transfer model 

was used to simulate the development of temperature fields in a 355 x 355 mm 

ingot processed under conditions where mid-face panel cracking might occur. 

The temperatures are presented as contour plots at specific times in Figures 

8.1 and 8.2 for mould cooling and air cooling respectively. These results 

were obtained assuming a typical strip time of 1800 s (30 min) and present 

the thermal fields prior to reheating in the soaking p i t . Figure 8.3 

il l u s t r a t e s the development of temperature profiles for a sl i c e taken 

through the transverse section of the ingot. 

It i s interesting to note that the corner of the ingot cools in the 

mould rapidly at f i r s t , dropping below 750 °C after only 240 s. However, i t 

subsequently reheats to over 850 °C by 1800 s. This same reheating pheno

menon happens, to a lesser extent, a l l across the ingot surface. It occurs, 

because the surface of the mould which i n i t i a l l y acts as a heat sink, heats 

up eventually and reduces heat transfer across the Ingot/mould gap. Heat 

conduction from the warmer interior of the ingot then accumulates at the 

ingot surface which causes i t to reheat. 

Before stripping from the mould at 1800 s, Figure 8.3 indicates that 

the temperature gradient within the thick, s o l i d i f i e d shell is almost uni

form and the ingot center is in the mushy zone. After stripping, the rapid 
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Figure 8.1 Temperature contours (°C) calculated by heat-transfer 
model for cooling of 355 x 355 mm ingot In the mould 

(A) 240 s (4 min) 
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Figure 8.1 Continued 

(B) 1440 s (0.4 h) 
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o 

(B) 4000 s (1.11 h) 

Figure 8.2 Temperature contours (°C) calculated from heat 
transfer model for 355 x 355 mm ingot during 
a i r cooling 
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(C) 4500 s (1.25 h) 

(D) 5400 s (1.5 h) 

Figure 8.2 Continued 



(E) 6300 s (1.75 h) 

Figure 8.2 Continued 
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(G) 9000 s (2.5 h) 

o 

Figure 8.2 Continued 



292 

1600 

1200 — 

o 
o 

0> 

800 

400 — 

50 100 

Distance from centre (mm) 

150 178 

Figure 8.3 Temperature p r o f i l e s for s l i c e through transverse 
section of 355 x 355 mm ingot calculated by heat-
transfer model at various times 
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heat los s quickly cools the ingot e x t e r i o r and increases the temperature 

gradient. 

The ingot i s completely s o l i d by 2300 s (38 min) and by 4000 s (1.11 

h), the center has dropped to 930 °C. By th i s time, the corner has almost 

completed transformation from austenite to f e r r i t e and p e a r l i t e , as can be 

seen i n F i g u r e 8.2 (B) which shows the progress of the Ar^ isotherm of 695 

°C. With i n c r e a s i n g time, the zone of transformation between the Ar^ and 

the Ar^ of 650 °C moves s t e a d i l y inward. The mid-face surface reaches the 

A r 3 a t 4700 s and drops below the A ^ by 5600 s. Figures 8.2 (C), (D) and 

(E) trace the progress of this transformation "wave" as i t moves deeper into 

the ingot. 

At 4500 s (1.25 h) , the mid-face surface Is just above the Ar^ and at 

5400 s (1.5 h ) , i t i s j u s t above the A ^ . By 6300 s (1.75 h), the ingot 

surface has completely transformed to a minimum depth of 28 mm. A f t e r 

c o o l i n g for 7200 s (2.0 h), from the time of i n i t i a l c a sting, the ingot 

c e n t e r has j u s t f a l l e n below the Ar^ temperature to begin transformation. 

As shown i n F i g u r e 8.2 ( F ) , the Ar^ i s o t h e r m has moved over h a l f the 

distance to the ingot center by th i s time. The ingot center completes the y 

•*• a transformation a f t e r 7600 s and by 9000 s (2.5 h), the e n t i r e ingot has 

cooled below 600 °C, as shown i n Figure 8.2 (G). F i n a l l y , Figure 8.3 shows 

that, a f t e r 18000 s (5 h), the e n t i r e ingot i s below 275 °C. 

This f i g u r e also shows how, with increasing time, the temperature 

d i f f e r e n c e between the i n t e r i o r and ex t e r i o r of the ingot d e c l i n e s . From a 

maximum differe n c e of over 650 °C a f t e r 2100 s, the center and corner are 
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w i t h i n 20 °C of each other by 18000 s. Because the ingot i s cooling so 

slowly, the heat l i b e r a t e d during the y + a phase transformation does not 

cause recalescence and has r e l a t i v e l y l i t t l e e f f e c t on the development of 

the temperature p r o f i l e s . 

The heat-transfer model r e s u l t s using the larger 405 x 405 mm ingot are 

q u a l i t a t i v e l y i d e n t i c a l . Only the time frame has been expanded, as cooling 

i s slower and the transformation f r o n t reaches the various l o c a t i o n s i n the 

ingot at l a t e r times. 

8.2.2 Stress Model Results 

The temperatures calculated by the heat-transfer model for the 355 x 

355 mm Ingot stripped a f t e r 1800 s cooling In the mould were input into the 

s t r e s s model. The stress model was then run using the conditions o u t l i n e d 

i n Chapter 7 for high-carbon s t e e l . Figure 8.4 presents the r e s u l t s i n the 

form of p r i n c i p a l stresses, and o ^ , at each node i n the transverse cross 

s e c t i o n of the ingot at eight important times during a i r c o o l i n g . Figure 

8.5 presents contours of the t o t a l e f f e c t i v e s t r e s s , a, for the same times. 

Figure 8.4 (A) shows that, upon e x i t from the mould, the ingot surface 

i s e n t i r e l y i n compression, as indicated by t i c marks at the end of the 

stress bars. This occurs because the s o l i d i f i e d s t e e l s h e l l at the ingot 

surface i s quenched r a p i d l y during the early stages of cooling i n the mould. 

At this time, almost no stress i s produced because the e n t i r e s h e l l can 

shrink around a l i q u i d core that o f f e r s no resistance. With further cooling 

i n the mould, however, the warmer i n t e r i o r of the growing s h e l l contracts as 
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Figure 8.4 P r i n c i p a l stresses calculated by stress 
model for 355 x 355 mm ingot during a i r cooling 
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(H) 18000 s (5 h) 

Figure 8.4 Continued 
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(B) 4000 s (1.11 h) 

Figure 8.5 E f f e c t i v e stress contours (MPa) calculated by stress 
model for 355 x 355 mm ingot during a i r cooling 



Figure 8 . 5 Continued 
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(E) 6300 s (1.75 h) 

(F) 7200 s (2.0 h) 

Figure 8.5 Continued 



Figure 8 . 5 Continued 
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i t cools within a r i g i d outer framework that i s not changing temperature and 

may even be reheating. This forces the e x t e r i o r into compression and sets 

up complementary t e n s i l e stresses just beneath the surface. The greatest 

stresses are found i n the v i c i n i t y of the corner, which experiences the most 

reheating. Stresses near the i n t e r i o r are small because of both the shallow 

temperature gradients and the high temperatures which produce lower e l a s t i c 

modulus values and rapid stress r e l a x a t i o n by p l a s t i c creep. During cooling 

i n the mould, the highest t e n s i l e stresses i n the s o l i d i f i e d s h e l l occur 

approximately half-way through the s h e l l . 

Upon s t r i p p i n g , the i n i t i a l contraction of the ingot surface accompany

ing the rapid cooling reduces the compressive stress there. However, the 

surface f a l l s i n t o the two-phase y + a region and s t a r t s to expand before 

any tension can develop at the surface. This occurs f i r s t at the corner, as 

seen i n Figure 8.4 (B) where compressive stresses are high at 4000 s. 

Figures 8.4 (C) and (D) track the progress of the compressive band that 

develops which c o i n c i d e s with the two-phase region between the Ar^ and the 

A r ^ t e m p e r a t u r e s . As i t moves deeper i n t o the i n g o t , these s t r e s s e s 

increase i n magnitude. The maximum compressive stresses occur at the 

mid-face surface at 5400 s. These compressive stresses induce complementary 

t e n s i l e stresses i n the region j u s t i n s i d e of the compressive band. 

However, the t e n s i l e stresses are oriented p r i m a r i l y i n a r a d i a l d i r e c t i o n 

as compared with the band of compressive stresses which i s predominently 

tangential or "hoop s t r e s s " . The c e n t r a l core of the ingot i s i n a state of 

gradually increasing b i a x i a l tension which reaches a peak l e v e l at this same 

time of 5400 s. 
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Figure 8.4 (E) shows.how, a f t e r 6300 s, the compressive band has moved 

completely into the i n t e r i o r of the ingot and diminished i n magnitude to be 

replaced by tension at the surface. At this time, the maximum t e n s i l e 

stresses are found just beneath the mid-face surface. A f t e r 7200 s, the 

mid-face surface reaches i t s maximum t e n s i l e s t r e s s , as shown i n Figure 8.4 

( F ) . At the same time, the compressive band has moved into the c e n t r a l 

i n t e r i o r of the ingot which reaches i t s maximum compressive stress s h o r t l y 

a f t e r . 

The mid-face surface stays i n tension u n t i l 9000 s. Figure 8.4 (G) 

shows that stresses throughout the ingot are greatly reduced at this time. 

A second band of compression has just begun i n the corner region. This band 

spreads along the surface but never penetrates deep i n t o the i n t e r i o r . 

Instead, the magnitude of the surface compression s t e a d i l y increases at the 

same time that t e n s i l e stresses develop i n the i n t e r i o r . Figure 8.4 (H) 

shows the extent of these stresses a f t e r 18000 s (5 h ) . They grow and 

p e r s i s t as r e s i d u a l stresses even a f t e r the ingot has completely cooled. 

The cause of this second compressive band i s simply the o v e r a l l reduction of 

temperature gradients throughout the ingot which r e s u l t s i n r e l a t i v e l y more 

contra c t i o n i n the c e n t r a l core of the ingot as compared to the e x t e r i o r . 

The development of stresses i n the 355 x 355 mm ingot that has just 

been described based on p r i n c i p a l stress r e s u l t s i s portrayed equally well 

In the e f f e c t i v e stress contours presented i n Figure 8.5 (A) - (H). D i f f e r 

ences i n magnitude ar i s e because the two components of stress are seldom the 

same. Higher e f f e c t i v e stresses a r i s e when one p r i n c i p a l stress i s t e n s i l e 

and the other i s compressive which i n d i c a t e s a region of higher shear. 
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Figure 8.6 presents contours of accumulated p l a s t i c s t r a i n , e p, for the 

four most c r i t i c a l times i d e n t i f i e d i n the previous d i s c u s s i o n . The most 

important observation i s that the o v e r a l l p l a s t i c s t r a i n contour pattern 

that develops by the time the ingot i s stripped at 1800 s remains essen

t i a l l y unchanged thereafter. A good deal of p l a s t i c creep takes place i n 

the mould simply because the temperatures are so high and the rapid cooling 

induces large volume changes. However, the majority of p l a s t i c deformation 

occurs during a i r c o o l i n g . The mid-face surface region always has the most 

p l a s t i c s t r a i n , increasing from 0.3% at 1800 s to almost 1.7% at 7200 s. I t 

i s i n t e r e s t i n g to note that the accumulated p l a s t i c s t r a i n at this l o c a t i o n 

increases by 0.5% over the r e l a t i v e l y short time i n t e r v a l from 5400 s to 

7200 s. A f t e r this time, s t r a i n i n the ingot changes very l i t t l e except at 

the c e n t r a l core which i s s t i l l warm enough to creep. Figure 8.6 (D) shows 

that s t r a i n i n the e x t e r i o r of the ingot i s the same at 18000 s as i t i s at 

7200 s. 

These r e s u l t s were used to c a l c u l a t e average p l a s t i c creep s t r a i n rates 
—8 —6 —1 

i n the i n g o t which range from 3 x 10 to 4 x 10 s . The s t r a i n rate at 
-4 

the s u r f a c e i s c o n s i d e r a b l y higher, reaching a maximum value of ~ 1 x 10 

s * e a r l y d u r i n g mould c o o l i n g . However, the average s t r a i n rate at the 

surface i s 3 x 10 6 s \ where i t remains constant during a i r c o o l i n g . 

Based on the l o c a t i o n of mid-face panel cracks, two l o c a t i o n s i n the 

ingot were i d e n t i f i e d as warranting p a r t i c u l a r a t t e n t i o n : the mid-face 

surface and a point 32 mm beneath i t . The grain boundaries at these 

locatio n s are aligned with the x a x i s . Thus, the normal stress across the 



Figure 8.6 Accumulated p l a s t i c s t r a i n contours (%) c a l c u l a t e d 
by stress model for 355 x 355 mm ingot during a i r 
cooling 
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(C) 7200 s (2.0 h) 

(D) 18000 s (5.0 h) 

Figure 8.6 Continued 
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grain boundaries of nodes corresponding to these locati o n s coincided with a 

and was traced as a function of time i n Figure 8.7. 

This figure shows how, during mould cooling, the surface builds up 

compressive stress while s l i g h t tension e x i s t s just below. During a i r 

co o l i n g , the surface reaches i t s maximum compressive stress at 5400 s which 

produces the f i r s t of two small, but s i g n i f i c a n t , t e n s i l e peaks j u s t below 

the surface. By 7200 s, both nodes are at their highest l e v e l of tension 

and a f t e r 9000 s, neither l o c a t i o n i s ever t e n s i l e again. The surface 

experiences much more severe stresses than the i n t e r i o r , both i n tension and 

compression. 

Figure 8.8 presents the s t r e s s - s t r a i n h i s t o r i e s at the same two 

l o c a t i o n s . This figure has e s s e n t i a l l y the same features as the previous 

one except that the compressive and t e n s i l e peaks are both extended, i n d i c a 

ting the disproportionate amount of s t r a i n occurring during these times. 

The abrupt end of both of these curves indicates the lack of p l a s t i c s t r a i n 

occurring a f t e r 9000 s when both l o c a t i o n s become cold and compressive. 

The e f f e c t of increasing ingot s i z e can be seen by comparing Figures 

8.9 and 8.10. These figures present stress p r o f i l e s at various times for 

s l i c e s taken through the middle of the transverse cross sections of the 355 

x 355 mm and 405 x 405 mm ingots r e s p e c t i v e l y . Q u a l i t a t i v e l y , there i s 

l i t t l e d i f f e r e n c e between stress development i n these two ingots. However, 

stresses are generally lower i n the larger ingot, p a r t i c u l a r the compressive 

and t e n s i l e peaks at the surface. In add i t i o n , the times at which c r i t i c a l 



309 

Figure 8.7 Stress h i s t o r i e s of two important locations i n 
355 x 355 mm ingot during processing 
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Figure 8.8 S t r e s s - s t r a i n h i s t o r i e s for two important locations i n 
355 x 355 mm ingot during processing 
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events occur are delayed i n the larger ingot. For example, the peak com

pressive s t r e s s of -190 MPa occurs at 6300 s i n the 405 x 405 mm ingot 

compared with -220 MPa at 5400 s i n the 355 x 355 mm ingot. The peak 

surface t e n s i l e stress i s 55 MPa at 8500 s f o r the larger ingot compared 

with 95 MPa at 7200 s i n the smaller ingot. In other respects, these two 

ingots behave i n a very s i m i l a r manner. 

The e f f e c t s of casting a low instead of a high carbon s t e e l on stress 

development i n the 405 x 405 mm ingot are shown i n Figures 8.11 (A) and (B) 

f o r the surface and subsurface mid-face locations r e s p e c t i v e l y . These 

fig u r e s e s s e n t i a l l y compare the influence of the y •*• a phase change tempera

ture i n t e r v a l , or "y a PCTI" on stress development; the low carbon s t e e l 

has a T + a PCTI of 840 - 650 = 190 °C compared with 695 - 650 = 45 °C f o r 

the high carbon s t e e l . The temperature h i s t o r i e s of these l o c a t i o n s are 

i n c l u d e d i n the f i g u r e s as a means for l o c a t i n g the important Ar^ and Ar^ 

temperatures. 

In general, the r e s u l t s using d i f f e r e n t carbon contents are quite 

s i m i l a r , as stress patterns develop i n the same sequence and d i f f e r e n t 

regions of the Ingot experience s i m i l a r compressive/tensile h i s t o r i e s . 

However, because the transformation s t a r t s at a higher temperature, events, 

such as the s h i f t from compression to tension at the surface, tend to occur 

sooner for the low carbon s t e e l . This r e f l e c t s how c l o s e l y stress develop

ment i s t i e d to the y •*• a phase transformation. For example, the peak 

compressive stress always occurs when the temperature i s just above the 

Ar^. 
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Figure 8.11 E f f e c t of carbon content of the s t e e l on the thermal and 
stress h i s t o r i e s of the 405 x 405 mm ingot during 
processing 

(A) Mid-face surface l o c a t i o n 
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Figure 8.11 Continued 

(B) Mid-face sub-surface l o c a t i o n 
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This f i n d i n g has several other important consequences. For the low 

carbon s t e e l with the wider y •*• a PCTI, the compressive peak at the surface 

i s l e s s d i s t i n c t , occurs over a broader time span, and reaches a smaller 

maximum magnitude. This r e s u l t s i n a diminished e f f e c t on adjacent nodes, 

i n terms of generating a complementary t e n s i l e s t r e s s . Thus, Figure 8.11 

(B) shows that the sub-surface node for the low carbon s t e e l has only one 

t e n s i l e peak compared with two for the high carbon s t e e l . However, the 

f i n a l maximum te n s i l e stress achieved at the surface i s larger for the low 

carbon s t e e l . This i s probably due, i n part, to the greater volume change 

between y and a at lower carbon contents. 

A f i n a l observation i s that stress p r o f i l e s are s l i g h t l y smoother, more 

symmetric and more c l o s e l y oriented e i t h e r a x i a l l y or r a d i a l l y f o r the wider 

y •* a PCTI. This simply r e f l e c t s the increased accuracy of the numerical 

approximations of the finite-element method when the load development i s 

less abrupt. 
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8.3 Off-corner Panel Cracking 

The development of off-corner panel cracks i s a much more complicated 

problem than mid-face panel cracking. To study this problem, the heat-

transf e r and stress models were run for the 760 x 1520 mm, corrugated 25 

ingot for low-carbon s t e e l , using the property data documented i n Chapters 6 

and 7. 

The f i r s t model simulation run was designed to follow a t y p i c a l ingot 

completely through a l l stages of processing p r i o r to r o l l i n g under t y p i c a l 

conditions l i k e l y to produce off-corner panel cracks. These conditions are 

summarized i n Table 8.1. This run also approximates the conditions e x p e r i 

enced by the off-corner panel-cracked ingot from which samples were obtained 

and analyzed. The r e s u l t s of the metallographic study are presented i n the 

next chapter. 

The run was performed using a s t r i p time from the mould of 14400 s (4 

h) and a "medium" track time of 20700 s (5.75 h) which includes an unjacket

ed, or a i r cooling time, of 6300 s (1.75 h ) . This was chosen because i t 

f a l l s w i t h i n the range of track times reported i n Chapter 2 to be most sus

c e p t i b l e to the production of off-corner panel cracks. The ingot was then 

charged into an i n i t i a l l y hot (1000 °C) soaking p i t , which again was thought 

to be conducive to panel-crack formation. A " f a s t " reheating rate was used 

to increase the i n t e r i o r p i t temperature to a soaking temperature of 1200 °C 

a f t e r a high f i r i n g time of 12700 s (3.53 h). This time was determined 
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Table 8.1 Ingot Processing Conditions Simulated in Typical Off-
corner Panel Cracking Run #1 

ingot si z e 
s t e e l composition 

760 x 1520 mm 
low carbon (See Table 6.1) 

L s t r i 
un 

t r i p 
jacketed time 

L t r a c k 

delay reheating time 
'h f i r e 

high f i r i n g time 
tsoak 

t o t a l time i n p i t 
fcdraw 

T P I T I 
TS0AK 

14400 s (4 h) 
6300 s (1.75 h) 

20700 s (5.75 h) 

(0 h) 
20700 s (5.75 h) 

12700 s (3.53 h) 
33400 s (9.28 h) 

49300 s (13.69 h) 
70000 s (19.44 h) 

1000 °c 
1200 °C 
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using the pr a c t i c e normally employed by Stelco to c a l c u l a t e the time to 

rea c h the soaking p i t set point temperature, T g o a ^ , as a function of track 

time. 

'soak ~ 'track + ^ 7 <^ + ^1.6 f^t^racy_ ' ...(8.1) 

To investigate the e f f e c t s of long times i n the p i t , the simulation was 

prolonged for 49300 s (13.69 h) of reheating u n t i l removal of the ingot from 

the p i t a t t, = 70000 s (19.44 h). F i n a l l y , the run was continued for r draw 

10800 s (3 h) more to determine the thermal and stress f i e l d s that a r i s e 

during f i n a l a i r cooling to ambient temperature. 

Subsequent runs were performed to simulate a v a r i e t y of d i f f e r e n t 

thermal processing conditions, and are summarized i n Table 8.2. These 

conditions were chosen from the range of normal Stelco practices to explore 

the influence of the two most important operating v a r i a b l e s : soaking p i t 

reheating p r a c t i c e and track time. 

The f i r s t three runs were the same except for the soaking p i t reheating 

schedule employed. The three reheating schedules are i l l u s t r a t e d i n Figure 

8.12. The second run employed the second schedule, reheating from an i n i 

t i a l l y black-walled or "cold" (650 °C) p i t to 1315 °C over 10800 s (3 h). 

The t h i r d reheating schedule, used for the third run, was designed to simu

l a t e slow, c o n t r o l l e d reheating, thought by some to be b e n e f i c i a l i n pre

venting panel cracks. An i n i t i a l l y cold (650 °C) p i t was maintained for 

7200 s (2 h) p r i o r to a slow reheat to 1315 °C over 25200 s (7 h). 
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Table 8.2 Ingot Processing Conditions Simulated for Off-corner 
Panel Cracking Study* 

Run 
# 

Operating 
Conditions 

S t r i p Time 
'"strip 

Track Time 
t t r a c k 

Unjacketed 
Time 

Reheating 
Schedule 

(s) (s) (s) # 

1 medium track time 
f a s t reheat from 
hot p i t 

14400 

(4.0) 

20700 

(5.75) (1.75) 

1 

2 medium track time 
f a s t reheat from 
cold p i t 

14400 

(4.0) 

20700 

(5.75) (1.75) 

2 

3 medium track time 
slow reheat from 
cold p i t 

14400 

(4.0) 

20700 

(5.75) (1.75) 

3 

4 very short track 
time 
f a s t reheat from 
cold p i t 

10800 

(3.0) 

12600 

(3.5) (0.5) 
2 

5 short track time 
f a s t reheat from 
cold p i t 

14400 

(4.0) 

18900 

(5.25) (1-25) 

2 

6 long track time 
f a s t reheat from 
cold p i t 

14400 

(4.0) 

25200 

(7.0) (3.0) 

2 

* brackets indicate time in hours. 
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Figure 8.12 Soaking p i t reheating schedules simulated i n model 
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The f i n a l three runs were designed to i n v e s t i g a t e the e f f e c t s of 

d i f f e r e n t track times p r i o r to r o l l i n g . Each employed the f a s t reheating 

schedule from a cold p i t , used i n the second run. The fourth run, employing 

a very short track time, was expected to prevent panel cracking. The f i n a l 

run #6, with an unjacketed time of 10800 s (3 h), simulated the track time 

c o n t r o l conditions c u r r e n t l y employed by Stelco to prevent panel cracking. 

Since off-corner panel cracks have been known to appear i n a v a r i e t y of 

s l i g h t l y d i f f e r e n t locations i n the ingot, i t i s d i f f i c u l t to i s o l a t e 

p a r t i c u l a r l o c a t i o n s for close analysis to the exclusion of the remainder of 

the ingot without missing important trends. 

For t h i s reason, the majority of the r e s u l t s for off-corner panel 

cracking have been presented as contour plots over the one-quarter 

transverse section of the ingot being modelled. In a d d i t i o n , however, 

several positions i n the ingot, which are i d e n t i f i e d in Figure 8.13, were 

recorded and graphed separately as a function of time. In p a r t i c u l a r , the 

trough between the f i r s t two corrugations from the corner, or "off-corner 

l o c a t i o n " , i s often the s i t e of off-corner panel cracks. Thus, the thermal 

and stress h i s t o r i e s of the surface and 52 mm below the surface at this 

l o c a t i o n were c l o s e l y monitored. 
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Mid-narrow-face surface 

Corner 

Off-corner 
subsurface • 

(52mm below 
surface) 

Off-corner surface 

Centre Mid-wide-face 
surface 

Figure 8.13 Terminology for s p e c i a l locations in the 
760 x 1520 mm off-corner panel cracked ingot 
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8.3.1 Heat-transfer Model Results 

This section presents the temperature contour plots c a l c u l a t e d by the 

heat transfer model at important times for each of the s i x runs. Figure 

8.14 presents the temperature contours a r i s i n g i n the 760 x 1520 mm ingot 

during cooling in the mould. The same features present i n mould cooling of 

the 355 x 355 mm ingot can be seen i n this larger ingot, but over a longer 

time span. The reheating phenomenon occurs mainly at the mid-wide-face 

surface. The corner and mid-narrow-face surfaces do not a c t u a l l y reheat, 

but do experience a sharp reduction i n cooling rate a f t e r 5400 s (Figure 

8.14B). The superheat i s completely d i s s i p a t e d by t h i s time and a f t e r 12480 

s (208 min), the ingot i s completely s o l i d i f i e d . This agrees c l o s e l y with 

the predictions and measurements of previous r e s e a r c h e r s . 1 4 5 By the time of 

s t r i p p i n g , 14400 s (4 h), temperature gradients within the ingot have 

subsided somewhat and only the corner and narrow face surfaces have begun to 

transform. I t i s i n t e r e s t i n g to note that the i n t e r i o r mould surface heats 

up dramatically, p a r t i c u l a r l y at the mid-wide-face region, where i t reaches 

a maximum of over 900 °C. This could have a profound influence on mould 

l i f e . 

Figure 8.15 i l l u s t r a t e s the progress of the two-phase transformation 

region between the Ar^ (780 °C) and Ar^ (650 °C) as i t moves deeper into the 

ingot during a i r c o o l i n g . Immediately a f t e r s t r i p p i n g the rapid surface 

cooling forces the previously smooth temperature isotherms to bend sharply 

across the ingot surface, as shown i n Figure 8.15 (B). By 18900 s, Figure 

8.15 ( C ) , the c o r n e r has d r o p p e d below the A r ^ and has completed 

transformation while the remainder of the ingot surface i s i n the two-phase 
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(B) 5400 s (1.5 h) 



326 

(D) 14400 s 

Figure 8.14 

(4 h) 

Continued 
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(A) 14400 s 
( s t r i p a f t e r 
4 h mould 
cooling) 

Figure 8.15 Temperature contours (°C) calculated by heat transfer 
model for 760 x 1520 mm ingot during a i r cooling 
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(D) 20700 s 
(1.75 h 
a f t e r 
s t r i p p i n g ) 

(E) 25200 s 
(3 h a f t e r 
s t r i p p i n g ) 

(F) 32400 s 
(5 h a f t e r 
s t r i p p i n g ) 

Figure 8.15 Continued 
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region. At 20700 s, the off-corner surface l o c a t i o n at the f i r s t 

corrugation trough has just completed transformation to f e r r i t e and 

p e a r l i t e . At t h i s time, the two-phase region o u t l i n e s a band that 

corresponds c l o s e l y to the eventual l o c a t i o n of off-corner panel cracks i n 

the ingot. By 25200 s, the e n t i r e surface has completed transformation as 

the two-phase band has moved completely within the ingot. Further a i r 

cooling reduces i n t e r n a l temperature gradients and Figure 8.15 (F) shows 

that only the c e n t r a l core of the ingot remains i n the two-phase region at 

32400 s, 5 hours a f t e r s t r i p p i n g . 

Figure 8.16 i l l u s t r a t e s the dramatic changes i n temperature d i s t r i b u 

t i o n that r a p i d l y occur a f t e r charging the ingot into the soaking p i t 

following 1.75 hours of a i r c o o l i n g . This a r i s e s because the surface i s 

i n i t i a l l y heating while the i n t e r i o r i s s t i l l c o o l i n g . Within 20 min, th i s 

r e s u l t s i n the Ac^ i s o t h e r m (840 °C) wrapping c o m p l e t e l y around the 

narrow-face surface of the ingot to enclose a region of two-phase material 

within a thin zone of retransformed austenite. This enclosed region pro

g r e s s i v e l y shrinks but p e r s i s t s even a f t e r one hour, as shown i n Figure 8.16 

(E) . With increasing time, the temperature contours complete th e i r rever

s a l , a l l of the two-phase material i s retransformed to austenite and the 

ex t e r i o r of the ingot transfers heat uniformly to a c o n s i s t e n t l y cooler 

i n t e r i o r by 27900 s. Further reheating continues to ra i s e both the surface 

and i n t e r i o r temperatures as i n t e r n a l temperature gradients gradually 

d e c l i n e . A f t e r 5 hours, of reheating (38700 s ) , the temperature d i f f e r e n c e 

between the center and surface i s only s l i g h t l y over 100 °C. 
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(B) 21300 s 
(10 min a f t e r 
charge) 

(C) 21900 s 
(20 min a f t e r 
charge) 

Figure 8.16 Temperature contours (°C) calculated by heat transfer 
model for 760 x 1520 mm ingot during reheating i n the 
soaking p i t for run #1 
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(D) 23100 s 
(40 min a f t e r 
charge) 

f ter 

Figure 8.16 Continued 
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(H) 29700 s 
(2.5 h a f t e r 
charge) 

mnn 

(I) 38700 s 
(5 h a f t e r 
charge) 

Figure 8.16 Continued 
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A f t e r over 13 h of soaking p i t reheating, the i n t e r n a l temperature of 

the ingot has completely e q u i l i b r a t e d at the soaking temperature of 1200 °C. 

Figure 8.17 shows the e f f e c t s of rapid a i r cooling on the temperature 

contours a f t e r drawing the ingot from the soaking p i t at 70000 s. Trans

formation at the corner begins within 15 minutes a f t e r drawing (Figure 

8.17A) and i s completed by 74500 s (1.25 h a f t e r drawing) as shown i n Figure 

8.17 (B). Further a i r cooling produces s i m i l a r temperature d i s t r i b u t i o n s to 

the f i r s t a i r - c o o l i n g stage of processing. 

8.3.1.1 E f f e c t of Reheating Schedule 

Figure 8.18 shows the temperature contours that develop within the 

ingot during f a s t reheating from an i n i t i a l l y cold p i t . A comparison with 

Figure 8.16 reveals that the same phenomenon that occurred with a hot p i t , 

where the Ac^ temperature i s o t h e r m wraps around to e n c l o s e a two-phase 

region, i s also experienced i n t h i s second simulation run. However, the 

time frame for these i n i t i a l events i s greatly extended because of the more 

gradual heating. The complete loop of austenite does not close u n t i l 24300 

s, a f t e r one hour of reheating, as shown i n Figure 8.18 (D). It p e r s i s t s 

u n t i l a f t e r 26100 s, (Figure 8.18 E ) , whereupon subsequent reheating 

produces s i m i l a r temperature p r o f i l e s to those found i n the f i r s t run. 

Figure 8.19 i l l u s t r a t e s the e f f e c t of delayed, slow reheating from an 

i n i t i a l l y cold p i t on temperature contour development. In t h i s case, the 

gradual reheating allows the ingot to e q u i l i b r a t e s i g n i f i c a n t l y before the 

wrapping phenomenon occurs. At 31500 s, a f t e r three f u l l hours of 

reheating, the 780 °C isotherm f i n a l l y begins to e n c i r c l e the region beneath 
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(A) 70900 s 
(15 min 
a f t e r draw) 

(B) 74500 s 
(1.25 h 
a f t e r draw) 

(C) 82600 s 
(3 h a f t e r 
draw) 

Figure 8.17 Temperature contours (°C) calculated by heat-transfer 
model for 760 x 1520 mm ingot during a i r cooling a f t e r 
removal from the soaking p i t (run #1) 
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Figure 8.18 Temperature contours (°C) calculated by heat-transfer 
model for 760 x 1510 mm ingot during f a s t reheating i n 
an i n i t i a l l y cold soaking p i t (run #2) 
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(F) 29700 s 
(2.5 h 
after charge) 

Figure 8.18 Continued 



337 

the narrow face, as shown i n Figure 8.19 (C). However, the e n t i r e ingot has 

cooled to below 815 °C by this time so that further reheating soon produces 

a uniform temperature gradient between a hot e x t e r i o r and cold i n t e r i o r . 

Thus, by the time a zone of two-phase material becomes enclosed by 

retransformed austenite, temperature gradients throughout the ingot are very 

small. 

8.3.1.2 E f f e c t of Track Time 

Figures 8.20 - 8.22 i l l u s t r a t e the e f f e c t s of using d i f f e r e n t track 

times on the temperature contours that a r i s e during reheating i n the soaking 

p i t . I t can be seen that the phenomenon of temperature isotherm wrapping 

cannot be avoided. However, the isotherm involved changes and c o n s i s t s of 

the Ac^ only for the short and medium track time runs 2 and 5. For the very 

s h o r t t r a c k time run #4, only the corner of the ingot drops below the Ar^ 

before reheating begins. The e n t i r e ingot i s almost f u l l y transformed back 

to austenite at 14400 s a f t e r 30 minutes of reheating. After 18000 s, the 

1000 °C isotherm eventually wraps around but encloses only austenite. The 

long track time run #6 cools a s i g n i f i c a n t portion of the ingot below the 

Ar^ p r i o r to reheating. In this case, the Ac^ temperature isotherm (725 °C) 

wraps around and encloses f e r r i t e and p e a r l i t e within a thin zone of two-

phase m a t e r i a l . The surface does not begin to retransform to austenite 

u n t i l 28800 s (Figure 8.22 B) a f t e r one hour of reheating. Subsequent 

reheating produces a reversed e x t e r i o r - i n t e r i o r temperature gradient 

s i t u a t i o n at a lower temperature l e v e l than f o r preceeding runs. 
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(A) 20700 s 
(charge a f t e r 
4 h mould 
co o l i n g , 
1.75 h a i r 
cooling) 

Figure 8.19 Temperature contours (°C) calculated by heat-transfer 
model for 760 x 1520 mm ingot during slow reheating i n 
an i n i t i a l l y cold soaking p i t (run #3) 
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(B) 14400 s 
(0.5 h 
after charge) 

Figure 8.20 Temperature contours (°C) calculated by heat-transfer 
model for 760 x 1520 mm ingot during reheating in the 
soaking pit after very short track time (run #4) 
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Figure 8.21 Temperature contours (°C) calculated by heat-transfer 
model f o r 760 x 1520 mm ingot during reheating i n the 
soaking p i t a f t e r short track time (run #5) 
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a f t e r 
uld 
g, 
r 

Figure 8.22 Temperature contours (°C) calculated by heat-transfer 
model for 760 x 1520 mm ingot during reheating i n the 
soaking p i t a f t e r long track time (run #6) 
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8.3.2 Stress Model Results 

Figure 8.23 presents the p r i n c i p a l stress crosses calculated by the 

stress model for the a i r cooling of a 760 x 1520 mm a f t e r s t r i p p i n g from the 

mould at 14400 s (4 h). Upon s t r i p p i n g , the e n t i r e surface of the ingot i s 

i n s l i g h t compression while the i n t e r i o r i s i n s l i g h t tension, as shown i n 

Figure 8.23 (A). The reasons for this were explained i n the previous 

section on mid-face panel cracking. The greatest stresses are compressive 

i n the corner region which has just begun expansion while transforming from 

austenite to f e r r i t e . The contraction at the surface that accompanies the 

rapid cooling taking place immediately a f t e r s t r i p p i n g produces tension over 

the majority of the wide face surface by 15000 s, as shown i n Figure 8.23 

(B). Soon a f t e r t h i s , however, the y a transformation puts the surface 

back into compression, where i t remains for several hours. As the wave of 

compression accompanying the two-phase region moves deeper into the ingot, 

i t creates a s i g n i f i c a n t t e n s i l e region in the i n t e r i o r of the ingot. As 

shown i n Figure 8.23 (C), the p r i n c i p a l t e n s i l e stress of this band runs 

p a r a l l e l to the grain boundaries i n a r a d i a l d i r e c t i o n from the ingot 

i n t e r i o r . This contrasts with the compressive band whose greatest p r i n c i p a l 

stress l i e s tangential to the surface as a "hoop s t r e s s " . Further a i r 

cooling produces a t r a i l i n g t e n s i l e wave as f u l l y transformed f e r r i t e 

c o n t r a c t s . This l e s s d i s t i n c t t e n s i l e zone follows the sharply-defined 

compressive wave into the ingot i n t e r i o r . I t i s i n t e r e s t i n g to note i n 

Figures 8.23 (D) and (E) that this t e n s i l e wave f i r s t moves into the ingot 

i n t e r i o r from the mid-narrow face and off-corner l o c a t i o n s . Indeed, at 

25200 s, the greatest t e n s i l e stresses i n the ingot are found just below the 

mid-narrow-face surface and at the off-corner surface l o c a t i o n . With 
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(A) 14400 s 
( s t r i p a f t e r 
4 h mould 
cooling) 

(B) 15000 s 
(10 min a f t e r 
s t r i p p i n g ) 

(C) 18900 s 
(1.25 h 
a f t e r 
s t r i p p i n g ) 

30 Mpa 

- tension 
H compression 

Figure 8.23 P r i n c i p a l stresses calculated by stress model for 
760 x 1520 mm ingot during a i r cooling (run #1) 
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furt h e r a i r cooli n g , this t e n s i l e wave moves completely into the ingot. By 

32400 s, i t i s at almost exactly the same l o c a t i o n that the compressive band 

occupied a f t e r 20700 s. As shown i n Figure 8.23 ( F ) , a second compressive 

band begins at the corner and speads along the narrow-face surface. This 

f i n a l compressive band eventually spreads over the ent i r e e x t e r i o r of the 

ingot to occupy roughly one th i r d of the section. At this time, 5 hours 

a f t e r s t r i p p i n g , the adjacent t e n s i l e band has moved into the c e n t r a l core 

of the ingot. The development of these r e s i d u a l stresses, which remain even 

a f t e r complete cooling to ambient temperature, i s s i m i l a r to that i n the 

smaller, 355 x 355 mm ingot previously discussed i n the section on mid-face 

panel cracking. 

Figure 8.24 i l l u s t r a t e s the development of p r i n c i p a l stresses during 

reheating when the ingot i s charged into the soaking p i t at 20700 s a f t e r 

1.75 hours of a i r co o l i n g . These r e s u l t s are also presented as e f f e c t i v e 

s t r e s s contours i n Figure 8.25. The most i n t e r e s t i n g feature i n both 

sequences of figures i s the development of a temporary t e n s i l e region 

beneath the off-corner l o c a t i o n that corresponds c l o s e l y to the eventual 

l o c a t i o n of off-corner panel cracks. 

This t e n s i l e zone i n i t i a t e s along the middle of the wide-face surface 

almost immediately a f t e r charging as shown i n Figure 8.25 (B). I t then 

moves below the ingot surface as i t migrates towards the corner. A f t e r 20 

minutes, t h i s zone has moved completely below the Ingot surface and has 

extended around the corner to beneath the narrow face as w e l l . This i s 

shown i n Figures 8.24 (C) and 8.25 (D), at which time, the off-corner sub

surface l o c a t i o n has reached i t s t e n s i l e peak of nearly 10 MPa. The zone 
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Figure 8.24 P r i n c i p a l stresses calculated by stress model for 
760 x 1520 mm ingot during fast reheating i n an 
i n i t i a l l y hot soaking p i t (run #1) 
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Figure 8.24 Continued 
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Figure 8.25 E f f e c t i v e stress contours calculated by stress model for 
760 x 1520 mm ingot during fast reheating i n an i n i t i a l l y 
hot soaking p i t (run #1) 
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Figure 8.25 Continued 
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reaches i t s maximum extent a f t e r 30 min as shown i n Figure 8.25 ( E ) . With 

further heating, i t retreats deeper into the ingot and diminishes i n 

magnitude, to be replaced by compression at the ex t e r i o r of the ingot. 

T h i s t e n s i l e r e g i o n i s a d i r e c t r e s u l t of the Ac^ isotherm wrapping 

phenomenon noted i n the previous s e c t i o n . I t arises because the two-phase 

material i n the zone i s contracting during retransformation to austenite 

while i t i s enclosed within a s h e l l of reheating austenite that i s expand

i n g . Figure 8.24 (D) shows that the t e n s i l e stresses i n this zone are 

b i - a x i a l , having components both p a r a l l e l and perpendicular to the grain 

boundaries. 

The other major t e n s i l e region, that was located on the in s i d e of the 

two-phase compressive band at the time of charging, remains almost s t a t i o n 

ary during reheating while i t diminishes i n magnitude. The two t e n s i l e 

regions eventually merge and r e t r e a t to the ce n t r a l core of the ingot a f t e r 

1.5 hours, as shown in Figures 8.24 (D) - (F) and 8.25 (F) - (H). By th i s 

time, the r e v e r s a l of temperature gradients within the Ingot has taken place 

and the r e s u l t i s a large, diffuse, i n t e r i o r t e n s i l e region surrounded by a 

thick e x t e r i o r i n mild compression. Eventually, as the i n t e r n a l temperature 

gradients subside, the s l i g h t r e l a t i v e expansion of the i n t e r i o r puts the 

wide-face surface into s l i g h t tension. This occurs a f t e r two hours, near 

the off-corner l o c a t i o n as shown In Figures 8.24 (G) and 8.25 (H), and 

reaches a maximum of 6 MPa at the f i r s t corrugation peak. Figures 8.24 (I) 

and 8.25 (I) show that a f t e r 5 hours t h i s tension has spread across the 

surface of the wide face and decreased i n magnitude. Continued time i n the 

p i t serves merely to further diminish these stresses as p l a s t i c creep flow 
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i s rapid at these high temperatures. Stresses are eventually completely 

relaxed p r i o r to drawing from the p i t at 70000 s. 

Figure 8.26 i l l u s t r a t e s the dramatic increase i n stresses that occurs 

upon removal of the ingot from the soaking p i t , during f i n a l a i r cooling 

before r o l l i n g . Figure 8.26 (A) shows how the ent i r e surface of the ingot, 

with the exception of the corner, immediately goes into tension as the 

austenite e x t e r i o r contracts with the rapid c o o l i n g . Soon a f t e r drawing, 

the surface expansion from y a phase transformation induces a compressive 

wave to move into the ingot, s t a r t i n g from the corner. By 74500 s, (1.25 h 

a f t e r drawing) the e n t i r e surface of the ingot i s i n a state of high 

compression with a complementary r a d i a l t e n s i l e stress zone set up ju s t 

beneath as shown i n Figure 8.26 (B). This zone moves deeper into the ingot, 

i n i t i a l l y departing from the wide-face surface at the f i r s t corrugation 

trough. The subsequent stress development i s q u a l i t a t i v e l y very s i m i l a r to 

the stresses that a r i s e during a i r cooling a f t e r s t r i p p i n g from the mould. 

The absolute magnitude of the stresses i s higher since there i s l e s s 

opportunity f o r the p l a s t i c - c r e e p r e l a x a t i o n that occurred during cooling i n 

the mould. 

The preceeding sequence of events, presented as a sequence of plo t s 

over the e n t i r e ingot, describes a complete picture of stress development i n 

a t y p i c a l ingot during processing but i s understandably quite complex. To 

summarize the e n t i r e stress h i s t o r y and l i n k i t to temperature development, 

three important l o c a t i o n s i n the 760 x 1520 mm ingot were tracked through 

time. The temperature and stress h i s t o r i e s of these locations are presented 

simultaneously i n Figure 8.27 (A) - (C), using normal stress across the 
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Figure 8.26 P r i n c i p a l stress crosses calculated by stress model 
for 760 x 1520 mm ingot during a i r cooling a f t e r 
removal from soaking p i t (run #1) 
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grain boundaries as the parameter to characterize stress. 

Figure 8.27 (A) shows that the off-corner surface location at the 

trough of the f i r s t corrugation experiences a complex stress history includ

ing six separate tensile peaks. Cooling in the mould produces compression 

that rebounds to a sharp, tensile peak upon stripping. The y •> a trans

formation that soon occurs due to the rapid cooling quickly reverses this 

tensile peak to compression. As the compressive wave passes beneath the 

surface, tension gradually builds while this location fu l l y transforms to 

fer r i t e and contracts. Immediately upon charging to the soaking pit, the 

rapid reheating of the ferrite results in expansion that produces a short

lived compressive peak. Then re-transformation produces a much greater 

tensile peak as this location re-enters the two-phase a + y region. This 

tensile band soon passes beneath the surface, as re-transformation to aus

tenite is completed and the subsequent expansion on further heating results 

in another compressive peak. Later during reheating, the decreased temp

erature gradient between interior and surface again puts the off-corner 

surface location into tension. This mild tensile peak gradually subsides 

due to creep with further heating in the soaking p i t . Immediately upon exit 

from the soaking pit, the contraction induced by the rapid cooling of the 

austenitic surface produces a f i f t h tensile peak. Soon afterward, y -> a 

transformation reverses this to the greatest compressive peak experienced by 

this location. Once transformation is completed, further cooling contract

ion produces the sixth, f i n a l , and greatest tensile peak experienced by this 

location. Usually, however, the ingot would have been rolled long before 

this time. 
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Figure 8.27 Thermal and stress h i s t o r i e s of three important 
lo c a t i o n s i n 760 x 1520 mm ingot during processing 
under conditions i n run #1 

(A) Off-corner surface l o c a t i o n 
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Figure 8.27 Continued 

(B) Off-corner sub-surface l o c a t i o n 
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Figure 8.27 Continued 

(C) Mid-face surface l o c a t i o n 
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Figure 8.27 (B) documents the corresponding thermal and stress h i s t o r 

i e s of a l o c a t i o n 52 mm below the off-corner surface, where off-corner panel 

cracks are believed to i n i t i a t e . Six t e n s i l e peaks are again experienced 

but the f i r s t a r i ses during cooling i n the mould. This corresponds to the 

same sub-surface t e n s i l e stresses i n the s o l i d i f y i n g s t e e l s h e l l that were 

discussed i n the section on mid-face panel cracking. The second t e n s i l e 

peak occurs upon s t r i p p i n g from the mould in the same manner as at the 

surface. This t e n s i l e peak l a s t s much longer, however, as transformation to 

f e r r i t e occurs l a t e r during a i r c o o l i n g . By the time of charging, t h i s 

l o c a t i o n has not yet completed t r a n s f o r m a t i o n to f e r r i t e . U n t i l the Ac^ 

temperature i s reached, reheating s t i l l produces expansion and a compressive 

peak. This i s aided by the extreme tension taking place i n the surface at 

t h i s time. However, the contraction accompanying re-trans formation to 

a u s t e n i t e above the Ac^ soon p r o d u c e s a major t e n s i l e peak. A f t e r 

transformation i s completed, continued heating of the austenite r e s u l t s i n 

expansion that forces t h i s l o c a t i o n back into compression. The f i n a l 

t e n s i l e peak i n the soaking p i t i s quite mild as p l a s t i c creep relaxes the 

stresses as they develop. A f t e r drawing from the soaking p i t , the 

off-corner sub-surface l o c a t i o n experiences thermal and stress h i s t o r i e s 

s i m i l a r to the surface but s l i g h t l y delayed. In, p a r t i c u l a r , the t e n s i l e 

peak a r i s i n g from cooling contraction immediately a f t e r drawing i s prolonged 

f o r over 45 min, ensuring that this l o c a t i o n i s i n tension at the time of 

r o l l i n g . 

The thermal and stress h i s t o r i e s of the mid-wide-face surface l o c a t i o n , 

graphed in Figure 8.27 (C), have features s i m i l a r to each of the preceeding 
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two l o c a t i o n s . I n i t i a l cooling i n the mould i s rapid and this l o c a t i o n 

remains i n compression u n t i l s t r i p p i n g , l i k e the off-corner surface. How

ever, l i k e the off-corner, sub-surface l o c a t i o n , the mid-wide-face surface 

f a i l s to complete transformation to f e r r i t e p r i o r to charging. This r e s u l t s 

i n a sin g l e rebound t e n s i l e stress from the rapid re-transformation contrac

t i o n . Subsequent reheating produces expansion which forces t h i s l o c a t i o n to 

remain i n compression u n t i l over three hours of reheating have passed. The 

f i n a l t e n s i l e peak i s midway i n magnitude between the preceeding two 

l o c a t i o n s . A i r cooling a f t e r drawing again produces t e n s i l e stresses 

i n i t i a l l y . 

Figure 8.28 presents contours of accumulated p l a s t i c s t r a i n at several 

important times during ingot processing calculated during the f i r s t s t r e s s -

model simulation run. P l a s t i c s t r a i n can be seen to be highest at the mid-

wide-face and mid-narrow-face surface locations u n t i l the l a t t e r stages of 

reheating when excessive s t r a i n b u ilds up at the corner under compression. 

The most notable feature i s that t o t a l p l a s t i c s t r a i n r a r e l y exceeds 5% 

anywhere i n the ingot, despite the s l i g h t overprediction of s t r a i n accumula

t i o n by the model. At the off- c o r n e r , sub-surface l o c a t i o n , p l a s t i c s t r a i n 

remains below 2% even a f t e r many hours of reheating. The p l a s t i c creep 

s t r a i n rates calculated from these r e s u l t s are only s l i g h t l y lower than 
-9 

those f o r the smaller ingot previously discussed. They range from 1 x 10 

to 4 x 10 6 s * at the surface and average about 3 x 10 7 s 

Figure 8.29 plots the s t r e s s - s t r a i n h i s t o r i e s of f i v e sample l o c a t i o n s 

i n the ingot. The tremendous differences i n both stress and s t r a i n between 

the center, which undergoes l i t t l e deformation, and the corner, which i s 
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Figure 8.28 Accumulated p l a s t i c s t r a i n contours (%) calculated by 
stress model for 760 x 1520 mm ingot during processing 
(run #1) 
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Figure 8.28 Continued 
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s i g n i f i c a n t l y deformed in compression are r e a d i l y apparent. The surface 

l o c a t i o n s are seen to experience considerably more s t r a i n and greater peaks 

than the i n t e r i o r ones. The stress h i s t o r i e s of the other three l o c a t i o n s 

are n a t u r a l l y s i m i l a r to their previous plots as functions of time. How

ever, both the ten s i l e and compressive peaks are extended wider, i n d i c a t i n g 

the increased p l a s t i c creep flow that occurs while these l o c a t i o n s are under 

high s t r e s s . 

8.3.2.1 E f f e c t of Reheating Schedule 

The e f f e c t s of using the two alternate reheating schedules on stress 

development during reheating can be seen by examining Figures 8.30 and 8.31 

fo r f a s t reheating from a cold p i t and slow controlled reheating from a cold 

p i t r e s p e c t i v e l y . Comparing Figure 8.30 with Figure 8.24 shows that the 

same i n t e r n a l t e n s i l e stress zone develops for reheating from a cold or hot 

p i t . The only major diffe r e n c e i s the time frame which i s gr e a t l y expanded 

fo r the slower reheating that takes place from a cold p i t . The maximuim 

off-corner sub-surface t e n s i l e stress does not occur u n t i l a f t e r over one 

hour of reheating. S i g n i f i c a n t l y , t h i s t e n s i l e zone i s not seen i n Figure 

8.31 for the slow reheating case u n t i l a f t e r 8 hours. By this time, the 

f i r s t run has already experienced i t s second, lower t e n s i l e peak. These 

d i f f e r e n c e s can perhaps be distinguished more e a s i l y by comparing the stress 

h i s t o r i e s of p a r t i c u l a r locations i n the ingot. Figure 8.32 (A) - (C) 

tracks the normal stress across the grain boundaries and the temperature of 

the three important locations previously studied. 
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For a l l three locations, the major tensile peak occurs later during 

reheating, and becomes broader and lower in magnitude as the heating rate is 

decreased. However, a close inspection of the curves reveals that these 

events occur at nearly the same temperature in each case. Thus, the time 

delays directly reflect the slower rates of temperature increase. 

The second tensile peak that occurs later in reheating as the interior 

of the ingot reaches the soaking temperature is much lower than the f i r s t 

one, primarily because of the increased time for plastic creep. It is 

interesting to note that reheating from the hot pit is i n i t i a l l y faster but 

later is surpassed by reheating from the colder pit to a higher soaking 

temperature. This produces a second tensile peak that occurs at almost the 

same time for these two runs. This coincides approximately with the time of 

the f i r s t tensile peak for the slow, controlled heating of the third run. 

Since time in the pit has increased, plastic relaxation creep has reduced 

the ultimate maximum tensile peak that is experienced. A f i n a l observation 

is that this sequence of tensile peaks can apparently not be avoided, 

regardless of the reheating schedule employed. However, the time and 

magnitude of i t s occurence can vary over a considerable range. 



Figure 8.32 E f f e c t of d i f f e r e n t reheating schedules on the thermal and 
stress h i s t o r i e s of three important locations in 760 x 1520 
mm ingot during reheating a f t e r medium track time conditions 

(A) Off-corner surface l o c a t i o n 
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(B) Off-corner sub-surface l o c a t i o n 
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8.3.2.2 E f f e c t of Track Time 

The e f f e c t s of varying track time on the stress development during 

reheating are presented i n Figures 8.33 - 8.35 for the very short, short and 

long track time stress model simulation runs #4 - 6, r e s p e c t i v e l y . A l l 

three runs employ the same fast reheating schedule from an i n i t i a l l y cold 

p i t that was used i n the second simulation run. This reheating schedule i s 

intermediate between the three reheating schedules examined and produces 

e a s i l y d istinguishable stress events. 

The very short track time run #4 i s unique from a l l of the other runs 

i n having a s t r i p time of only 10800 s (3 h). When combined with only 30 

min of a i r cooling, the majority of the ingot remains as austenite above the 

Ar^ for the entire duration of ingot processing. This has a profound e f f e c t 

on stress development. While temporary t e n s i l e peaks occur over the ingot 

surface during a i r cooling a f t e r s t r i p p i n g , Figure 8.33 shows that the 

e n t i r e e x t e r i o r of the ingot remains i n compression throughout reheating i n 

the soaking p i t . This r e s u l t i s also shown i n the thermal and stress h i s 

t o r i e s of the off-corner surface and sub-surface l o c a t i o n s shown i n Figure 

8.36. This figure also shows how the off-corner sub-surface l o c a t i o n devel

ops s i g n i f i c a n t t e n s i l e stresses during a i r cooling which reverse to com

pression immediately upon charging to the soaking p i t . 
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Figure 8.33 P r i n c i p a l stresses calculated by stress model for 
760 x 1520 mm ingot during reheating i n soaking p i t 
a f t e r very short track time (run #4) 
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Figure 8.34 P r i n c i p a l stresses calculated by stress model for 
760 x 1520 mm ingot during reheating i n soaking p i t 
a f t e r short track time (run #5) 



375 

-+-V-

- 7 \ 

/ / * 

\ > x 

/ - / x 

/ x 

' / / X 

I / 
\ i 

+ 

- - • 

\ ! / 
\ •f- X 
f f f / 

/ X 
r 
r / 
r 
T / 
f / i + 

+ 
•f 
-V 

H b-

25200 s 
(charge a f t e r 
4 h mould 
cooling, 
3 h a i r 
cooling) 

28800 s 
(1 h a f t e r 
charge) 

- i f f * ^ 
: / / / v x 

\\f . + X 

•I I - * ' 

•f / - / < 

1 t 

+ -V- -Y 

- - + 1 J 

\ \ / / / / 

1 / X *• X X 

/ X •* X 

/ * •v. 

+ 

i i f t x x s * * -

X X Jc- Jr + 
+ + 
t 
-4-

(C) 30600 s 
* + (1.5 h 

a f t e r charge) 

-x~ H 1 H - t — h 

tension 
> -4 compression 
30 Mpa 

Figure 8.35 P r i n c i p a l stresses calculated by stress model for 
760 x 1520 mm ingot during reheating i n soaking 
p i t a f t e r long track time (run #6) 



376 

20 

Time (hrs) 
2 3 4 5 

\ — r T —I r~ 
Strip Charge 

T 

o 
CL 
2 

a> 

o 
E 

Soaking pit 
reheat 

Off-corner locotion 
Surface 

Sub surface 

/ / Temperature 

— 1400 

o 
1200 «~ 

o 

E 

1000 

800 
I 

- ~ A r 3 - -
Strip j 

| Charge [_ 
10 20 

Time (I03s) 

Figure 8.36 Thermal and stress h i s t o r i e s at off-corner l o c a t i o n 
during processing under very short track time 
conditions (run #4) 



377 

In contrast, Figures 8.34 and 8.35 show how both the short and long 

track time runs e x h i b i t sub-surface t e n s i l e zones s h o r t l y a f t e r reheating 

which develop In a manner c l o s e l y resembling that of the second, medium 

track time run. However, for the short track time run, t h i s t e n s i l e zone i s 

much smaller and i s displaced towards the corner and narrow-face surface of 

the ingot. I t forms e a r l i e r a f t e r charging and f a i l s to extend as f a r as 

the off-corner sub-surface l o c a t i o n . The long track time run shows exactly 

the opposite d i f f e r e n c e s . The s u b s t a n t i a l t e n s i l e zone that has followed 

the two-phase compressive wave into the ingot quickly reverts to compression 

on the surface a f t e r charging to the soaking p i t . After a longer time, 1.5 

hours a f t e r charging, a large t e n s i l e zone develops deep beneath the ingot 

surface which extends a l l the way to beneath the third corrugation, as shown 

i n Figure 8.35 (C). 

For comparative purposes, these r e s u l t s are displayed i n Figure 8.37 

(A) and (B) as thermal/stress h i s t o r i e s for the two off-corner l o c a t i o n s . 

Figure 8.37 (A) shows that the t e n s i l e peaks a r i s i n g at the surface s h o r t l y 

a f t e r charging have roughly the same magnitude and breadth for a l l three 

cases: short, medium and long track times. I t also shows that ultimate 

magnitude of the t e n s i l e peak a r i s i n g during a i r cooling i n the absence of 

soaking p i t reheating i s quite s u b s t a n t i a l . 

Figure 8.37 (B) shows that the t e n s i l e peak at the sub-surface l o c a t i o n 

develops about 30 minutes a f t e r that at the surface. The most important 

f i n d i n g i s that the peak for the short track time run i s much smaller and 

f a i l s to become t e n s i l e . This r e f l e c t s the smaller extent of the sub

surface t e n s i l e zone for this run. The t e n s i l e peaks f or the medium and 



378 

T ime (hrs) 

0 2 4 6 8 

0 10 2 0 3 0 

T i m e ( I 0 3 s ) 

Figure 8.37 E f f e c t of a i r - c o o l i n g time p r i o r to reheating on 
the thermal and stress h i s t o r i e s of two important 
locations i n the 760 x 1520 mm ingot during 
reheating i n the soaking p i t 

(A) Off-corner surface l o c a t i o n 
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(B) Off-corner sub-surface l o c a t i o n 
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and long track time runs are s i m i l a r , both i n magnitude and duration. 

Again, the highest t e n s i l e stresses of a l l a r i s e during a i r cooling a f t e r 

8-9 hrs. i n the absence of soaking p i t reheating. 

I t i s i n t e r e s t i n g to note that both the surface and sub-surface 

lo c a t i o n s have completely transformed to f e r r i t e p r i o r to reheating for the 

case of long track time. While this apparently has l i t t l e e f f e c t on the 

subsequent stress development, as far as t e n s i l e peaks are concerned, i t 

surely has important consequences with regard to off-corner panel crack 

formation. 

8.3.2.3 E f f e c t of Mechanical Property Data Input 

The approach used in running the s t r e s s model was to choose input data 

that maximized the e f f e c t s of creep i n order to i s o l a t e the unavoidable 

minimum stress l e v e l generated during thermal processing of the ingot. This 

was accomplished through the use of: 

(1) plane stress condition 

(2) the low e l a s t i c modulus data of P u h r i n g e r 2 1 8 

(3) the high creep rate data of Wray 8 2 

(4) the maximum enhancement of creep i n f e r r i t e by 1000 X over that i n 

aus ten i t e 
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The model i t s e l f s l i g h t l y overestimates creep since the stresses at the 

beginning of a time step are used to c a l c u l a t e creep throughout that step. 

This i s p a r t i a l l y compensated for through the truncation function. The net 

e f f e c t of t h i s philosophy i s to predict lower l i m i t s for stress and upper 

bounds for p l a s t i c creep s t r a i n . 

Preliminary runs of the stress model were conducted to determine the 

influence of the mechanical property data used as input. In p a r t i c u l a r , the 

importance of the p l a s t i c creep function was demonstrated. Figure 8.38 

presents the e f f e c t i v e stress contour d i s t r i b u t i o n s that arose a f t e r 1.25 

h of a i r cooling using three d i f f e r e n t functions for p l a s t i c creep. This 

time corresponds to the time of charging into the soaking p i t for the short 

track time run #4. Figure 8.38 (A) presents the r e s u l t s of the f i n a l simu

l a t i o n using the data of Wray 8 2 with creep accelerated by 1000 X i n the 

f e r r i t e . Figure 8.38 (B) shows the d i s t r i b u t i o n that arose using the same 

function without enhanced creep i n the f e r r i t e . Figure 8.38 (C) was 

obtained using further reduced creep data from S a k u i 2 0 8 . F i n a l l y , 8.39 

presents the d i s t r i b u t i o n that arose without including creep at a l l . This 

corresponds to a purely e l a s t i c stress d i s t r i b u t i o n . 

In general, a reduced creep rate simply r e s u l t s i n increased stress 

l e v e l s i n the peak stress zones such as the band of high compression. 

However, important q u a l i t a t i v e d i f f e r e n c e s also are apparent. Both the 

compressive band and i n t e r n a l t e n s i l e band tend to be found deeper i n the 

ingot with decreasing creep r a t e . The consequences of ignoring creep 

completely are most severe. During a sequence of a l t e r n a t i n g compression 

and tension, the i n i t i a l compressive peak i s unreasonably lower than would 
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(B) medium creep 
(Wray data 
with no extra 
creep i n 
f e r r i t e ) 

ta) 

Figure 8.38 Influence of creep function on e f f e c t i v e stress contour 
d i s t r i b u t i o n at 18900 s (1.25 h a f t e r s t ripping) 
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a c t u a l l y be encountered. Subsequent t e n s i l e peaks must f i r s t overcome this 

a r t i f i c i a l compression which r e s u l t s i n t e n s i l e peaks that are lower, on a 

r e l a t i v e l e v e l , than found when creep was Included. In add i t i o n , while not 

apparent i n the figures presented, the lack of creep changes the o r i e n t a t i o n 

of p r i n c i p a l sub-surface t e n s i l e stresses from along the grain boundaries to 

hoop stresses across them. Unreasonably high t e n s i l e stresses a r i s e i n the 

ingot center as p l a s t i c creep r e l a x a t i o n does not occur. Figure 8.39 

exh i b i t s stresses i n excess of 300 MPa, which at the high temperatures and 

low s t r a i n rates involved, exceeds the ultimate strength by over 10 times. 

I t i s d i f f i c u l t to gain an i n d i c a t i o n of the actual s t r a i n s encountered 

using an e l a s t i c model. Since e l a s t i c s t r a i n v a s t l y underpredicts t o t a l 

s t r a i n and thermal s t r a i n does not d i r e c t l y produce deformation. Those 

r e s u l t s c l e a r l y i n d i c a t e the necessity f o r adequately including s t r a i n - r a t e 

dependent, p l a s t i c creep into the stress model. 

One i n t e r e s t i n g feature of the e l a s t i c model r e s u l t s , which was not 

evident i n the f u l l p l a s t i c simulation runs, i s the magnification of l o c a l 

s tress v a r i a t i o n s near the v i c i n i t y of the corrugations. Figure 8.40 shows 

that the maximum te n s i l e stresses occur i n roughly c i r c u l a r zones, d i r e c t l y 

beneath the corrugation peaks. 
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Figure 8.40 Maximum p r i n c i p a l t e n s i l e stress contours at 18900 s 
during a i r cooling calculated assuming no creep. 
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CHAPTER 9 METALLURGICAL INVESTIGATION 

To develop a more complete understanding of how off-corner panel cracks 

are manifested in s t e e l ingots, a m e t a l l u r g i c a l i n v e s t i g a t i o n was conducted 

on samples supplied by Stelco. Since the cracks are e a s i l y d i s c e r n i b l e only 

a f t e r r o l l i n g has started, obtaining a sample from an unrolled ingot con

taini n g off-corner panel cracks i s exceedingly rare. A photograph of the 

s i n g l e ingot so obtained i s given i n Figure 9.1. Samples containing cracks 

were taken from the lower l e f t corner region at approximately mid-height of 

the ingot. For comparison, a sample was obtained from the same l o c a t i o n of 

an uncracked low carbon, s t e e l ingot of s i m i l a r size and composition. The 

chemical compositions of these two samples are given i n Table 9.1. 

9.1 O p t i c a l Metallography 

To obtain an o v e r a l l p i c t ure of the off-corner panel-cracking defect, 

an HC1 macroetch of a sectioned sample containing a complete example of an 

off-corner panel crack was performed and i s presented i n Figure 9.2. The 

crack e x i t s the surface of the ingot close to the "off-corner l o c a t i o n " , or 

the trough between the f i r s t two corrugations. Beneath the surface, i t 

bends and l i e s d i r e c t l y beneath the f i r s t corrugation peak and extends to an 

ultimate depth of about 180 mm. In the plane of the sample, the crack 

appears discontinuous but a c l o s e r examination revealed that the major 

i n t e r n a l cracks l i n k into a continuous, complex network to the surface. 

These cracks are distinguished by t h e i r oxidized surface and accompanying 



Figure 9.1 Transverse section of 760 x 1520 mm off-corner panel-
cracked ingot showing l o c a t i o n at lower l e f t corner 
corner where samples were obtained 
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Table 9.1 Composition of Steel Samples Used i n M e t a l l u r g i c a l 
Investigation (weight percent) 

Element Sample from Sample from non-reheated 
panel-cracked ingot non-cracked ingot 

C 0.14% 0.16% 

Mn 1.40 1.33 

P 0.008 0.010 

S 0.005 0.009 

Si 0.28 0.23 

V 0.054 0.06 

Nb 0.039 0.034 

ASA 0.031 0.033 

Ca 0.281 

Ni 0.358 0.008 

Cr 0.033 0.025 

Mo 0.002 0.005 

Cu 0.020 

Sn 0.007 
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Figure 9.2 Complete example of off-corner panel crack in sectioned 
sample taken from ingot i n Figure 9.1, macroetched 
i n HC1, 1.2 X 
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zone of decarburization containing f i n e p r e c i p i t a t e s . 

Figure 9.2 also reveals the presence of an extensive network of long, 

thin l i n e s that appear to represent the p r i o r austenite grain boundaries of 

very large, elongated, columner grains. This network can be distinguished 

more e a s i l y i n Figure 9.3, which was traced from the o r i g i n a l structure. 

The a s s o c i a t i o n of the intergranular cracks with t h i s network coincides with 

the l i t e r a t u r e findings that the cracks follow the p r i o r austenite grain 

boundaries. Further evidence that this pattern represents those boundaries 

i s t h e i r long, thin shape, extending perpendicular to the surface and 

p a r a l l e l to the d i r e c t i o n of heat flow. The huge grain s i z e of ASTM No. -2 

with s i n g l e grains as large as 5 x 40 mm would suggest extensive grain 

growth i f not for t h e i r non-equiaxed nature. 

Assuming that not a l l of these l i n e s contain cracks, the f a c t that they 

are etched so completely suggests e i t h e r severe segregation, or s t r a i n 

concentration associated with the austenite grain boundaries at some time 

during processing. The presence of the cracks themselves also suggests that 

these grain boundaries were weakened at some time. 

The grain boundary network i s not associated with the dendrites which, 

f o r the most part, are found i n c l u s t e r s with no p a r t i c u l a r o r i e n t a t i o n . 

This can be seen more c l e a r l y through comparison with the macroetched 

str u c t u r e of the non-cracked ingot which i s presented i n Figure 9.4. 
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Figure 9.3 Network of f e r r i t e bands and cracks at p r i o r 
austenite grain boundaries traced from macroetched 
sample i n Figure 9.2 
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Figure 9.4 Dendrites in sectioned sample from a non-cracked 
ingot taken from same l o c a t i o n as cracked sample 
i n Figure 9.2, macroetched i n HC1, 1.1 X 
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This f i g u r e c l e a r l y shows the more randomly oriented d e n d r i t i c 

structure found below a thin columnar zone that extends to a depth of about 

50 mm. Dendrites i n the columnar zone near the surface are aligned roughly 

p a r a l l e l to one another and grow d i r e c t l y outwards from the surface. 

Having observed the o v e r a l l structure of panel-cracked ingots, the next 

phase of the i n v e s t i g a t i o n e n t a i l e d o p t i c a l metallography on the panel 

cracks themselves. Figure 9.5 presents the microstructures found under low 

magnification using three d i f f e r e n t types of etchants: 2% n i t a l , 7% P i c r i c 

a c i d and Oberhoffer etch. The most s t r i k i n g feature i s the consistency 

between the micrographs i n o u t l i n i n g the cracks against the p r i o r austenite 

grain boundaries. Figures 9.5 (A) and (B) show the decarburized f e r r i t e 

bands associated with the cracks as well as d i s t i n c t l y d i f f e r e n t , white, 

f e r r i t e bands that do not have obvious cracks. The Oberhoffer etch, which 

p r e f e r e n t i a l l y attacks phosphorous poor areas, also shows the austenite 

g r a i n boundaries c l e a r l y . This i s expected at oxidized and decarburized 

cracks, where the l o c a l phosphorous concentrations have been depleted. 

However, the extensive network of etched l i n e s might suggest negative 

phosphorous segregation i n the f e r r i t e bands associated with the austenite 

grain boundaries even when cracks are not present. Figure 9.5 (C) also 

shows the f a i n t outlines of dendrite arms, which again are randomly oriented 

with respect to the cracks and the austenite grain boundaries. This o f f e r s 

further evidence that panel cracks propagate along columnar austenite grain 

boundaries and are not associated with the dendrites. The f a c t that some of 

the grain boundaries cross dendrites also implies that the o r i g i n a l grain 

boundaries have migrated either by grain growth during reheating or from 

phase transformation. 



Figure 9.5 Panel-crack microstruetures at 4 X magnification 
o u t l i n i n g the p r i o r austenite grain boundaries, 
obtained using three d i f f e r e n t etches 
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A close-up micrograph of the decarburized f e r r i t e band associated with 

the major panel cracks i s shown i n Figure 9.6 (A). The band contains 

p r e c i p i t a t e s that were i d e n t i f i e d under the S. E. M. to c o n s i s t of (Fe, Mn) 

s i l i c a t e s , (Fe, Mn, and possibly Ce) sulphides and Fe oxide. These are 

presumably products of oxidation and decarburization. Figure 9.6 (B) shows 

that the cracks can apparently close under c e r t a i n conditions, leaving only 

the decarburized band containing p r e c i p i t a t e s . The p a r t i c u l a r micrograph i n 

Figure 9.6 (A) was taken near the ingot surface where the f e r r i t e band i s 

c l e a r l y defined and extends to an average distance of 0.15 mm from the 

crack. 

The only crack l o c a t i o n with a wider f e r r i t e band i s i n the l a r g e s t , 

deepest crack pictured i n Figure 9.2 near the ingot surface, where an exten

s i v e , decarburized zone extends to a maximum thickness of about 2 mm and has 

a very d i f f u s e boundary. Deeper than 20 mm into the ingot, measurements at 

several locations along the panel cracks revealed that the f e r r i t e zone 

generally has a constant width of about 0.07 mm. A crack with a decarbur

ized zone of t h i s thickness i s shown i n Figure 9.7 (A) i n t e r s e c t i n g with a 

d i f f e r e n t band of f e r r i t e containing neither p r e c i p i t a t e s nor cracks. A 

d i f f u s e band of f e r r i t e not containing a crack can also be distinguished i n 

Figure 9.7 (B). These bands presumably contain pro-eutectold f e r r i t e and 

a r i s e during the i n i t i a l stages of the y •*• a phase transformation due to 

p r e f e r e n t i a l nucleation at the austenite grain boundaries. I t i s i n t e r e s t 

ing to note that this type of f e r r i t e band was also found frequently i n the 

non-cracked ingot. 



395 

Figure 9.6 Decarburized f e r r i t e band containing p r e c i p i t a t e s 
etched i n 2% n i t a l 

(A) Including panel crack, 60 X 

(B) With no crack, 90 X 
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Figure 9.7 (B) also shows a thi n panel crack t r a v e r s i n g across the 

f i n a l f e r r i t e / p e a r l i t e structure along one of these apparent bands of pro-

eutectoid f e r r i t e . This i s representative of. many f i n e cracks that both 

continue from the roots of major, oxidized panel cracks and e x i s t independ

en t l y i n of the ingot. Several of these small cracks near the ingot surface 

appear to traverse across i n d i v i d u a l f e r r i t e and p e a r l i t e grains, c l e a r l y 

i n d i c a t i n g that they formed below the Ar^ temperature. Evidence that the 

weakness associated with the p r i o r austenite grain boundaries p e r s i s t s even 

a f t e r cooling i s complete was obtained by reheating a cracked sample to 950 

°C and quenching i t i n water. This resulted i n an extensive propagation of 

the previously e x i s t i n g cracks throughout the columnar g r a i n boundary 

network. This experiment re i n f o r c e s the observation made at Stelco that 

s c a r f i n g off-corner panel-cracked ingots only propagates the cracks deeper 

i n t o the ingot. 

The average grain s i z e of the f i n a l f e r r i t e and p e a r l i t e structure i s 

about 0.1 mm diameter or ASTM No. 5. In the extensive oxidized region 

surrounding the i n t e r s e c t i o n of the largest panel crack with the ingot 

surface, considerably larger f e r r i t e grains are present (>0.5 mm diameter). 

This o f f e r s evidence of eit h e r abnormal grain growth or r e c r y s t a l l i z a t i o n 

a f t e r a c r i t i c a l amount of s t r a i n deformation. A close-up of t h i s region of 

the ingot i s given i n Figure 9.8. 
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Figure 9.7 F e r r i t e / p e a r l i t e micros true t.ures etched In 2% n i t a l 
from panel-cracked sample at 35 X magnification 
i l l u s t r a t i n g : 

(A) Intersection between decarburized panel crack 
and uncracked f e r r i t e band 

(B) Thin panel crack traversing f e r r i t e grains i n the 
absence of a c l e a r l y defined f e r r i t e zone 
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Figure 9.8 also shows the f r a c t u r e surface of t h i s major off-corner 

panel crack. At low magnification, the fracture surface appears smooth and 

c l e a r l y shows the rounded facets of the p r i o r - a u s t e n i t e , columnar grain 

boundaries. The grains can be seen to become larger as they grow away from 

the ingot surface, oriented at the upper right side of the photograph. 

9.2 E l e c t r o n Microscopy 

At higher magnification, i t i s c l e a r from the sequence of micrographs 

i n Figure 9.9 that the apparently smooth surface i s i n f a c t covered with 

p i t s or f i n e dimples on a microscopic l e v e l . Two possible explanations can 

be proposed. The structure i s very s i m i l a r to that produced when voids 

coalesce around p r e c i p i t a t e s such as A1N at the austenite grain boundaries. 

Thus, the fracture surface may i n d i c a t e a c l a s s i c intergranular, d u c t i l e 

f a i l u r e on a microscale such as was found by S u z u k i 3 7 for low s t r a i n - r a t e 

f a i l u r e between 600 °C and 900 °C. 

A l t e r n a t i v e l y , the structure may simply be the product of high-

temperature oxidation during reheating. Indeed, an examination of the 

external ingot surface revealed a p i t t e d , "swiss-cheese-like" structure that 

was also very s i m i l a r to the fracture surface with the only major d i f f e r e n c e 

being that the p i t s were coarser and e a s i l y v i s i b l e at only 5 X magnifica

t i o n . 

An i n v e s t i g a t i o n of the region of the largest crack near the surface, 

using the scanning electron microscope revealed evidence of a p a r t i a l l y 

d u c t i l e f r a c t u r e . Figure 9.10 shows a sequence of micrographs focussing on 
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Figure 9.8 Section of panel-crack t i p e x i t i n g ingot surface and 
corresponding fracture surface showing curved facets 
of p r i o r austenite, columnar grain boundaries, 3 X 



Figure 9 . 9 Sequence of S. E. M. micrographs into seemingly smooth 
fracture surface of panel crack, i l l u s t r a t i n g f i n e dimple 
structure on microscopic l e v e l 
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the boundary between two partially separated austenite grains and appears 

to depict the final stages of void coalescence before complete separation. 

The macroscopic separation between the two planes is evidence of significant 

local strain concentration and partial d u c t i l i t y prior to failure. Unfor

tunately, the subsequent oxidation has obscured the structure somewhat. 

There is no evidence of this type of duc t i l i t y deeper in the ingot. 

The S. E. M. was also used to identify the composition of precipitates 

in the decarburized ferrite zone previously discussed. Unfortunately, i t 

was impossible to confirm the presence of fine A1N precipitates on the 

fracture surface. Further investigation with the S. E. M. merely reinforced 

the observations obtained previously using optical metallography. 

9.3 Segregation Analysis 

In an effort to determine the extent of segregation at the austenite 

grain boundaries, several additional investigations were undertaken. The 

f i r s t of these was a sulphur print, designed to il l u s t r a t e sulphur-rich 

areas in the ingot section. The completely blank result reflects the very 

low sulphur levels (< 0.005% S) present in this sample and denies any signi

ficant sulphur segregation. This was expected because of the high Mn/S 

ratio of 280. 

Subsequently, microprobe and SIMS surface analysis were employed to 

trace composition gradients across the crack surface. These proved conclu

sively that no Mn or Si segregation was associated with the ferrite bands. 

Unfortunately, the low levels of the other elements present were very close 
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Figure 9.10 Sequence of S. E. M. micrographs i n d i c a t i n g 
p a r t i a l l y d u c t i l e f r a c t u r e i n l a r g e s t panel 
crack near ingot surface 
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to the detection l i m i t s of the probes. Thus, although no segregation of S, 

P, C, Nb, or Cr was found, i t could not be ruled out c o n c l u s i v e l y . Some 

p o s i t i v e A l segregation was detected but this was believed due s o l e l y to the 

entrapment of alumina p a r t i c l e s i n the cracks at an e a r l i e r stage of sample 

p o l i s h i n g . In conclusion, no segregation of any kind appears to be asso

c i a t e d with the f e r r i t e bands or the off-corner panel cracks at the conclu

sion of ingot processing. 

9.4 C a l c u l a t i o n of Decarburized Zone Width 

Assuming that the f e r r i t e band associated with the panel cracks i s due 

to oxidation and decarburization, i t s width can be rela t e d to the time spent 

at elevated temperature by the empirical r e l a t i o n of Huber 2 1* 6: 

f-32,084. 1 
n / \ , n r (1575-898 %C) t exp 4 + 273^2 , . Jl (mm) = 10 1 o r , <- c f°/™—to Q i vc • \—J ...(9.1) L 8.5+6.6 (%Mn +3.91 %Si) J 

where X Is the depth of the i n t e r n a l l y oxidized zone from the i n i t i a l crack 

and T, t r e f e r to the soaking temperature and time r e s p e c t i v e l y . According 

to Huber, 2 1* 6 oxygen slowly d i f f u s e s from the crack i n t e r f a c e into the s t e e l 

to react p r e f e r e n t i a l l y with S i , Mn and Fe i n that order. This explains the 

presence of oxide and s i l i c a t e p r e c i p i t a t e s found i n the decarburized 

f e r r i t e bands. 

The r e l a t i o n i n Eq. (9.1) was used to determine the times required to 

produce zones of various thicknesses at d i f f e r e n t temperatures f o r the 

composition of the cracked sample. The r e s u l t s are presented i n Table 9.2. 
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Table 9.2 Time Required to Produce I n t e r n a l l y Oxidized Zone of F e r r i t e 

Temperature I n t e r n a l l y Oxidized Zone Thickness 
(°C) 0.07 mm 0.15 mm 2 mm 

1000 90,000 s 
(25 h) 

1100 10,800 s 54,000 s 
(3 h) (15 h) 

1200 2,400 s 10,800 s 
(40 min) (3 h) 

1300 600 s 2,700 s 486,000 s 
(10 min) (45 min) (135 h) 

1350 300 s 1,500 s 270,000 s 
(5 min) (25 min) (75 h) 
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From T a b l e 9.2, i t i s a p p a r e n t t h a t the d i f f u s e , 2 mm t h i c k zone a t the 

s u r f a c e o f the l a r g e s t c r a c k undergoes s e v e r e o x i d i z a t i o n owing to i t s 

p r o x i m i t y t o the s u r f a c e s c a l e l a y e r so t h a t use o f Eq. (9.1) i s I n v a l i d a t 

t h i s l o c a t i o n . However, over the r e m a i n i n g m a j o r i t y o f the l e n g t h o f the 

c r a c k , i t i s c l e a r t h a t the o x i d i z e d zone i s much too t h i n f o r the c r a c k s t o 

have been exposed to the s o a k i n g p i t e n v i r o n m e n t f o r any a p p r e c i a b l e l e n g t h 

o f t i m e . I n d e e d , a zone of a t l e a s t 0.07 mm t h i c k n e s s c o u l d form d u r i n g a i r 

c o o l i n g a f t e r removal from the s o a k i n g p i t . T h i s f i n d i n g s t r o n g l y s u g g e s t s 

t h a t , a t most, o n l y the f i r s t few c e n t i m e t e r s of the l a r g e s t c r a c k s c o u l d 

have been open to the s u r f a c e d u r i n g r e h e a t i n g i n the s o a k i n g p i t . The r e s t 

o f the c r a c k s e i t h e r p r o p a g a t e t h r o u g h to the s u r f a c e o r form c o m p l e t e l y 

d u r i n g the e a r l y s t a g e s of a i r c o o l i n g a f t e r e x i t i n g the s o a k i n g p i t . 

9.5 Summary 

The p r e c e d i n g m e t a l l u r g i c a l i n v e s t i g a t i o n i n c l u d i n g o p t i c a l m e t a l l o 

g r a p h y , e l e c t r o n m i c r o s c o p y , m i c r o p r o b e a n a l y s i s and d e c a r b u r i z e d zone w i d t h 

c a l c u l a t i o n s t h a t was p e rformed as p a r t o f t h i s t h e s i s , c o n f i r m e d and 

augmented the f i n d i n g s of p r e v i o u s s t u d i e s p e r f o r m e d a t S t e l c o R & D . 

S p e c i f i c c o n c l u s i o n s based on t h i s work a r e as f o l l o w s : 

(1) O f f - c o r n e r p a n e l c r a c k s a l l f o l l o w the smooth f a c e t s o f l a r g e , weak

ened, c o l u m n a r , p r i o r - a u s t e n i t e g r a i n b o u n d a r i e s and a r e n o t a s s o c i a t e d 

w i t h the d e n d r i t i c s t r u c t u r e . 
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The major panel cracks are accompanied by a thin, 0.07 mm wide, f e r r i t e 

band containing fi n e p r e c i p i t a t e s caused by decarburization and 

oxidation of minor a l l o y i n g elements during a i r cooling a f t e r removal 

from the soaking p i t . 

A second type of small, thin cracks traverse bands of pro-eutectoid 

f e r r i t e grains and e i t h e r form during f i n a l a i r cooling a f t e r 

transformation from austenite i s complete, or remain i s o l a t e d from the 

surface. 

No abnormal segregation could be found associated with the cracks or 

the f e r r i t e bands. 

The region near the ingot surface of the l a r g e s t crack i s h e a v i l y 

oxidized, contains large f e r r i t e grains, and shows evidence of l o c a l 

s t r a i n concentration and a p a r t i a l l y d u c t i l e f a i l u r e . 

Bands of pro-eutectoid f e r r i t e not associated with panel cracks are 

found i n both cracked and uncracked ingots of this composition. 
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CHAPTER 10 DISCUSSION 

The r e s u l t s from the mathematical modeling of heat transfer and stress 

reveal a great deal about the mechanism of formation of both mid-face and 

off-corner panel cracks i n s t e e l ingots. However, i n order to f u l l y under

stand the phenomena they must be synthesized with the findings of the 

m e t a l l u r g i c a l i n v e s t i g a t i o n and related l i t e r a t u r e on the hot d u c t i l i t y of 

s t e e l and panel cracking. In a d d i t i o n , a few useful conclusions can be 

drawn from the physical modelling study on reheating i n the soaking p i t . 

Regardless of whether cracks i n i t i a t e i n t e r n a l l y and propagate outward, 

or i f they s t a r t close to the surface and grow inward, they only cause 

problems i f they penetrate the surface. Internal cracks by themselves 

us u a l l y close during r o l l i n g without leaving a trace i f they are unexposed 

to atmospheric oxidation. Thus, i n the development of mechanisms for panel 

crack formation, a t t e n t i o n w i l l be focussed on the surface l o c a t i o n s where 

the cracks are u l t i m a t e l y observed. 

While compressive s t r a i n can be detrimental to hot d u c t i l i t y , cracks 

can only propagate through regions that are under tension. Thus, the 

d i s c u s s i o n w i l l c a r e f u l l y consider, i n turn, each t e n s i l e peak experienced 

by both the crack surface and sub-surface l o c a t i o n s . 
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Finally, the results of the stress model have shown that the overall 

plastic strain experienced by steel ingots during processing, while s u f f i 

cient to cause yielding, is insufficient to result in failure in the absence 

of local strain concentration or severe embrittlement. Thus, the discussion 

must also consider the times during thermal processing when d u c t i l i t y 

problems are most l i k e l y at the crack locations. Without this embrittle

ment, panel cracking could not occur. 

10.1 Mid-face Panel Cracks 

The results of both the mathematical heat-transfer and stress models 

indicate that mid-face panel cracks, that form during cooling, are rela

tively simple to explain when compared with the complexities of off-corner 

panel cracks involving reheating. Thus, the implications of the modelling 

studies for mid-face panel cracking in the smaller 2 - 6 ton ingots w i l l be 

discussed f i r s t . 

In the absence of sticking to the mould wall, the Ingot exterior 

remains in compression throughout mould cooling, thereby preventing crack 

formation at this time. The slight internal tensile stress is insufficient 

to cause internal cracks, considering the good duct i l i t y of these low 

sulphur steels at temperatures above 1000 °C. Additional evidence that the 

f i r s t wave of tensile stresses, originating in the mould, i s inconsequential 

i s : (1) the highest stresses are located near the corner, far away from 

the ultimate location of mid-face panel cracks, (2) their orientation is 

parallel to the grain boundaries, and (3) insufficient time has passed for 

detrimental A1N precipitation in the sub-surface tensile regions. Thus, the 
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stress model predictions are i n accordance with l i t e r a t u r e findings that 

panel cracks do not form while the ingot i s cooling i n the mould. 

As shown in the stress h i s t o r i e s given i n Figures 8.7 and 8.11, the 

next t e n s i l e peak i s not experienced u n t i l roughly one hour of a i r co o l i n g . 

However, th i s second t e n s i l e wave ar i s e s i n a manner that o f f e r s a natural 

explanation for the formation of mid-face panel cracks. In high-carbon 

s t e e l s , the sub-surface experiences a minor t e n s i l e stress across i t s grain 

boundaries that coincides with a major compressive peak at the surface. At 

t h i s t i m e , the t e m p e r a t u r e of the s u b - s u r f a c e i s j u s t above the Ar^ 

temperature a t about 700 °C. S i n c e the d u c t i l i t y of s t e e l near the Ar^ 

temperature can be reduced at the low s t r a i n rates involved, sub-surface 

cracks might i n i t i a t e i n p a r t i c u l a r l y susceptible s t e e l s even under t h i s 

b r i e f t e n s i l e s t r e s s . The fac t that this t e n s i l e peak i s not experienced i n 

low-carbon s t e e l s , owing to the i r wider phase change temperature i n t e r v a l 

may be an a d d i t i o n a l factor i n explaining why mid-face panel cracks only 

a f f e c t medium carbon s t e e l s . 

Sub-surface cracks would be prevented from propagating to the surface 

u n t i l 10 - 20 minutes l a t e r when the surface f i r s t goes into tension. This 

c o i n c i d e s with the surface dropping below the Ar^ temperature to transform 

completely to f e r r i t e and p e a r l i t e . With further cooling, the high t e n s i l e 

stresses generated both at the surface and below would further open up any 

cracks, e s p e c i a l l y i n high-carbon s t e e l s that develop weak f e r r i t e networks 

at the p r i o r austenite grain boundaries surrounded by a hard p e a r l i t e 

matrix. In addition, this high t e n s i l e peak i s i t s e l f l i k e l y to i n i t i a t e 
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c r a c k s a t the s u r f a c e t h a t p r o p a g a t e to the s u b - s u r f a c e . I n f a c t , the 

m a j o r i t y o f m i d - f a c e p a n e l c r a c k s a r e e x p e c t e d to d e v e l o p i n t h i s l a t t e r 

manner. 

A f t e r r o u g h l y two h ours o f a i r c o o l i n g , h i g h c o m p r e s s i v e s t r e s s e s 

d e v e l o p a t the s u r f a c e w i t h the f i n a l band o f c o m p r e s s i o n w h i c h c o i n c i d e 

w i t h the s u r f a c e t e m p e r a t u r e f a l l i n g to about 500 °C. These s t r e s s e s would 

p r e v e n t any s u b - s u r f a c e c r a c k s from p e n e t r a t i n g the s u r f a c e t h a t had n o t 

a l r e a d y done s o . T h i s would e x p l a i n the o c c a s i o n a l p r e s e n c e of s u b - s u r f a c e 

c r a c k s t h a t d i d n o t r e a c h the s u r f a c e . However, the h i g h i n t e r n a l s t r e s s e s 

t h a t a l s o d e v e l o p d u r i n g the l a t t e r s t a g e s of a i r c o o l i n g would s e r v e to 

p r o p a g a t e e x i s t i n g c r a c k s deep i n t o the c e n t r a l c o r e o f the i n g o t . I n t e r n a l 

o x i d a t i o n a l o n g c r a c k s exposed to the atmosphere would cause I r r e p a r a b l e 

damage. T h i s e x p l a i n s how permanent c r a c k s can p e n e t r a t e so deep i n t o the 

i n g o t , as e x a m i n a t i o n of m i d - f a c e p a n e l - c r a c k e d I n g o t s has r e v e a l e d . I n 

a d d i t i o n , because the s u r f a c e i s t i g h t l y c l o s e d i n c o m p r e s s i o n by the time 

the i n g o t has c o o l e d to ambient t e m p e r a t u r e , the e x t e n t o f the damage would 

be d i f f i c u l t t o p e r c e i v e . 

The r e s u l t s o f the s t r e s s model c l e a r l y i n d i c a t e t h a t the m i d - f a c e 

s u r f a c e s h o u l d be the l o c a t i o n where p a n e l c r a c k s d e v e l o p I n s m a l l , s q u a r e 

I n g o t s . D u r i n g c o o l i n g , t h i s l o c a t i o n e x p e r i e n c e s b o t h the h i g h e s t t e n s i l e 

s t r e s s e s and the h i g h e s t p l a s t i c s t r a i n o f any r e g i o n i n the i n g o t . T h i s 

l o c a t i o n a l s o e x p e r i e n c e s the h i g h e s t c o m p r e s s i v e s t r e s s e s . 

The h i g h shear s t r e s s t h a t r e s u l t s from t h i s c o u l d a l s o be a f a c t o r 

c o n t r i b u t i n g to g r a i n boundary weakness w h i c h the i m m e d i a t e l y s u b s e q u e n t 
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t e n s i l e peak i n t e n s i f i e s t o the p o i n t o f f r a c t u r e . I n a d d i t i o n , the maximum 

p r i n c i p a l t e n s i l e s t r e s s a c t s i n a d i r e c t i o n e x a c t l y p e r p e n d i c u l a r to the 

g r a i n b o u n d a r i e s w h i c h i s the most d e t r i m e n t a l o r i e n t a t i o n f o r g r a i n bound

a r y f r a c t u r e . F i n a l l y , the t e m p e r a t u r e range o v e r w h i c h the t e n s i l e peak 

a c t s a t t h e s u r f a c e i s between 500 °C and the A r ^ and f a l l s d i r e c t l y i n the 

f o u r t h t e m p e r a t u r e zone of e m b r i t t l e m e n t . I n t h i s zone, the f e r r i t e n e t 

works a r e su r r o u n d e d by p e a r l i t e and the time d u r a t i o n i s s u f f i c i e n t f o r low 

s t r a i n - r a t e v o i d c o a l e s c e n c e a t n i t r i d e p r e c i p i t a t e s i n the p r i o r a u s t e n i t e 

g r a i n boundary f e r r i t e . A l l o f these f a c t o r s h e l p to e x p l a i n why m i d - f a c e 

p a n e l c r a c k s a r e found o n l y a l o n g the m i d - f a c e o f i n g o t s . 

Based on the r e s u l t s o f the s t r e s s model a l o n e , s m a l l e r i n g o t s s h o u l d 

e x p e r i e n c e a s l i g h t l y g r e a t e r tendency f o r m i d - f a c e p a n e l c r a c k i n g , owing t o 

t h e i r s l i g h t l y h i g h e r maximum s t r e s s e s . However, s m a l l e r I n g o t s a l s o 

e x p e r i e n c e the t h e r m a l and s t r e s s e v e n t s s o o n e r . Thus, m i d - f a c e p a n e l 

c r a c k i n g may be a v o i d e d i n v e r y s m a l l I n g o t s s i m p l y because the s u r f a c e 

t e n s i l e peak o c c u r s b e f o r e a s u f f i c i e n t amount o f A1N p r e c i p i t a t i o n has 

t a k e n p l a c e to e m b r i t t l e the g r a i n b o u n d a r i e s . F o r i n g o t s l a r g e r t h a n t h i s 

c r i t i c a l s i z e , i n c i d e n c e o f m i d - f a c e p a n e l c r a c k i n g s h o u l d d e c l i n e w i t h 

i n c r e a s i n g i n g o t s i z e . T h i s a g r e e s w i t h the o b s e r v a t i o n s o f E r i c s o n and 

e x p l a i n s why m i d - f a c e p a n e l c r a c k s a r e n o t found i n v e r y l a r g e i n g o t s . 

The c r i t i c a l t e m p e r a t u r e range f o r m i d - f a c e p a n e l c r a c k f o r m a t i o n 

c e r t a i n l y c o r r e s p o n d s t o ma j o r t e n s i l e zone e x p e r i e n c e d by the m i d - f a c e 

s u r f a c e between 500 °C and the A r ^ . T h i s a g r e e s w e l l w i t h the s p e c u l a t i o n s 

o f p r e v i o u s r e s e a r c h e r s . 2 5 6 I t a l s o c o r r e s p o n d s t o the lo w e r t e m p e r a t u r e 
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zone of embrittlement previously discused. Thus, i t i s apparent that mid-

face panel cracking i s co n t r o l l e d by both stress generation and m e t a l l u r g i 

c a l f a c t o r s . 

The maximum l e v e l of p l a s t i c s t r a i n calculated by the stress model 

a r i s e s at the mid-face surface and i s less than 2%. Even the most conserva

t i v e estimates of the hot d u c t i l i t y of s t e e l i n a temperature zone of severe 

embrittlement predict a s t r a i n - t o - f a i l u r e s i g n i f i c a n t l y higher than t h i s . 

Thus, s t r a i n concentration at the p r i o r austenite grain boundaries i s an 

e s s e n t i a l feature of the mechanism f o r mid-face panel crack formation. 

This proposed mechanism has explained many of the observed features of 

mid-face panel cracking. In ad d i t i o n , i t suggests a number of d i f f e r e n t 

methods f o r preventing t h e i r formation and solving the problem. 

The f i r s t of these i s to prevent the ingot surface from cooling below 

the Ar^ and thus a v o i d the high t e n s i l e peak. To ensure that sub-surface 

cracks do not form e i t h e r , i t would be preferable to prevent the surface 

from f a l l i n g below the Ar^. This could be achieved by reheating and r o l l i n g 

w ithin the f i r s t hour a f t e r s t r i p p i n g before the mid-face of the ingot has 

f a l l e n below 700 °C. 

A l t e r n a t i v e l y , slow, c o n t r o l l e d cooling while the mid-face surface was 

passing through the 500 - 700 °C t e n s i l e peak might a l l e v i a t e the problem by 

delaying and reducing the magnitude of that peak. This would explain the 

findin g s of previous workers that slow cooling a l l e v i a t e d cracking problems. 
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However, i t i s i n t e r e s t i n g to note that the cooling rate experienced by the 

ingot while the mid-face surface i s below 500 °C i s inconsequential since 

the surface i s i n compression by that time. Thus, charging the ingots into 

a holding furnace for a short time while the ingot surface cools to below 

500 °C should be s u f f i c i e n t to prevent mid-face panel-crack formation. 

Longer cooling i n the holding furnace i s unnecessary. A l t e r n a t i v e l y , laying 

one face of the ingot on an i n s u l a t i n g surface, as proposed by G u e r i n 5 would 

also reduce stress generation by concentrating s t r a i n i n the s i n g l e hot face 

above the A r ^ . T h i s would again reduce the magnitude of the t e n s i l e peaks 

experienced by a l l of the ingot mid-face surfaces and reduce the l i k e l i h o o d 

of crack formation. 

The f i n a l s o l u t i o n to mid-face panel cracking i s simply to avoid the 

production of s t e e l compositions susceptible to a low temperature zone of 

embrittlement. Unfortunately, t h i s requires the lowering of aluminum or 

nitrogen contents or using an a l t e r n a t i v e grain r e f i n e r . As discussed i n 

Chapter 2, the same mechanism that causes grain boundary embrittlement lead

ing to panel-crack formation, i s also responsible for the b e n e f i c i a l g rain 

refinement e f f e c t s so d e s i r a b l e i n l a t e r processing. Thus, the a p p l i c a t i o n 

of t h i s f i n a l s o l u t i o n requires the possible acceptance of i n f e r i o r f i n a l 

m a t e r i a l properties. 
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1 0 . 2 Off-corner Panel Cracks 

Attention w i l l now be turned to understanding the formation of off-

corner panel cracks through interpretation of the stress model results and 

consideration of the results of the metallurgical investigation. For the 

same reasons discussed for mid-face panel cracks, the stresses arising 

during cooling in the mould are unimportant to the ultimate formation of 

off-corner panel cracks. The additional phase transformation from delta-

fe r r i t e to austenite experienced by low-carbon steels during mould cooling 

has v i r t u a l l y no effect on stress generation, owing to the rapid pl a s t i c -

creep relaxation occurring at these high temperatures. 

Immediately upon stripping, however, the band of tension that moves 

through the ingot just ahead of the Ar^ transformation front causes surface 

tensile stresses that were not encountered during cooling of the smaller 

ingot. This constitutes the f i r s t of six tensile peaks offering the oppor

tunity for panel crack i n i t i a t i o n . Surface cracks might be initiated at 

this time for several reasons. The highest tensile stresses are located at 

the off-corner and mid-narrow face surface locations, where panel cracks are 

ultimately found and are oriented directly across the grain boundaries. In 

addition, the temperature at these locations i s close to the Ar^ In the 

middle of the intermediate-temperature du c t i l i t y trough. However, as this 

tensile zone moves inwards, i t diminishes rapidly and changes i t s orienta

tion to align parallel to the grain boundaries, thus rendering i t less harm

f u l . This tensile peak therefore has the potential to i n i t i a t e only shallow 

surface cracks. In addition, this zone of tension does not correspond 
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c l o s e l y to the ultimate l o c a t i o n of off-corner panel cracks. Further 

evidence that deep cracks do not form p r i o r to reheating i s the lack of a 

thick oxidized zone in the off-corner panel cracks analyzed i n the metallur

g i c a l i n v e s t i g a t i o n . F i n a l l y , the f a c t that these stresses are always 

experienced on s t r i p p i n g regardless of the subsequent thermal treatment, 

that i s known to be important, implies that this I n i t i a l t e n s i l e peak cannot 

be the c o n t r o l l i n g stress factor for off-corner panel-crack formation. 

Following the zone of high compression, associated with the two-phase 

region i n t o the ingot during a i r c o o l i n g , i s a second t e n s i l e peak. This 

peak i s analagous to the one held responsible for mid-face panel cracking 

and could concievably cause off-corner panel cracks by the same mechanism, 

p a r t i c u l a r l y a f t e r very long a i r cooling times when this t e n s i l e peak 

reaches i t s maximum. The only d i f f e r e n c e from a i r cooling t e n s i l e stresses 

i n the small 355 x 355 mm ingot i s the l o c a t i o n of the maximum t e n s i l e 

s t r e s s , which reaches the off-corner l o c a t i o n f i r s t . However, because these 

760 x 1520 mm ingots are so large, the absolute stresses involved are much 

lower i n magnitude than those encountered i n the smaller ingots. In addi

t i o n , off-corner panel cracks are known to be r e l a t e d more to reheating 

since ingots cooled completely to ambient temperature generally experience 

no problems. This t e n s i l e peak i s therefore not the determining cause of 

off-corner panel cracks, although I t might help to i n i t i a t e shallow cracks 

at the surface. Any shallow cracks that were i n i t i a t e d by e i t h e r of these 

two t e n s i l e peaks during a i r cooling, would be exposed to the soaking p i t 

environment throughout reheating. This would explain the presence of the 

heavily oxidized portions of off-corner panel cracks near the surface at the 

off-corner l o c a t i o n that were observed i n the m e t a l l u r g i c a l i n v e s t i g a t i o n . 
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Shortly a f t e r charging to the soaking p i t , the th i r d t e n s i l e peak i s 

experienced. I t s t a r t s at the surface of the wide face almost immediately 

upon charging. At this time, cracks are u n l i k e l y to i n i t i a t e at the 

surface. This i s because the e x t e r i o r of the ingot has experienced a b r i e f 

time i n t e r v a l below the Ar^ temperature, which would greatly improve i t s 

d u c t i l i t y . As discussed i n the l i t e r a t u r e review on hot d u c t i l i t y , the 

transformation to f e r r i t e and p e a r l i t e generally improves d u c t i l i t y i n low 

carbon s t e e l s . In addition, the transformation to f e r r i t e promotes the 

rapid p r e c i p i t a t i o n of A 1 N which, for the long time periods involved, would 

produce p r e c i p i t a t e coarsening. Reheating to austenite nucleates new 

austenite grains that trap the coarsened n i t r i d e p r e c i p i t a t e s harmlessly 

i n s i d e . Further evidence that this t e n s i l e stress f a i l s to i n i t i a t e cracks 

at the surface i s the lack of s i g n i f i c a n t oxidation over the majority of the 

length of the crack. In addition, the magnitude, duration and time delay 

f o r this t e n s i l e peak while i t i s at the surface, are independent of the 

p r i o r track time experienced, contrary to the incidence of panel crack form

a t i o n . F i n a l l y , i f a surface t e n s i l e stress f a i l s to i n i t i a t e cracks during 

a i r c o o l i n g , then i t i s u n l i k e l y to do so during reheating e i t h e r , since the 

maximum t e n s i l e stresses attained are a c t u a l l y lower. 

As t h i s t e n s i l e peak moves completely beneath the surface i t encounters 

s t e e l that has remained in the two-phase region for a s i g n i f i c a n t length of 

time. At t h i s stage, the t h i r d t e n s i l e peak c l e a r l y becomes the most i n f l u 

e n t i a l s t r e s s factor i n the generation of off-corner panel cracks. 

T e n s i l e stress across the grain boundaries of s t e e l i n this region may 

be s u f f i c i e n t to nucleate subsurface cracks, considering the low s t r a i n 
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r a t e s , l o w e r e d d u c t i l i t y and s u f f i c i e n t d u r a t i o n o f t h i s r e l a t i v e l y b r o a d 

t e n s i l e peak, (ab o u t 45 min a t the o f f - c o r n e r s u b - s u r f a c e l o c a t i o n ) . The 

h i g h s h e a r s t r a i n s accompanying the c o m p r e s s i v e band t h a t had j u s t been 

e x p e r i e n c e d would u n d o u b t e d l y add t o the l i k e l i h o o d o f s u b - s u r f a c e c r a c k 

i n i t i a t i o n . These c r a c k s would be p r e v e n t e d from p r o p a g a t i n g t h r o u g h t o the 

s u r f a c e a t t h i s time s i n c e the s u r f a c e has f a l l e n back i n t o c o m p r e s s i o n . 

The shape a t t a i n e d by the s u b - s u r f a c e t e n s i l e r e g i o n c o r r e s p o n d s 

c l o s e l y t o the u l t i m a t e l o c a t i o n o f o f f - c o r n e r p a n e l c r a c k s r e p o r t e d by 

Sussman 9: a sausage-shaped band e x t e n d i n g from j u s t below the c e n t e r o f the 

n a r r o w f a c e , around b e n e a t h the o f f - c o r n e r r e g i o n and p a r t way a l o n g the 

w i d e - f a c e . F u r t h e r e v i d e n c e t h a t t h i s t e n s i l e peak i s r e s p o n s i b l e f o r the 

i n i t i a t i o n o f o f f - c o r n e r p a n e l c r a c k s i s the i n f l u e n c e o f t r a c k t i m e on i t s 

l o c a t i o n . W i t h l o n g e r t r a c k t i m e s , the sausage-shaped band moves deeper 

i n t o the i n g o t , w h i c h c o r r e s p o n d s e x a c t l y t o the b e h a v i o r o f o f f - c o r n e r 

p a n e l c r a c k s . T h i s t e n s i l e zone i s a l s o the most s e n s i t i v e to r e h e a t i n g 

p r a c t i c e , w h i c h a g a i n c o i n c i d e s w i t h the b e h a v i o r o f o f f - c o r n e r p a n e l 

c r a c k s . When a s l o w , d e l a y e d r e h e a t i n g s c h e d u l e i s f o l l o w e d , the d e v e l o p 

ment o f the s u b - s u r f a c e t e n s i l e band i s s i g n i f i c a n t l y d e l a y e d and s l i g h t l y 

d i m i n i s h e d . T h i s i m p l i e s a d e c r e a s e d l i k e l i h o o d f o r p a n e l - c r a c k f o r m a t i o n , 

w h i c h a g a i n c o r r e s p o n d s t o i n d u s t r i a l o b s e r v a t i o n s . P r e v i o u s r e s e a r c h e r s 

have a l s o a t t r i b u t e d o f f - c o r n e r p a n e l c r a c k i n g to the i n t e r n a l t e n s i l e peak 

a r i s i n g d u r i n g the e a r l y s t a g e s o f r e h e a t i n g . I n p a r t i c u l a r , the mechanism 

p r o p o s e d by Sussman 9 i d e n t i f i e s t h i s e n c l o s e d zone o f two-phase m a t e r i a l 

r e h e a t i n g w i t h i n a framework of a u s t e n i t e as b e i n g r e s p o n s i b l e f o r p a n e l -

c r a c k i n i t i a t i o n . 
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The fourth t e n s i l e peak experienced at the o f f - c o r n e r , sub-surface 

l o c a t i o n of 760 x 1520 mm ingots, i s a very s l i g h t , but l o n g - l a s t i n g , 

t e n s i l e stress a r i s i n g a f t e r several hours of reheating. Sussman 9 a t t r i 

butes the propagation of the sub-surface cracks through to the surface to 

t h i s general tension over the e x t e r i o r of the ingot. However, the r e s u l t s 

of the stress model indi c a t e that p l a s t i c creep r e l a x a t i o n diminishes the 

magnitude of the stresses considerably. Although this r e s u l t s i n r e l a t i v e l y 

large p l a s t i c s t r a i n s of 2 - 5% near the surface, these are s t i l l i n s u f f i 

c i e n t to cause fracture without severe embrittlement or s t r a i n concentra

t i o n . The s t r a i n - t o - f a i l u r e at these high temperatures i s normally over 

100%. Since these stresses relax even further with increasing time, the 

cracking tendency would be expected to decrease with increasing time i n the 

p i t , i f stress generation were the sole determining f a c t o r . The f a c t that 

many previous studies have observed the incidence of off-corner panel crack

ing to increase with increasing time i n the soaking p i t points to a p r i 

m arily m e t a l l u r g i c a l mechanism for any crack propagation at this time. 

One p o s s i b i l i t y to consider also i s l o c a l grain boundary remelting i f 

the ingot surface temperature becomes too high. The r e s u l t s of the soaking 

p i t modelling study suggest that ingot placement i s generally not important. 

However, ingots placed very near to the recuperators might experience 

s l i g h t l y higher temperature environments. A more important consideration i s 

the c o n t r o l of flame length within the soaking p i t . Allowing the exhaust 

oxygen percentage to f a l l too low would extend the flame length, p o s s i b l y 

overheating the external faces of some of the ingots. With long times at 

high temperatures, abnormal grain growth could occur, e s p e c i a l l y i f the 

g r a i n coarsening temperature had been exceeded, thereby allowing detrimental 
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secondary r e c r y s t a l l i s a t i o n as well as general grain boundary d e t e r i o r a t i o n . 

S t i l l , the lack of s i g n i f i c a n t t e n s i l e stresses during the l a t t e r stages of 

reheating make cracking doubtful at this time. Evidence from the 

m e t a l l u r g i c a l i n v e s t i g a t i o n , finding very thin oxidation bands, support the 

contention that off-corner panel cracks do not penetrate the ingot surface 

as a r e s u l t of the weak fourth t e n s i l e peak a r i s i n g late during reheating i n 

the soaking p i t . 

However, immediately a f t e r removal from the soaking p i t , a f i f t h 

t e n s i l e peak sweeps r a p i d l y over the ingot surface. I t s c h a r a c t e r i s t i c s are 

s i m i l a r to those of the f i r s t t e n s i l e peak experienced after s t r i p p i n g from 

the mould. The only major di f f e r e n c e i s that the absolute stress l e v e l s are 

higher and the peaks endure for longer times. If the m e t a l l u r g i c a l i n t e 

g r i t y of the ingot was reduced, then crack formation would be much more 

l i k e l y at this time. However, i f the reheating conditions were such that 

grain boundary embrittlement or severe grain growth had occurred, then these 

t e n s i l e stresses would surely concentrate s t r a i n at the austenite grain 

boundaries and propagate any sub-surface cracks through to the surface. A 

coarse grain size would aggravate this type of embrittlement by enhancing 

s t r a i n concentration at the austenite grain b o u n d a r i e s . 5 8 Moreover, since 

the n i t r i d e s would have redissolved during reheating, th e i r r e p r e c i p i t a t i o n 

could place the ingot surface in a zone of severe embrittlement at the time 

when stresses were a maximum and the temperature was just above the Ar^. To 

compound the problem, the stress model r e s u l t s i n d i c a t e that the f i f t h 

t e n s i l e peak i s more severe than the f i r s t one. 
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Thus, off-corner panel cracks most l i k e l y propagate to the surface j u s t 

a f t e r removal from the soaking p i t . If shallow surface cracks had been 

previously i n i t i a t e d by the f i r s t or second t e n s i l e peaks, then sub-surface 

cracks would n a t u r a l l y l i n k with these. The majority of the e l a s t i c s t r a i n 

might then be taken up by the formation of a s i n g l e , inter-granular crack, 

most probably located i n the off-corner region. This was l i k e l y the 

sequence of events experienced by the ingot analyzed i n the m e t a l l u r g i c a l 

i n v e s t i g a t i o n . The rest of the sub-surface cracks might then close up under 

surface compression during the l a t t e r stages of a i r c o o l i n g . If a s i n g l e 

crack could not form to r e l i e v e the tension, then a band of sub-surface 

cracks s i m i l a r to those found by Sussman 9 i n Figure 2.22 would l i k e l y 

r e s u l t . The time of cracking proposed by this mechanism i s consistent with 

the thickness of the f e r r i t e band found i n the m e t a l l u r g i c a l i n v e s t i g a t i o n . 

Following the f i f t h t e n s i l e peak i s a compressive band and then the 

s i x t h and f i n a l t e n s i l e peak. Under ordinary circumstances, r o l l i n g would 

have already occurred, opening up the off-corner panel cracks to make them 

e a s i l y v i s i b l e and culminating i n the scrapping of the p a r t i a l l y r o l l e d 

ingot. However, the ingot analyzed i n the m e t a l l u r g i c a l Investigation had 

been allowed to cool completely through this s i x t h t e n s i l e peak. Because 

the grain boundaries had already been severely weakened, further cracks were 

generated and superimposed on the major cracks e x i s t i n g previously. These 

cracks n a t u r a l l y had no decarburization and traversed the f e r r i t e / p e a r l i t e 

s t r u c t u r e , i n a manner s i m i l a r to mid-face panel cracking since they formed 

d u r i n g the t e n s i l e peak a r i s i n g between 500 °C and the Ar^ temperature. 

They n a t u r a l l y followed the path of l e a s t resistance which was the pro-

eutectoid f e r r i t e bands commonly a r i s i n g i n s t e e l s of this carbon content. 
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Ultimate cooling to ambient temperature placed the i n t e r i o r i n tension, 

fur t h e r propagating thin cracks from the roots of the major decarburized 

cracks deeper into the ingot. The compressive stress at the surface 

attempted to close up e x i s t i n g panel cracks, which rendered them more 

d i f f i c u l t to detect. F i n a l l y , i t i s i n t e r e s t i n g to note that, i n a d d i t i o n 

to the panel cracks, the ingot i n Figure 9.1 also exhibits a long, i n t e r n a l 

crack through the length of the ingot i n t e r i o r . This i s undoubtedly due to 

the r e s i d u a l t e n s i l e stresses b u i l t up i n the c e n t r a l core of the ingot that 

were calculated by the stress model. The rapid thermal c y c l i n g accompanying 

torch c u t t i n g then explains the i n i t i a t i o n of t h i s crack. 

The importance of the off-corner l o c a t i o n , where cracks are u l t i m a t e l y 

found, appears to be mainly a geometric e f f e c t associated with the aspect 

r a t i o of rectangular ingots. However, the presence of corrugations i n f l u 

ences the l o c a l v a r i a t i o n of stresses i n the ingot surface s i g n i f i c a n t l y . 

The highest stresses were generally found e i t h e r d i r e c t l y beneath the corru

gation peaks or at the surface in the corrugation troughs which also e x p e r i 

enced the highest p l a s t i c s t r a i n s . Thus, cracks i n i t i a t i n g i n the higher 

s t r e s s region beneath a corrugation peak might bend towards a corrugation 

trough while propagating outward to the surface. This would give r i s e to 

the crack pattern observed i n the sample analyzed i n the m e t a l l u r g i c a l 

i n v e s t i g a t i o n . While the presence of mould corrugations l i k e l y does not 

influence whether or not panel cracks develop, the r e s u l t s i n d i c a t e that 

they undoubtedly influence their exact l o c a t i o n . 
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As was the case for mid-face panel cracking, the mechanism proposed for 

the formation of off-corner panel cracks suggests several a l t e r n a t i v e 

methods for a l l e v i a t i n g the problem. They may be c l a s s i f i e d i n t o three 

general philosophies. The f i r s t s o l u t i o n i s to prevent the sub-surface band 

of cracks from forming during the early stages of reheating. This i s the 

approach taken by most previous researchers. I t can be achieved most 

r e a d i l y by employing a very short track time that keeps the e n t i r e ingot i n 

the p u r e l y a u s t e n i t i c range above the Ar^ temperature at a l l times p r i o r to 

drawing the ingot from the soaking p i t . The stress model r e s u l t s show that 

t h i s cooling p r a c t i c e completely eliminates the detrimental, t h i r d t e n s i l e 

peak. Unfortunately, this b e n e f i c i a l p r a c t i c e i s often unachievable due to 

l o g i s t i c c o n s t r a i n t s , so the second, le s s optimal s o l u t i o n i s to employ a 

long track time that forces the sub-surface cracks to i n i t i a t e very deep 

within the ingot. I f the subsequent f i f t h t e n s i l e peak, on removal from the 

soaking p i t , f a i l s to force cracks through the thicker e x t e r i o r of uncracked 

s t e e l , then the i n t e r n a l cracks w i l l eventually close during r o l l i n g . 

Unfortunately, this practice i s dangerous because i t can p o t e n t i a l l y produce 

even deeper off-corner panel cracks i f the grain boundaries are s u f f i c i e n t l y 

embrittled. In addition, the absolute magnitude of stresses encountered 

p r i o r to reheating i s s i g n i f i c a n t l y higher and the t h i r d t e n s i l e peak during 

reheating i s equally great to that produced for a medium track time. 

Another d i f f i c u l t y i s the determination of s u f f i c i e n t track time constraints 

which should n a t u r a l l y be dependent on factors i n f l u e n c i n g cooling rate such 

as ingot s i z e , mould cooling time and ambient weather conditions. A f i n a l 

problem i s ensuring that each ingot i n the heat undergoes the proper cooling 

c o n s t r a i n t since the track time experienced by each ingot i s d i f f e r e n t . 

Thus, the e l i m i n a t i o n of off-corner panel cracking v i a the long track time 
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method, while v i a b l e may be very d i f f i c u l t to achieve c o n s i s t e n t l y and o f f -

corner panel cracking may s t i l l be encountered. 

A second practice to reduce the extent of the t h i r d t e n s i l e peak i s 

through the use of a slow, delayed reheating schedule from an i n t i a l l y cold 

p i t . However, the stress model r e s u l t s show that, even for this most favor

able reheating schedule, a sub-surface t e n s i l e band s t i l l develops event

u a l l y , i f the track time was unfavorable. Simply reheating from an i n i t i a l 

l y cold p i t produces only a s l i g h t reduction in the thi r d t e n s i l e peak. 

This s o l u t i o n would therefore not be expected to be as e f f e c t i v e as proper 

track time c o n t r o l s . Nevertheless, improved reheating schedules, designed 

to provide slower ingot heating rates, do reduce the stress l e v e l s . In 

a d d i t i o n , they provide a d d i t i o n a l time for n i t r i d e p r e c i p i t a t e coarsening. 

This p r a c t i c e should therefore help somewhat to a l l e v i a t e the formation of 

off-corner panel cracks, p a r t i c u l a r l y i f combined with favorable track time 

c o n t r o l s . 

The second s o l u t i o n to prevent off-corner panel cracks, based on the 

r e s u l t s of this work, i s to prevent sub-surface cracks that have formed, 

from propagating through to the surface. Since nothing can be done to 

prevent the surface t e n s i l e stresses from a r i s i n g upon removal of the ingot 

from the soaking p i t , t h i s can only be achieved through proper c o n t r o l of 

the soaking p i t s to avoid m e t a l l u r g i c a l problems during the l a t t e r stages of 

reheating. The most important parameter to c o n t r o l i s the i n t e r n a l soaking 

p i t temperature, which should be prevented from becoming excessively high. 

At t e n t i o n should also be paid to the placement of ingots to ensure that none 

of t h e i r faces are overheated. 
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Secondly, ingots should be l e f t in the pit for as short a time as 

necessary to reheat and homogenize them prior to r o l l i n g . Excessive times 

not only cause ductility problems but cost extra fuel. If internal soaking 

pit conditions were properly maintained, off-corner panel cracks should be 

almost as unlikely in reheated ingots as in Ingots allowed to air cool to 

ambient temperatures directly upon stripping from the mould. 

The third and final solution is to employ steel compositions that are 

less susceptible to duc t i l i t y problems. This unfortunately entails the 

compromising of fi n a l properties such as impact strength since the mechan

isms for embrittlement and grain refinement are the same. These composition 

solutions to improve the hot d u c t i l i t y of the steel have previously been 

discussed at great length. 
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CHAPTER 11 CONCLUSIONS 

In s t r i v i n g towards the objective of understanding the formation of 

panel cracks i n s t e e l ingots, t h i s work required the completion of several 

preliminary projects which unfolded along p a r a l l e l courses. These were: 

• A comprehensive l i t e r a t u r e review on the hot d u c t i l i t y of s t e e l 

and panel cracking 

• P h y s i c a l modelling experiments to f i n d the flow patterns, v e l o c i t y 

p r o f i l e s and flame-front contours i n a bottom-fired Stelco soaking 

p i t 

• An i n v e s t i g a t i o n of numerical techniques for the mathematical 

modelling of two-dimensional transient heat-conduction problems 

in c l u d i n g i r r e g u l a r geometry, phase change, non-linear boundary 

conditions and temperature-dependent thermal properties 

• The formulation, v e r i f i c a t i o n and use of a mathematical model to 

determine the thermal state of a s t e e l ingot as a continuous 

process from the end of teeming to the s t a r t of r o l l i n g , i n c l u d i n g 

s o l i d i f i c a t i o n , cooling i n the mould and i n a i r , reheating i n the 

soaking p i t and subsequent a i r cooling 
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• The development, v e r i f i c a t i o n and use of a transient, e l a s t o -

v i s c o - p l a s t i c , thermal stress model including the e f f e c t s of phase 

transformation volume changes and k i n e t i c s , and temperature 

dependent mechanical properties to determine the i n t e r n a l stress 

state of the s t e e l ingot during processing 

• A m e t a l l u r g i c a l i n v e s t i g a t i o n of off-corner panel-cracked samples 

supplied by Stelco 

The r e s u l t s of the l i t e r a t u r e on hot d u c t i l i t y revealed that s t e e l i s 

subject to several separate temperature zones of embrittlement at elevated 

temperatures, each operating under d i f f e r e n t mechanisms. The zones 

r e s p o n s i b l e f o r p a n e l - c r a c k i n g l i e roughly between 500 °C and the Ar^ and 

between 700 °C and the Ar^. The e m b r i t t l i n g mechanisms occur at low s t r a i n 

rate and involve the i n i t i a t i o n , growth, and coalescence of voids at the 

austenite grain boundaries or at thin pro-eutectoid f e r r i t e networks. This 

i s enhanced by the presence of f i n e n i t r i d e p r e c i p i t a t e p a r t i c l e s , p a r t i c 

u l a r l y A1N. 

The l i t e r a t u r e review on panel cracking i t s e l f i d e n t i f i e d two separate 

manifestations of the problem. The f i r s t was termed "mid-face panel cracks" 

owing to i t s l o c a t i o n , and a f f e c t s small, medium carbon s t e e l ingots during 

a i r c o o l i n g . The second problem, termed "off-corner panel cracks", a f f e c t s 

large, low-carbon, manganese s t e e l ingots during reheating. 
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The physical modelling study determined that the o v e r a l l flow pattern 

i n a bottom f i r e d soaking p i t a t t a i n s an almost symmetrical mushroom shape 

that i s r e l a t i v e l y i n s e n s i t i v e to f i r i n g conditions and ingot placement. 

V e l o c i t y p r o f i l e measurements determined that s l i g h t l y more a i r e x i t s from 

the " b l i n d sides" of the a i r annulus, which i s influenced somewhat by the 

underlying duct work. In addition, a i r flow through the recuperator ports 

nearest the corners i s the highest. The mixing studies using helium tracer 

i n j e c t i o n determined that the flame geometry of this type of burner i s quite 

short and bushy. Heat i s transferred to the ingots mainly by r a d i a t i o n from 

the hot gases and back-radiation from the walls i n the upper, outside 

portions of the soaking p i t . The flame length depends d i r e c t l y on the 

amount of excess a i r and i s very s e n s i t i v e to the exhaust oxygen percent

age. 

The i n v e s t i g a t i o n of numerical modelling techniques revealed that the 

Matrix version of the finite-element method coupled with the Dupont time-

stepping method, lumped boundary-condition formulation, v a r i a b l e property 

evaluation at T ^ ( t 2 ) , and the Lemmon latent-heat evolution technique was the 

best method to use for the heat-transfer problem being considered. 

Using this method, the heat-transfer model determined temperatures 

throughout 1/4 transverse sections of both small (355 x 355 mm) and large 

(760 x 1520 mm) ingots as functions of time during processing. Based on 

these temperature p r e d i c t i o n s , the stress model c a l c u l a t i o n s i d e n t i f i e d 

several d i f f e r e n t stages of stress development i n the ingot, taking into 

account phase transformation, creep and v a r i a b l e thermo-mechanical 
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p r o p e r t i e s . One of the most important findings of the mathematical model

l i n g work was that stress development during the processing of s t e e l ingots 

can be d i r e c t l y linked to the y •*• a phase transformation. The t e n s i l e and 

compressive regions i n the ingot can generally be distinguished by t h e i r 

temperatures r e l a t i v e to the phase transformation isotherms, (Ar^, Ar^, Ac^, 

A c ^ ) . In a d d i t i o n , these s t r e s s e s can e a s i l y be r a t i o n a l i z e d i n terms of 

the expansions and contractions that accompany the moving zone of two-phase 

m a t e r i a l . 

When combined with the findings of the m e t a l l u r g i c a l i n v e s t i g a t i o n of 

off-corner panel-cracked samples, these r e s u l t s suggest c l e a r l y defined 

mechanisms for both mid-face and off-corner panel crack generation. I t i s 

important to emphasize that both types of panel-cracking r e s u l t from an 

unfavorable combination of both stress generation and a reduction i n the hot 

d u c t i l i t y of s t e e l . The steps i n panel-crack formation are as follows: 

(1) During s o l i d i f i c a t i i o n and cooling i n the mould, a r e l a t i v e l y complica

ted development of stresses r e s u l t s i n compression over the e n t i r e 

surface of the ingot that prevents any crack formation while i n the 

mould. 

(2) The rapid surface contraction a r i s i n g upon s t r i p p i n g produces a shallow 

t e n s i l e peak over the surface of larger ingots that i s u n l i k e l y to 

produce serious cracking. 
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During a i r cool i n g , the progress of the two-phase, a -*• y transformation 

region, which moves inward from the surface into the ingot, i s accom

panied by a zone of high compression. This i s followed by a comple

mentary t e n s i l e zone whose subsequent contraction gradually b u i l d s a 

peak of h i g h t e n s i o n between the Ar^ and 700 °C before subsiding into 

compression again. The maximum tension occurs at the mid-face surface 

of square ingots and at the off-corner surface i n the trough between 

corrugations of the larger ingot. This t e n s i l e peak may concentrate 

s t r a i n at A1N embrittled, pro-eutectoid f e r r i t e networks that i n i t i a t e s 

cracks at the surface along p r i o r - a u s t e n i t e grain boundaries. In 

add i t i o n , the narrow y •*• a PCTI of higher carbon steels produces a 

preliminary sub-surface t e n s i l e peak that might account f o r i n t e r n a l 

mid-face panel cracks. The higher stress l e v e l s produced i n smaller 

ingots make them more susceptible to crack formation by t h i s mech

anism. 

With further cooling, the r e l a t i v e contraction of i n t e r i o r of the ingot 

accompanying the general l e v e l l i n g o f f of temperature gradients 

produces high i n t e r n a l t e n s i l e stresses that propagate these cracks 

deep into the ingot. 

Larger ingots are usually charged into the soaking p i t without any 

serious p r i o r crack formation. Depending on the rate of reheating, an 

i n t e r n a l t e n s i l e zone develops s h o r t l y a f t e r charging as a band of 

two-phase material contracts while reheating within a surrounding 

framework of expanding austenite. This i n i t i a t e s sub-surface cracks 

along the p r i o r austenite grain boundaries beneath the off-corner 
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region, whose depth depends on the a i r cooling time p r i o r to charging. 

The strong, retransformed a u s t e n i t i c e x t e r i o r which i s under compress

ion prevents the cracks from penetrating the surface at t h i s time. 

6) Later during reheating, the r e l a t i v e expansion of the i n t e r i o r accom

panying the l e v e l l i n g off of i n t e r n a l temperature gradients produces a 

s l i g h t t e n s i l e stress i n the e x t e r i o r of the ingot. However, the rapid 

creep r e l a x a t i o n at these temperatures reduces the stress l e v e l of this 

t e n s i l e peak, thereby reducing the l i k e l i h o o d of crack-formation i n the 

l a t t e r stages of reheating. 

7) Immediately upon e x i t from the soaking p i t , the rapid cooling contrac

t i o n of the a u s t e n i t i c e x t e r i o r of the ingot produces high surface 

t e n s i l e s t r e s s . S t r a i n concentration at the grain boundaries of 

enlarged austenite grains i n combination with n i t r i d e r e p r e c i p i t a t i o n 

allows the i n t e r n a l , off-corner panel cracks to propagate through to 

the surface. 

The r e s u l t s of this work suggest several d i f f e r e n t solutions to both 

types of panel cracking. Mid-face panel cracking may be c o n t r o l l e d or 

prevented by the following methods: 

1) P r e v e n t the mid-face s u r f a c e from dropping below the Ar^ temperature 

around 700 °C by reheating the ingot p r i o r to excessive c o o l i n g . 

2) Reduce t e n s i l e stresses over the c r i t i c a l temperature range between 

500 °C and the Ar^ temperature by slow or unsymmetrical co o l i n g . 

3) Prevent the formation of f e r r i t e networks and embrittling n i t r i d e 

p r e c i p i t a t e s by using le s s susceptible s t e e l compositions. 
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Suggested solutions to off-corner panel cracking are: 

(1) Prevent the stresses responsible for the sub-surface cracks from devel

oping during the early stages of reheating either by employing a short 

a i r cooling time or by reheating slowly from an i n i t i a l l y cold p i t . 

(2) Force the sub-surface cracks to form deeper inside the ingot, so that 

they are unable to penetrate the surface, by employing a longer a i r 

cooling time. 

(3) Prevent the f i n a l a i r cooling stresses from propagating the sub-surface 

cracks through to the surface by improving the d u c t i l i t y of the s t e e l . 

This could be achieved by employing c a r e f u l l y c o n t r o l l e d soaking p i t 

p r a c t i c e s that avoid excessive times and temperatures or by casting 

less susceptible s t e e l compositions. 
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APPENDIX I Establishment of Model Burner Dimensions  

(Using Thring-Newby S i m i l a r i t y C r i t e r i o n ) 

The Thring-Newby C r i t e r i o n w i l l be used twice to c a l c u l a t e model f u e l i n l e t 

pipe and a i r duct dimensions using the equations: 

L 2 

A . - A , ( J U L ) (A^H) ... ( A l . l ) 
m f p f L p Phot 

L 2 

A = A ( r — ) ) ... ( A 1 . 2 ) 
m a p a L p phot 

where A = i n l e t area 

L = c h a r a c t e r i s t i c length 

p c o l d = prototype gas i n l e t density 

Phot = prototype combusted gas density 

m,p,a,f = subscripts refer to model, prototype, a i r and f u e l 

r e s p e c t i v e l y 

To apply the c r i t e r i o n , i t i s f i r s t necessary to f i n d : 

1) prototype dimensions A^ a 

2) gas de n s i t i e s at the appropriate temperatures 

Lm 1 

3) = -5- f o r this model 
L o 
P 
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Prototype Dimensions 

furnace length (or width) L 

f u e l pipe outer diameter, d 

a i r duct minimum outer diameter 

area of burner nozzle e x i t holes A 

Pf 

= 5.486 m 

= 0.356 m 

= 0.813 m 

'Pf 

. 1 0 ^C.0254) 2
 + TT(.01905) 2

 + ( > 0 5 4 Q ) ( > 0 1 9 0 5 + > Q 2 5 4 ) ] 

A . = .0398 m 
pf 

area of a i r duct annulus A 
pa 

_ 7i(.813)' 

A = .4196 m pa 

Tt(.356)' 
4 

0254 m 

.01905 m 

burner nozzle 
exit port 

Prototype Gas Densities can be calculated using the approximate equation: 

MW 
P = RT ... (A1.3) 

where MW = molecular weight 

R = universal gas constant 

T = absolute temperature 



From Appendix IV, gas molecular weights were determined to be: 

a i r 

coke oven gas 

blast furnace gas 

high f i r e f u e l mixture 

high f i r e combustion products 

low f i r e combustion products 

28.84 kg/kgmol 

10.41 

30.10 

26.16 

29.84 

32.04 

Average prototype temperatures were estimated to be as follows 

furnace i n t e r i o r (flame) 

f u e l at i n l e t 

preheated a i r at i n l e t 

1350°C 

50 

790 

Densities were calculated using Eq. 13 to be: 

p a cold 

p f cold 

phot 

p f cold 

phot 

a i r at 25°C 1.179 kg/i 

a i r at 790 .331 

high f i r e f u e l mixture at 50 .987 

high f i r e combustion products at 1350 .224 

low f i r e f u e l mixture (BF gas) at 50 1.136 

low f i r e combustion products at 1350 .240 
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Sample c a l c u l a t i o n : 

p for a i r at 790 = 2 8 , 8 4 

(.08206) (790 + 273) 

= 0.331 kg/m3 

The density r a t i o term of the Thring-Newby c r i t e r i o n can be thought of as a 

d i s t o r t i o n f a c t o r . They are calculated to be as follows: 

(
p f cold^ = .987 4 4 1 

phot high f i r e -228 * 
4.5 
average 

p f cold 1.136 . 
( = — 0 7 7 7 = 4.73 Pv. ^ i «240 Hiot low f i r e 

, p a cold .331 n 

phot high f i r e 
1.4 

pa cold _ .331 _ -, oo 
• p — . ~ TiTo = 1 ' 3 8 

'not low f i r e 

average 

Because the model was to simulate both low f i r e , high f i r e and intermediate 

conditions, average values for the d i s t o r t i o n factors were used. 



Using these d i s t o r t i o n s to c a l c u l a t e model burner dimensions y i e l d s 

Fuel duct 

from Eq. ( A l . l ) , A m f = (.0398) (|) (4.5) 

= .00280 m 2 

model f u e l duct outer diameter, d ^ = d ^ ( 1 / ^f cold 
V / Phot 

= (.356) ( i ) nr^ 

.094 m 

a i r duct 

from Eq. (A1.2), A = (.4196) (jr) (1.4) 
in 3. o 

= .00918 m 2 

a i r duct outer diameter 

(at narrowest point) 

4A 
S 3 — _i_ A 2 

^ d c 
TX mf 

4(.00918) (.0943) 
TC 

= .143 m 
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APPENDIX II Reynolds Number Calculations 

Reynolds number N Re 
vd 
v 

4w 
Pv 

4Av 
Pv 

where v v e l o c i t y = w/A 

d,deq = diameter or equivalent diameter = 4A/P 

w = volumetric flow rate 

A = c h a r a c t e r i s t i c area 

P = perimeter 

v = kinematic gas v i s c o s i t y 

Prototype dimensions required: 

A p f (from Appendix I) = .0398 m2 

A (from Appendix I) = .4196 m2 

Pp^, perimeter of burner nozzle ports 

= 10 [n(.01905 + .0254) + 2(.054)] 

= 2.476 m 

P , perimeter of a i r nozzle pa' v 

- Tt (.813 + .356) 

= 3.672 



d c y equivalent f u e l diameter e q , f 

4(.Q398) 
2.476 

= 0.064 m 

d , equivalent a i r diameter eq,a' 

4(.4196) 
3.672 

= 0.457 m 

Model dimensions required: 

(from Appendix I) 

A (from Appendix I) ma r r 

P m f = 2.476 ( / 4.5/8 ) 

P = TC (.094 + .143) 
ma v ' 

d = 4( .00280)/.657 eq f 
d = 4(.00918)/.744 eq a 

= .00280 m2 

= .00918 m2 

= .657 m 

= .744 m 

= .017 m 

= .049 m 

Prototype flow rates (using .000472 sm3/s/SCFM) 

From Stelco data: 

w (high f i r e , f u e l ) = 2820 SCFM 

1.33 sm 3/ s 

= 1.57 m3/s @ 50°C 
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w (high f i r e , a i r ) = 1.8 (2820 SCFM)* 

= 2.40 sm3/s 

= 9.35 m3/s @ 790° 

w (low f i r e , f u e l ) = 1250 SCFM 

= 0.59 sm 3/s 

= 0.70 m3/s @ 50°C 

w (low f i r e , a i r ) = 0.8 (1250 SCFM)* 

= 0.47 sm3/s 

= 1.84 m3/s (? 790°C 

Model flow rates (minimum used) 

w (high f i r e , f u e l ) = .025 m3/s 

w (high f i r e , a i r ) = .045 

w (low f i r e , f u e l ) = .037 

w (low f i r e , a i r ) = .030 

a i r - f u e l r a t i o s 1.8, 0.8 are evaluated i n Appendix IV. These values are 
used since a i r - f l o w rate measurements i n the prototype are not accurate. 



463 

* 
Gas kinematic v i s c o s i t i e s , v 

a i r @ 25°C 

a i r @ 790°C 

high f i r e f u e l @ 

low f i r e f u e l @ 

.000013 m2/s 

.000135 

50°C .000020 

50°C .000020 

Calculated gas v e l o c i t i e s , v 

vprototype, high f i r e , f u e l = 39.4 m/s 

a i r =22.3 

low f i r e , f u e l = 17.6 

a i r = 4.4 

vmodel, high f i r e , f u e l = 8.9 

a i r = 4.9 

low f i r e , f u e l =13.2 

a i r = 3.3 

Sample c a l c u l a t i o n : 
v w prototype, high f i r e f u e l = - ? — 

Pf 

.0398 

= 39.4 m/s 

* derived using: Benett and Myers, Momentum, Heat and Mass Transfer, 
McGraw H i l l , pp. 774-776. 
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Calculated Reynolds numbers, N R g 

prototype, high f i r e , f u e l = 

a i r 

low f i r e , f u e l = 

a i r = 

model, high f i r e , f u e l = 

a i r 

low f i r e , f u e l = 

a i r = 

Sample c a l c u l a t i o n : 

N 
Re' prototype, high f i r e , f u e l 

Conclusion 

126,000 

75,000 

56,000 

15,000 

12,600 

18,500 

17,300 

12,400 

v d . 
= eq pf 

v 

= (39.4 m/s) (.064 m) 
.000020 m2/s 

= 126,000 

Since a l l Reynolds numbers are over 10,000 the flow must be f u l l y 

turbulent. 
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Appendix III C a l i b r a t i o n of O r i f i c e Plate Flow Meter 

General 

The o r i f i c e plate i s e s s e n t i a l l y a t h r o t t i n g device placed i n a pipe 

l i n e f o r the express purpose of creating a measureable d i f f e r e n c e i n 

pressure i t s between the upstream and downstream sides. Since t h i s d i f f e r 

ence i n pressure v a r i e s d i r e c t l y with the increase i n k i n e t i c energy, 

evidenced by an increase i n f l u i d v e l o c i t y through the o r i f i c e , t h i s d i f f e r 

e n t i a l pressure can be used to measure the rate of f l u i d flow through the 

pipe. 

O r i f i c e I n s t a l l a t i o n 

An o r i f i c e - p l a t e flow meter i n s t a l l e d i n a pipe appears schematically 

as: 

pressure taps: P 1, P 

c 

I X D d 

C 3 

The following conditions should be met i n i n s t a l l i n g the o r i f i c e - p l a t e flow 

meter, i n order that accurate measurements can be made: 
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1. Plate should be free of grease, or d i r t . 

2. Plate should be c a r e f u l l y centered i n pipe. 

3. Sharp edges should face upstream. 

4. Gasket should be 1/16 i n . thick and should not extend into pipe. 

5. Pipe should be of uniform diameter and be c y l i n d r i c a l immediately up and 

downstream from the o r i f i c e . 

6. There should be no f i t t i n g s c l o s e r than 25 pipe diameters upstream and 5 

pipe diameter downstream from the o r i f i c e . 

7. The s t a t i c pressure taps should be located one pipe diameter upstream 

and one-half pipe diameter downstream i n the v i c i n i t y of the vena 

contrac ta. 

8. Flange bolts should be drawn up evenly. 

C a l i b r a t i o n formula 

The following equation was used to c a l c u l a t e the t h e o r e t i c a l flow rate 

through the o r i f i c e plate as a function of the d i f f e r e n t i a l pressure. I t 

assumes completely-bounded flow of a constant-density f l u i d through a closed 

channel*: 

r 2 y ( r 2 / Y _ R ( Y + D / Y ) P I P ^ 1/2 

( Y " 1) (1 " r " ^V ) 
" i d e a l = V : — 2/Y „4, ] 

TC 2 where r = P /P, and A = 7- d o 1 o 4 
C 3 

Y = jr— = 1.4 ( a i r ) p = density of a i r = 1.293 kg/m 
v 

8 = D/d u = v i s c o s i t y of a i r = 1.8 * 10~ 5 Ns/m2 

* ASME, "Fluid-Meters, Their Theory and Ap p l i c a t i o n " , Report of the ASME 
Research Committee on F l u i d Meters, 6th ed.,H. S. Bean, Ed., N.Y., 1971. 
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m. , Is calculated as a function of P and P, . The Murdock equation* i s used i d o 1 n 

to c a l c u l a t e the discharge c o e f f i c i e n t . 

C D - C o 4- ACCIO 4/^) 

where, for D = 38.1 mm and d = 22.6 mm 

C = .60926 o 
AC = .03144 

m i s calculated using: act 

m = m. , * C_ act i d D 

and the following formula Is used to f i n d the Reynold's number. 

N„ = (4f * m ) Re act' 
TC D u 

These 4 equations were solved simultaneously f o r the actual a i r flow r a t e , 

m . The r e s u l t i n g c a l i b r a t i o n curve i s shown i n Figure A3.1. I t was ac t 

v e r i f i e d through mass balance tests using the p i t o t tubes to be accurate 

within 14% (see Appendix V ) . 

* J . K. Murdock, ASME Paper 64 - WA/FM-6 



4 6 8 

Discharge (l/s) 

Figure A3.1 C a l i b r a t i o n curve for 5 0 . 8 mm o r i f i c e plate flow meter 
( p = 0 . 6 ) 
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APPENDIX IV A i r - F u e l Flow Ratios and Excess A i r 

Calculations f o r D i f f e r e n t F i r i n g Conditions 

The gas used to f u e l the bottom f i r e d soaking p i t s at Stelco i s made 

from a combination of the two f u e l s : 

1) b l a s t furnace gas, composed of: 

52.4% N 2, 25.4% CO, 18.8% C0 2 and 3.4% H 2 

2. coke oven gas, composed of: 

56.9% H 2, 26.2% CH 4, 6.3% CO, 5.7% N 2, 2.0% C ^ , 1.9% C0 2 

0.6% C„H, and 0.4% 0„ 
Z D Z 

The gases, when burned, are assumed to react completely to form C0 2 and 

H„0 from the reactions: 

H2 + 1/2 °2 ->• H 20 

CO + 1/2 °2 ->• co 2 

CH. 4 + 2 °2 C0 2 + 2H 20 

C 2 H 4 + 3 °2 ->• 2C0 2 + 2H 20 

C 2 H 6 + 7/2 °2 2C0 2 + 3H 20 

To determine excess a i r percentages and a i r - f u e l r a t i o s , three values 

must be calculated for every f u e l : 
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1) MSA = t o t a l moles a i r required per mole f u e l for stoichiometric 

combustion. 

2) TM = t o t a l moles o f f gas produced per mole f u e l under stoichiometric 

conditions excluding water. 

3) MW = molecular weight of off gas 

High F i r e Conditions 

Combusting one mole of f u e l at high f i r e , which i s based on 80% 

blast-furnace gas and 20% coke oven gas, y i e l d s the follo w i n g : 

i n i t i a l moles 0 2 required st o i c h i o m e t r i c combustion 
component f u e l 0 2 required products 

analysis (per mole 
component) H 20 c o 2 

N 2 .431 - .108 - -

CO .216 0.5 - • .216 

c o 2 .154 - - - .154 

H 2 .141 0.5 .071 .142 -
CH 4 .052 2 .105 .105 .052 

C 2 H 4 .004 3 .012 .008 .008 

C 2 H 6 .001 3.5 .004 .003 .002 
* 

°2 .001 -1.0 -.001 

TOTAL 1.000 - .299 .258 .432 

*0 i n i t i a l l y i n the f u e l can i t s e l f be used i n combustion. 
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MSA 
t o t a l moles stoichiometric required 

f r a c t i o n 0^ i n a i r 

* 2 " = 1.423 21% 

TM = i n i t i a l N 2 + N 2 added in a i r + C0 2 produced 

- .431 + .79(1.423) + .432 

- 1.555 + .432 

= 1.987 

Sample c a l c u l a t i o n : 

Stoichiometric 0^ required to burn .216 moles CO to C0 2 

i s : 0.5 (.216) = .108 moles 

which produces: 1.0 (.210) = .216 moles CO 

New High F i r e Condition: 

Combusting one mole of f u e l at "new high f i r e " , which i s based on 86% 

b l a s t furnace gas and 14% coke oven gas, y i e l d s the fo l l o w i n g : 
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component 
i n i t i a l 
f u e l 

analysis 

moles 0 2 required 

(per mole 
component) 

stoichiometric 
0 2 required 

combustion 
products 

H 20 C0 2 

N2 .457 

CO .227 .5 .113 .227 

c o 2 .163 - - .163 

H2 .111 .5 .056 .111 

CH 4 .037 2 .074 .074 .037 

C 2H 4 .003 3 .009 .006 .006 

C 2 H 6 .001 3.5 .004 .004 .002 

°2 .001 -1.0 -.001 -

TOTAL 1.000 .255 .194 .435 



MSA = " 1-214 

TM = .457 + .79(1.214) + .435 

= 1.416 + .435 

= 1.851 

Low F i r e Condition: 

Combusting one mole of bl a s t furnace gas, the f u e l used at low f i r 

y i e l d s : 

component 
i n i t i a l 
f u e l 

analysis 

moles 0 2 required 

(per mole 
component) 

stoichiometric 
0 2 required 

combustion 
products 

H 20 C0 2 

N2 .524 - - -
CO .254 .5 .127 .254 

co 2 .188 - - .188 

H2 .034 .5 .017 .034 

TOTAL 1.000 .144 .034 .442 
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1 44 MSA = -jyp- - .686 

TM = .524 + .79(.686) + .442 

= 1.066 + .442 

= 1.508 

Excess a i r c a l c u l a t i o n s 

Exhaust oxygen percentage can be calculated by: 

(21%) (PEA) (MSA) 
P 0 2 TM + (PEA) (MSA) 

where P-. = percent oxygen i n o f f gas (dry basis) 
2 

PEA = percent excess a i r added based on the moles excess a i r 

added compared with the t o t a l moles a i r required for 

stoichiometric combustion per mole of f u e l (MSA). 

Rearranging y i e l d s : 

( P 0 ) (TM) 
2 

PEA = (21% - P Q^) (MSA) 

Thus PEA i s a function only of the f u e l used (which defines TM and MSA) and 

the exhaust oxygen percentage, P_ . 
2 
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The excess a i r percentages were calculated to be as follows: 

f u e l 

S high f i r e new high f i r e low f i r e 

1% 6.7 7.6 11.0 

2% 14.7 16.0 23.1 

3% 23.3 25.4 36.6 

Sample c a l c u l a t i o n : 

high f i r e @ 2% exhaust oxygen 

TM = 1.987 

MSA = 1.423 

PEA = (2%) d>987) 
(21% - 2%) (1.423) 

= .147 or 14.7% 

Off gas compositions (at 2% exhaust oxygen) 

component high f i r e new high f i r e low f i r e 

7 0 . 1 7 0 . 1 7 0 . 1 

c o 2 1 7 . 6 1 9 . 4 2 6 . 0 

H 2 0 1 0 . 5 8 . 7 2 . 0 

°2 
1 . 8 1 . 8 1 . 9 



Sample c a l c u l a t i o n - high f i r e 

moles N 2 = i n i t i a l N 2 + N 2 added i n a i r 

= i n i t i a l N 2 + .79 (MSA) (100% + PEA) 

= .431 + .79 (1.423) (1.147) 

= 1.720 

moles C0 2 = .432 

moles H 20 = .258 

moles 0 2 = 21% (MSA) (PEA) 

= .21 (1.423) (.147) 

= .044 

t o t a l moles = 1.720 + .432 + .258 + .044 

= 2.454 

% N2 = 21III x 100% = 70*1% 

% C0 2 = 2 ^ | | 4 x 100% = 17.6% 

% H 20 = 2
2

4
8

4 x 100% = 10.5% 

% 0 o = x 100% = 1.8% 2 2.4 54 
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Molecular Weights 

air 28.84 kg/kgmole 

blast furnace gas 30.10 

coke oven gas 10.41 

high f i r e fuel 26.16 

high f i r e combustion products 29.84 

new high f i r e fuel 27.29 

new high f i r e combustion products 30.31 

low f i r e fuel 30.10 

low f i r e combustion products 32.04 

Sample calculation - high fire combustion products 

Although the composition varies slightly with changing exhaust oxygen 

percentage, the effect i s small so average combustion product molecular 

weights were found at PQ =2%. 

MW(N2) = 28 

M W (co 2 ) - 4 4 

M W(H 20) = 1 8 

M W ( 0 ) 2 " 3 2 

MW . . . . „. . = .701(28) + .176(44) + .105(18) + high f i r e combustion products 

.018(32) 

= 29.84 
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A i r - F u e l Mole and Mass Flow Rates 

f u e l exhaust oxygen 
percentage 

% excess a i r a i r - f u e l 
mole r a t i o 

a i r - f u e l 
mass flow r a t i o 

high f i r e 1 6.7 1.52 1.67 

(4BF : ICO) 2 14.7 1.63 1.80 

3 23.3 1.75 1.93 

new high f i r e 1 7.6 1.31 1.38 

(6BF : ICO) 2 16.0 1.41 1.49 

3 25.4 1.52 1.61 

low f i r e 1 11.0 0.76 0.73 

(BF gas) 2 23.1 0.84 0.81 

3 36.6 0.94 0.90 

Sample c a l c u l a t i o n - high f i r e 2% 

A i r - f u e l r a t i o , exhaust oxygen percentage and f u e l (represented by 

MSA) are rel a t e d by: 

a i r flow rate (moles) = MSA (1 + PEA) 
f u e l flow rate (moles) 1 

= 1.423 (1 + .147) 

= 1.63 



air flow rate (mass) , . , . N ,MW air N 
— = — — — ^ - 7 ^ r - = (air-fuel ratio) L„. c—=-) fuel flow rate (mass) MW fuel 

479 

= 1.80 
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APPENDIX V P i t o t Tube C a l i b r a t i o n 

The 4 p i t o t tubes used i n t h i s study are shown i n Figure A5.1. 

Measurements i n mm H^O were read from a Type 304 i n c l i n e d manometer ( A i r 

Flow Developments Ltd.) and were converted to v e l o c i t i e s by the formula: 

v = / 16.5 h 

where v = v e l o c i t y i n m/s 

h = manometer reading i n mm 1^0 

This formula was derived from the equation: 

where c = c o e f f i c i e n t = 1 

g = 9.81 m/s2 

PH 20 = .9971 kg/1 
at 25°C 

p a i r = .001185 kg/1 

Before a i r v e l o c i t y measurements were taken, the i n c l i n e d manometer readings 

had to be v e r i f i e d . This was achieved by measuring the v e l o c i t y of a i r from 

the b u i l d i n g supply with the o r i g i n a l p i t o t tube (attached to the i n c l i n e d 

manometer) and checking i t against values calculated from volume flow rates 
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measured with a conventional flowmeter. The readings d i f f e r e d by about 

12%. The v e l o c i t y of the building a i r was also measured with the p i t o t tube 

(attached to a U-tube manometer) and the flowmeter. Here, the readings 

d i f f e r e d by 10%. Because the i n c l i n e d manometer agreed with both the 

flowmeter and the U-tube manometer within engineering accuracy, a i r v e l o c i t y 

measurements using the i n c l i n e d manometer were thus considered v a l i d . These 

r e s u l t s are shown i n the following tables. 

P i t o t Tube Measurements Flowmeter Measurements 

h V Q % of Q 
(cm) (m/s) (Vs) Max. Flow (A/s) 

18.8 55.68 2.75 77 2.82 

12.0 44.48 2.20 60 2.20 

8.60 37.66 1.86 50 1.83 

6.10 31.71 1.57 40 1.47 

3.30 23.33 1.15 30 1.10 

1.60 16.24 0.80 20 0.73 

0.70 10.74 0.53 10 0.44 
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flow 
condi tion 

o r i g i n a l 
L-shaped 

p i t o t tube 
(mm) 

longer 
L-shaped 

p i t o t tube 
(mm) 

s t r a i g h t 
p i to t tube 

(mm) 

U-shaped 
p i t o t tube 

(mm) 

1 11.75 11.90 11.25 11.90 

2 11.20 11.15 11.18 10.97 

3 10.35 10.40 10.45 10.50 

The next step involved material balance on the a i r entering (measured 

by the o r i f i c e plates) and the a i r leaving (measured by traversing the p i t o t 

tube across the two exhaust pipes, obtaining exhaust v e l o c i t y p r o f i l e s , and 

i n t e g r a t i n g under the curve to obtain flowrates). The flowrates i n and out 

d i f f e r e d by 14% and this was also considered s u f f i c i e n t l y accurate. 

The r e p r o d u c i b i l i t y of the a i r v e l o c i t i e s measured at a given l o c a t i o n 

i n the p i t was checked by performing seven runs of the standard eight ingot 

arrangement on d i f f e r e n t days at the h i g h - f i r e condition. The l a r g e s t 

d i f f e r e n c e was only about 10% which in d i c a t e s good r e p r o d u c i b i l i t y of 

experimental data. 

Another source of error of concern i s misalignment of the p i t o t tube 

with respect to the main d i r e c t i o n of a i r flow. Owing to the nature of the 

p i t o t tube, i f i t i s not aligned into the d i r e c t i o n of the oncoming f l u i d 

but makes an angle with i t , the pressure measured at the s t a t i c holes 
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w i l l be greater than at the dynamic holes. Deobelin, i n h i s book 

Measurement Systems, quotes a 1% error at 5 or 10° misalignment. The 

consequence of high degrees of misalignment i s very low or even negative 

pressure readings on the i n c l i n e d manometer. In the measurements made in 

th i s study, every e f f o r t was made to a l i g n the p i t o t tube ( i n a given plane) 

i n the d i r e c t i o n of incoming a i r flow. The problem was also overcome by 

taking note of the o v e r a l l flow pattern and disregarding measurements of 

v e l o c i t y components where s i g n i f i c a n t misalignment occurred. 
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Figure A5.1 P i t o t tubes used in determining v e l o c i t y p r o f i l e s 
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APPENDIX VI C a l c u l a t i o n of Model Helium Concentrations  

f o r Flame Front Determination 

Using r e l a t i o n s i n Appendix IV and assuming helium tracer i s added only 

to the f u e l stream, the following r e l a t i o n s h i p for c a l c u l a t i n g helium con

centrations at the flame front was derived: 

helium tracer concentration 
1 + a i r / f u e l mass flow r a t i o 

1 + percent excess a i r 

In the same manner, He concentrations i n the exhaust gas can be found 

from: 

% He , ^ = helium tracer concentration exhaust -—• —j-z—= — — 1 + a i r / f u e l mass flow r a t i o 

These derivations assume that the mole and mass flow r a t i o s i n the 

model are the same. Considering that only 2% He was introduced into the 

f u e l stream, this i s a good assumption. 

Using these equations and the data i n Appendix IV, the following helium 

concentrations were calculated (assuming 2% exhaust oxygen): 

flame front 
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high f i r e new high f i r e low f i r e 

i n i t i a l % He 2.00 2.00 2.00 

% He_, . 
flame front 

0.78 0.88 1.21 

% He , 
exhaust 

0.71 0.80 1.10 

Sample c a l c u l a t i o n - high f i r e 

% excess a i r = 14.7% 

a i r / f u e l mass flow r a t i o = 1.80 

% H e 4 M * " J. 2 ? on = ° - 7 8 

flame front 1 + 1.80 
1 + .147 

exhaust 1 + 1.80 

I t i s i n t e r e s t i n g to note that i f no excess a i r i s present, the flame 

f r o n t and exhaust helium percentages are i d e n t i c a l , implying an i n f i n i t e 

flame length. 
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APPENDIX VII Convective Heat Transfer i n the Soaking P i t 

V e l o c i t y measurements were performed i n the model soaking p i t d i r e c t l y 

along the surface of model ingots. The values recorded varied from 1 to 4 

m/s with an average of 2 m/s. These r e s u l t s are about the same or less than 

upward v e r t i c a l v e l o c i t i e s through the a i r annulus of 1.9 to 4.9 m/s (see 

Figure 4.8). Calculations i n Appendix II show that a i r v e l o c i t i e s i n the 

prototype are, at most, 22.3 m/s. Thus, 25 m/s- should be a generous upper 

l i m i t for gas v e l o c i t y over the ingot surface i n the prototype. 

An upper l i m i t for convective heat transfer during reheating can now be 

c a l c u l a t e d , assuming forced convection: 

For turbulent flow over f l a t p l a t e s , the following emperical equation 

has been proposed* 

N, = 0.37 N, 0.8 N. 0.33 ... (A7.1) Nu Re Pr 

* from J . Szekely & N. Themelis, Rate Phenomena i n Process Metallurgy, Wiley 
Interscience, 1971 p 237 
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where : N = -— Nu 
hL 
k 

Re u 

C u 
* = - E l 
Pr k 

h = convective heat transfer c o e f f i c i e n t (W/m2K) 

L = length of ingot - 2.4 m 

k = gas thermal conductivity = .086 W/mK 

v = gas v e l o c i t y = 25. m/s (see above) 

p = gas density = .214 kg/m3 

u = gas v i s c o s i t y = .000055 kg/ms 

C = gas s p e c i f i c heat = 1160 J/kgK 

Su b s t i t u t i n g and rearranging y i e l d s : 
L r v o T i '67 T — .2 .8 .8 -.467 _ .33 h = .037 k L v p u C p 

= .037 ( . 0 8 6 ) * 6 7 ( 2 . 4 ) " * 2 ( 2 5 ) * 8 (.214)* 8 ( . 0 0 0 0 5 5 ) " ' 4 6 7 ( 1 1 6 0 ) * 3 3 

= 23 W/m2K 

This value f o r the heat transfer c o e f f i c i e n t due to forced convection i s 

very small when compared with the r a d i a t i v e heat transfer c o e f f i c i e n t which 

i s on the order of 400 W/m2K. 
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APPENDIX VIII Heat-transfer Model Computer Program 

1 C 
r 1 

FINITE-ELEMENT HEAT TRANSFER MODEL 

3 
\* 

c TO CALCULATE TEMPERATURE DISTRIBUTION IN STEEL INGOT 
4 
c 

c 
p 

AND MOULD DURING PROCESSING FROM CASTING TO ROLLING 
O 

6 
7 

c 
p 
BY BRIAN THOMAS UBC 1985 

/ 

8 
Q 

C 
r 

DRIVER FOR PROGS TO CALCULATE TEMPS IN SOLIDIFYING INGOT IN MOULD 

10 
\s 

c R *FTN SCARDS=DR.TEMP+SUB.CON+SUB.BC1,2+SUB.PRINT 
11 c R -LOAD 4=MESHFILE 5=DATAFILE 6=-L0NG0UTFUT 7=-SH0RT0UTPUT 
12 c 3=INITIAL.TEMP.FILE (IF TINITI=9) 
13 c 
14 •IMPLICIT REAL*8 (A-H,K,0-Z) 
15 EXTERNAL OEXT,OINT,QEXTIM 
16 REAL*8 A(50000),F(1500),TOLD(1500),T(1500),TAN(1500), 
17 1 XCOORD(1500),YCOORD(1500),HNODE(1500),KNODE(1500), 
18 2 B(3,2000),C(3,2000),AREA(2000), • 
19 3 AREAN(3,20O0),BL(250),TGAP(250). 
20 4 TLIQ,TSOL,EI,EM,SB,CTIME,CPRINT,CPLOT, 
21 5 TSTRIP,TTRACK,TMAX,DT,PRINT,PLOT,AREAT, 
22 6 TAVG.TAVGTH, 
23 7 K,H.QINT.QEXT,QEXTIM,HINT,HEXT.HEXTIM 
24 INTEGER*4 NTYPE(1500),NODE(3,20O0),NBNC(4,250),ITS(9000), 
25 1 IR(2,2000),ID1,ID2,IPR,IPL 
26 2 NN,NE,NBW,NBE,NEND,IMAX,ICOUNT,I FLAG,ITRANS 
27 L0GICAL*1 TITLE(80),TITLE2(80) 
28 COMMON TSTRIP,TTRACK,TMAX,CTIME, 
29 1 TLIQ,TSOL,DELH,EI,EM,SB,TA,TPIT 
30 c 
31 CALL INPUT(TOLD,T,F,XCOORD,YCOORD, 
32 1 TLIQ.TSOL.EI,EM,SB.CTIME,CPRINT,CPLOT,AREAT. 
33 2 TSTRIP,TTRACK,TMAX,DT,PRINT , PLOT, 
34 3 NTYPE,NODE,NBNC,ITS, IR, 
35 4 ID1,ID2,IPR,IPL,NN,NE,NBW,NBE,NEND,IMAX,I COUNT, 
36 5 I FLAG, 
37 6 TITLE,TITLE2) 
38 CALL INITO(XCOORD,YCOORD,B,C,BL,AREA,AREAN,AREAT, 
39 1 NODE,NBNC,NN,NE,NBE) 
40 CALL GAPSUB(NN,NBE,NBNC,XCOORD,YCOORD,TGAP) 
41 CALL TAVGC(TAVG,TOLD,AREAN,AREAT,NODE,NN,NE) 
42 c CALL OUTPT(TOLD.XCOORD,YCOORD,BL,AREA,AREAN, 
43 c 1 AREAT,TSTRIP,TTRACK,TMAX,DT,PRINT,PLOT, 
44 c 3 NTYPE,NODE,NBNC,ITS, 
45 c 4 NN.NE,NBW,NBE,NEND,IMAX,IPR, IPL, 
46 c 5 TITLE,TITLE2) 
47 CALL WINIT(T0LD,TITLE,TITLE2,TAVG,0.D0,PRINT,PL0T,CPRINT, 
48 1 CPLOT,TMAX,NN,0,IFLAG,IPR, IPL) 
49 c CPRINT = PRINT 
50 c CPLOT = PLOT 
51 CALL WT(TOLD.TITLE,TITLE2,TAVG,CTIME.PRINT,PLOT,CPRINT,CPLOT, 
52 1 TMAX,NN,ICOUNT,IFLAG,IPR, IPL) 
53 CTIME = CTIME + DT 
54 CALL STEP10(A,F,TOLD,HNODE,KNODE,B,C,AREA,AREAN.DT, 
55 1 NTYPE,NODE,NN,NE,NBW,NEND,I FLAG) 
56 CALL BOUND(QINT,OEXT,QEXTIM, 
57 1 A,F,TOLD,TOLD,BL,TGAP,CTIME,TSTRIP , 
58 2 NTYPE,NBNC,NN,NBW,NBE,NEND) 
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59 CALL CMD('$D VMSIZE',9) 
GO CALL DVBANDU.IR.NN.F,IE,0,DCOND.6.40,541) 
61 C WRITE(8,201) DCOND 
62 201 FORMAT(1X.D10.3) 
63 GO TO 42 
64 40 WRITE(IPR.21 1 ) IE 
65 41 WRITE(IPR , 21 1 ) IE 
66 42 CONTINUE 
67 CALL WT(F,TITLE.TITLE2,TAVG,CTIME,PRINT,PLOT, CPRINT,CPLOT , 
68 1 TMAX,NN,I COUNT,IFLAG,IPR,IPL) 
69 50 CALL UPDATE(F,TOLD,T,DT,CTIME,ITS(I COUNT),NN) 
70 C 
7 1 DO 98 ICOUNT = 2.IMAX 
72 CALL STEPDO(A.F,TOLD,T,HNODE.KNODE,B,C,AREA,AREAN.DT. 
73 1 NTYPE,NODE,NN,NE,NBW,NEND,I FLAG) 
74 CALL BOUND(0INT,0EXT,OEXTIM, 
75 1 A,F,TOLD, T.BL.TGAP,CTIME,TSTRIP, 
76 2 NTYPE,NBNC,NN,NBW,NBE,NEND) 
77 CALL DVBAND(A,IR.NN,F,IE,0,DCOND,&70,&71) 
78 C WRITE(8,201) DCOND 
79 GO TO 72 
80 70 WRITE(IPR.211) IE 
81 71 WRITE(IPR,211) IE 
82 72 CONTINUE 
83 C CALL ADJUST(T,F,NN) 
84 CALL TAVGC(TAVG,F,AREAN,AREAT,NODE,NN,NE) 
85 CALL WT(F,TITLE,TITLE2,TAVG,CTIME,PRINT.PLOT,CPRINT,CPLOT, 
86 1 TMAX,NN,ICOUNT,IFLAG.IPR,IPL) 
87 IF (CTIME .GE. TMAX) STOP 
88 75 CALL UPDATE(F,TOLD,T,DT,CTIME,ITS(ICOUNT),NN) 
89 98 CONTINUE 
90 99 STOP 
91 211 FORMAT(1HO,'****ERROR IN DVBAND**** IE = ',15) 
92 END 
93 C CONSTANT SUBROUTINES: 
94 C SUB.KH(K,H) + SUB.STEP(STEPDO,STEP 10,TAVGC.UPDATE) 
95 C +SUB.INPUT2(INPUT,OUTPT)+SUB.INITO 
96 C 
97 c*«** K, H PROPERTY SUBROUTINES FOR INGOT PROBLEM 
98 C 
99 C FUNCTION TO CALCULATE NODAL THERMAL CONDUCTIVITY, K (W/MK) 
100 C 
101 FUNCTION K(TC,NTYPE) 
102 IMPLICIT REAL*8 (A-H.K.O-Z) 
103 REAL*8 TC.TLIO.TSOL.K 
104 INTEGER*4 NTYPE,MTYPE 
105 COMMON TSTRIP,TTRACK,TMAX,CTIME, 
106 1 TLIO.TSOL.DELH.EI.EM,SB,TA,TPIT 
107 C 
108 C MT = MATERIAL TYPE: 1=ING0T STEEL 2=M0ULD CAST IRON 
109 MT = NTYPE/10 
1 10 NT = NTYPE - MT*10 
111 IF (MT .EO. 1) GO TO 10 
112 IF (MT .EO. 2) GO TO 20 
113 STOP 
1 14 C 
115 C STEEL INGOT THERMAL CONDUCTIVITY, K (W/MC) 
116 C - ADAPTED FROM BISRA + TOULOUKIAN DATA 
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117 C - FOR LOW C, HIGH MN S T E E L S 
118 C 
119 10 K = 59.4D0 - 0.0418D0*TC 
120 IF (TC .GT. 800.DO) K = 18.4D0 + 0.0094D0*TC 
121 IF (TC .GT. TSOL) K = 32.5D0 + 10.DO*(TC-TSOL)/(TLIQ-TSOL) 
122 FACT = 5.DO 
123 IF (TC .GT. TLIO) K = 42.5 * FACT 
124 RETURN 
125 C 
126 C CAST IRON MOULD THERMAL CONDUCTIVITY K (W/MC) 
127 C - USED BY TASHIRD + MORI AND NARITA IN PREVIOUS MODELS 
128 C 
129 20 K = 43.9D0 - 0.0131D0*TC 
130 IF (TC .GT. 800.DO) K = 33.5D0 
131 RETURN 
132 END 
133 C 
134 C FUNCTION TO CALCULATE NODAL ENTHALPY, P*H (J/M3) 
135 C - STANDARD STATE H=0 AT T=50C 
136 C - H (d/KG), P (KG/M3) 
137 C 
138 FUNCTION H(TC, NTYPE) 
139 IMPLICIT REAL*8 (A-H.K.O-Z) 
140 REAL*8 TC,TLIO,TSOL,H.DELH,PING,PMOLD 
141 COMMON TSTRIP,TTRACK,TMAX,CTIME, 
142 1 TLIQ,TSOL,DELH,EI,EM,SB,TA,TPIT 
143 MT = NTYPE/10 
144 NT = NTYPE - MT*10 
145 IF (MT .EQ. 1) GO TO 10 
146 IF (MT .EQ. 2) GO TO 20 
147 STOP 
148 C 
149 C STEEL INGOT ENTHALPY P*H (J/M3) 
150 C - ADAPTED FROM BISRA DATA FOR LOW C, HIGH MN STEELS (EN3) 
151 C - AGREES WITH DATA FROM PREVIOUS M7DELS AND TOULOUKIAN 
152 C - LATENT HEAT DELH, = 65 CAL/G FROM MORI AND NARITA + OTHERS 
153 C - DENSITY PING, CONSTANT AT 1500 C FROM " 
154 C - CP LIQUID = 787 d/KGK FROM HULTGREN 
155 C 
156 10 DELH = 2.720D5 
157 PING = 7400.DO 
158 TLIQ = 1513.DO 
159 TSOL = 1487.DO 
160 C 
161 IF (TC .LE. O.DO) STOP 
162 IF (TC ;.GT. O.DO) H = -23.303 + 456.D0*TC + 0.188DO*TC*TC 
163 IF (TC '.GT. 500.DO) H = 13.4D3 + 268.D0*TC + 0.418D0*TC*TC 
164 IF (TC .GT. 700.D0) H = -595.0D3 + 1431.D0*TC 
165 IF (TC .GT. 750.DO) H = -1348.9D3 + 3849.D0*TC - 1.883D0*TC*TC 
166 IF (TC .GT. 850.DO) H = 11.7D3 + 648.D0*TC 
167 IF (TC .GT. 1150.DO) H = 228. 3D3 + 268.00*TC + O.167D0*TC*TC 
168 IF (TC .GT. TSOL) H = H + DELH*(TC-TSOL)/(TLIQ-TSOL) 
169 IF (TC .GT. TLIQ) H = 97.5D3 + 787.DO*TC 
170 H = H * PING 
171 RETURN 
172 C 
173 C CAST IRON MOULD ENTHALPY, P*H (J/M3) 
174 C - FROM MORI AND NARITA 
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175 C 176 20 PMOLD = 7100.DO 
177 H = ( -26.2D3 + 514.6DO*TC + 0.190D0*TC*TC ) * PMOLD 
178 RETURN 
179 C 
180 END 
181 C FASTER VERSION OF FEA.STEPDO WITH NO I TRANS CALLS 
182 C 
183 C SUBROUTINE TO CALCULATE ELEMENT K AND C VALUES AND 
184 C ADJUST GLOBAL {A} AND (F) MATRICES ACCORDINGLY 
185 C 
186 C USING DUPONT II THREE LEVEL TIME STEPPING TECHNIQUE (WITH A=.25: 
187 C USING OHNAKA LUMPED CAPACITANCE MATRIX FORMULATION 
188 C USING LEMMON ENTHALPY SOLIDIFICATION METHOD 
189 C 
190 C (TOLD) NN VECTOR CONTAINING PAST NODAL TEMPERATURES (K) 
191 C (T) NN VECTOR CONTAINING PRESENT NODAL TEMPERATURES (K) 
192 C (F) NN VECTOR CONTAINING: 
193 C -.25*K*T0LD + 1/DT*C*T + Q 
194 C (A) COLUMN VECTOR CONTAINING: 
195 C ,75*K + 1/DT*C 
196 C 197 C SUBPROGRAMS CALLED: 
198 C H(TI,NTYPEI ) 
199 C K(TI,NTYPEI) 
200 C 
201 SUBROUTINE STEPDO(A,F.TOLD.T,HNODE.KNODE,B,C,AREA,AREAN,DT, 
202 1 NTYPE,NODE.NN.NE,NBW,NEND,I FLAG) 
203 IMPLICIT REAL*8(A-H,K,0-Z) 
204 REAL*8 A(NEND),F(NN).TOLD(NN),T(NN),HNODE(NN),KNODE (NN), 
205 1 B(3,NE),C(3,NE),AREA(NE),AREAN(3,NE),DT, 
206 2 T1,H1,DHDX,DTDX,DHDY,DTDY,NUM,DEN,CEL,KEL,CIJ,KIJ 
207 INTEGER*4 NTYPE(NN),NODE(3,NE),I FLAG,NBW,NBLOCK, 
208 1 N1,N2,N3,11,JJ,IA 
209 C 
210 c INITIALIZING 
21 1 NBLOCK = NBW*(1-NBW)/2 
212 DO 50 I = 1,NEND 
213 50 A(I) = O.DO 
214 DO 51 I =1,NN 
215 F(I) = O.DO 
216 HNODE(I) = H(T(I),NTYPE(I ) ) 
217 KNODE(I) = K(T(I),NTYPE(I)) 
218 51 CONTINUE 
219 C 
220 DO 64 N=1,NE 
221 N1 = NODE(1,N) 
222 N2 = N0DE(2,N) 
223 N3 = N0DE(3,N) 
224 T1 = T(N1) 
225 H1 = HNODE(N1 ) 
226 60 DHDX = B(1,N)*H1 + B(2,N)*HN0DE(N2) + B(3,N)*HNODE(N3) 
227 DTDX = B(1,N)*T1 + B(2,N)*T(N2) + B(3,N)*T(N3) 
228 DHDY = C(1,N)*H1 + C(2,N)*HN0DE(N2) + C(3,N)*HNODE(N3) 
229 DTDY = C(1,N)*T1 + C(2,N)*T(N2) + C(3,N)*T(N3) 
230 NUM = DSQRT( DHDX*DHDX + DHDY*DHDY ) 
231 DEN = DSQRT( DTDX*DTDX + DTDY*DTDY ) 
232 IF(DEN .NE. O.DO) GO TO 61 
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233 T1 = T1 * 1 .00001D0 
234 H1 = H(T1 ,NTYPE(N1) ) 
235 IFLAG = I FLAG + 1 
236 GO TO 60 
237 61 CEL = NUM / DEN 
238 KEL = ( KNODE(N1) + KNODE(N2) + KNODE(N3) ) 
239 1 / ( AREA(N) * 12.DO ) 
240 DO 63 1=1,3 
241 DO 62 J= 1 , 3 
242 II = NODE( I .N) 
243 J J = NODE(J .N ) 
244 C U = CEL * A R E A N ( I . N ) 
245 IF ( I . . N E . J ) C U = 0 .D0 
246 K U = KEL * (B ( I , N) *B ( J , N ) + C ( I , N) *C ( J , N ) ) 
247 C 
248 C ADJUST {A} & (F ) FOR ELEMENT K AND C VALUES 
249 C 
250 F( 11 ) = F( 11 ) - 0 . 2 5 D 0 * K I J * T O L D ( J J ) 
251 1 + C I J * T ( J J ) / D T 
252 IF ( I I . L T . J J ) GO TO 62 
253 IA = I I * ( I I + 1 ) / 2 
254 IF ( I I . G T . NBW) IA = NBLOCK + II*NBW 
255 IA = IA - II + J J 
256 A ( I A ) = A ( I A ) + 0 . 7 5 D 0 * K U + C U / D T 
257 62 CONTINUE 
258 63 CONTINUE 
259 64 CONTINUE 
260 RETURN 
261 END 
262 C 
263 C SUBROUTINE TO CALCULATE ELEMENT K AND C VALUES AND 
264 C ADJUST GLOBAL {A} AND (F ) MATRICES ACCORDINGLY 
265 C 
266 C USING TWO LEVEL TIME STEPPING TECHNIQUE (WITH A=0): 
267 C USING OHNAKA LUMPED CAPACITANCE MATRIX FORMULATION 
268 C USING LEMMON ENTHALPY LATENT HEAT EVOLUTION METHOD 
269 C 
270 C (T ) NN VECTOR CONTAINING PRESENT NODAL TEMPERATURES (K) 
271 C (F ) NN VECTOR CONTAINING: 
272 C - . 5 * K * T 0 L D + 1 /DT*C*T0LD + 0 
273 C (A) COLUMN VECTOR CONTAINING: 
274 C . 5 *K + 1 /DT*C 
275 C 
276 C SUBROUTINES CALLED: 
277 C H ( T I . N T Y P E I ) 
278 C K ( T I . N T Y P E I ) 
279 C 
280 SUBROUTINE S T E P 1 0 ( A , F , T O L D , H N O D E , K N O D E , B , C , A R E A , A R E A N , D T , 
281 1 NTYPE,NODE,NN,NE,NBW,NEND, I FLAG) 
282 IMPLICIT R E A L * 8 ( A - H , K , 0 - Z ) 
283 R E A L * 8 A(NEND) ,F (NN) ,TOLD(NN) ,HNODE(NN) ,KNODE(NN) , 
284 1 B ( 3 , N E ) , C ( 3 , N E ) , A R E A ( N E ) . A R E A N ( 3 . N E ) , D T . 
285 2 T1 , H1 , DHDX , DTDX , DHDY , DTDY , NUM , D E N , C E L , K E L , C U , K U 
286 INTEGER*4 N T Y P E ( N N ) , N O D E ( 3 , N E ) , I FLAG.NBW,NBLOCK, 
287 1 N 1 , N 2 , N 3 , 1 1 , J J , I A 
288 C 
289 C IN IT IAL IZ ING 
290 NBLOCK = NBW * (1 -NBW) /2 
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291 DO 50 I - 1.NEND 
292 50 A( I) * O.DO 
293 DO 51 I =1.NN 
294 F ( I ) = O.DO 
295 HNODE(I) = H ( T O L D ( I ) . N T Y P E ( I ) ) 
296 KNODE(I) = K ( T O L D ( I ) . N T Y P E ( I ) ) 
297 51 CONTINUE 
298 C 
299 DO 34 N=1,NE 
300 N1 = NODE(1,N) 
301 N2 = N0DE(2 ,N) 
302 N3 = N0DE(3 ,N) 
303 T1 = T0LD(N1) 
304 H1 = HNODE(N1) 
305 30 DHDX = B ( 1 , N ) * H 1 + B(2 ,N) *HNODE(N2) + B(3 ,N) *HNODE(N3) 
306 DTDX = B ( 1 , N ) * T 1 + B ( 2 . N ) * T O L D ( N 2 ) + B ( 3 , N ) * T O L D ( N 3 ) 
307 DHDY = C ( 1 , N ) * H 1 + C(2 ,N) *HNODE(N2) + C (3 ,N) *HNODE(N3) 
308 DTDY = C ( 1 , N ) * T 1 + C ( 2 . N ) * T O L D ( N 2 ) + C ( 3 , N ) *TOLD(N3) 
309 NUM * DSORT( DHDX*DHDX + DHDY*DHDY ) 
310 DEN = DSORT( DTDX*DTDX + DTDY*DTDY ) 
311 IF(DEN . N E . O.DO) GO TO 31 
312 T1 = T1 * 1.00001D0 
313 H1 = H ( T 1 , N T Y P E ( N 1 ) ) 
314 IFLAG = IFLAG + 1 
315 GO TO 30 
316 31 CEL = NUM / DEN 
317 KEL = ( KNODE(N1) + KNODE(N2) + KNODE(N3) ) 
318 1 / ( AREA(N) * 12 .00 ) 
319 DO 33 1=1,3 
320 DO 32 J=1 ,3 j 
321 II = NODE( I ,N ) ' 
322 dd = N O D E ( J . N ) 
323 C Id = CEL * A R E A N ( I . N ) 
324 IF (I . N E . d) C Id = O.DO 
325 K i d = KEL * ( B ( I , N ) * B ( d , N ) + C ( I , N ) * C ( d . N ) ) 
326 C 
327 C ADdUST {A} & (F ) FOR ELEMENT K AND C VALUES 
328 C 
329 F ( I I ) = F ( I I ) - K I d * 0 . 5 D 0 * T 0 L D ( d J ) + C I d * T O L D ( d J) / D T 
330 IF ( I I . L T . d J ) GO TO 32 
331 IA = I I * ( I I + 1 ) /2 
332 IF ( I I . G T . NBW) IA = NBLOCK + II*NBW 
333 IA = IA - II + d J 
334 A ( I A ) = A ( I A ) + K I d * 0 . 5 D 0 + C I d / D T 
335 32 CONTINUE 
336 33 CONTINUE 
337 34 CONTINUE 
338 RETURN 
339 END 
340 C 
341 C SUBROUTINE TO CALCULATE AVERAGE TEMPERATURE 
342 C 
343 SUBROUTINE T A V G C ( T A V G , T , A R E A N , A R E A T , N O D E , N N , N E ) 
344 R E A L * 8 T A V G , T ( N N ) , A R E A N ( 3 , N E ) , A R E A T 
345 I N T E G E R S NODE ( 3 , NE ) 
346 TAVG = O.DO 
347 DO 10 1=1,NE 
348 TAVG = TAVG + ( T ( N O D E ( 1 , I ) ) * A R E A N ( 1 , I ) 
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349 1 + T ( N O D E ( 2 , I ) ) * A R E A N ( 2 , I ) 
350 2 + T ( N 0 D E ( 3 , I ) ) * A R E A N ( 3 , I ) ) 
351 10 CONTINUE 
352 TAVG =TAVG / AREAT 
353 RETURN 
354 END 
355 C 
356 C SUBROUTINE TO PREPARE FOR NEXT TIME STEP BY REASSIGNING VALUES TO: 
357 C (TOLD) , ( T ) , D T , C T I M E 
358 C 
359 C ( I T S ) IMAX VECTOR CONTAINING TIME INCREMENT SIZE CODES 
360 C 1 = CONTRACT 
361 C 2 = CONSTANT 
362 C 3 = STOP 
363 C 4 = EXPAND 
364 C 
365 C NO SUBPROGRAMS CALLED 
366 C 
367 SUBROUTINE U P D A T E ( F , T O L D , T , D T , C T I M E , I T S I , N N ) 
368 IMPLICIT R E A L * 8 ( A - H , K , 0 - Z ) 
369 R E A L * 8 F ( N N ) , T O L D ( N N ) , T ( N N ) , D T , C T I M E 
370 INTEGER*4 ITSI 
371 C 
372 GO TO ( 8 1 , 8 2 , 8 3 , 8 4 ) , ITSI 
373 STOP 
374 C 
375 C CONTRACT 
376 81 DT = 0 .5D0 * DT 
377 DO 91 1=1,NN 
378 TOLD( I ) = ( T ( I ) + F ( I ) ) / 2 . DO 
379 91 T ( I ) = F ( I ) 
380 GO TO 97 
381 C 
382 C CONSTANT DT = DT 
383 82 DO 92 1=1,NN 
384 TOLD( I ) = T ( I ) 
385 92 T ( I ) = F ( I ) 
386 GO TO 97 
387 C 
388 C END SIMULATION 
389 83 STOP 
390 C 
391 C EXPAND 
392 84 DT = 2.DO * DT 
393 DO 94 I=1,NN 
394 94 T ( I ) = F ( I ) 
395 97 ' CTIME = CTIME + DT 
396 RETURN 
397 END 
398 C SUBROUTINE TO READ IN ALL INITIAL INPUT DATA 
399 C AND TO IN IT IAL IZE CONSTANTS 
400 C 
401 C INPUT DATA ON UNIT 4: 
402 C 
403 C 1 T I T L E CARD FOR MESH 
404 C 2 MESH SIZE INFO : NN,NE,BW,NBE 
405 C 3 NODAL COORDINATES : I ,XCOORD(I ) , Y C O O R D ( I ) . N T Y P E ( I ) I = 1,NN 
406 C 4 NODAL CONNECTIVITY: J , N O D E ( 1 , d ) , N O D E ( 2 , J ) , N O D E ( 3 , 0 ) J=1,NE 
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4 0 7 C 5 B O U N D A R Y N O D E 
4 0 8 C C O N N E C T I V I T Y : J , ( B N C ( I . J ) , 1 = 1 , 4 ) d = 1 , N B E 
4 0 9 C 6 I N I T N O D A L T E M P S : I . T O L D ( I ) I = 1 , N N 
4 1 0 C 

4 1 1 C I N P U T D A T A O N U N I T 5 : 
4 1 2 C 
4 1 3 C 7 E V E N T T I M E I N F O : T S T R I P , T T R A C K , T M A X , D T , P R I N T , P L O T , I M A X 
4 1 4 C 8 T I T L E C A R D F O R R U N 
4 1 5 C 9 I N I T I A L T E M P S : 1 9 , T I N I T I , T I N I T M 
4 1 6 C 
4 1 7 C I N P U T D A T A O N U N I T 2 : ( I F 1 9 = 9 ) 
4 1 8 C 
4 1 9 C T I M E S T E P C O D E : I T S ( I ) 1 = 1 , I M A 
4 2 0 C 
4 2 1 C L I S T O F V A R I A B L E S : 
4 2 2 C 
4 2 3 C N N T O T A L N U M B E R O F N O D E S 
4 2 4 C N E T O T A L N U M B E R O F E L E M E N T S 
4 2 5 C B W H A L F B A N D W I D T H ( I N C L U D I N G D I A G O N A L ) 
4 2 6 C N B E N U M B E R O F B O U N D A R Y E L E M E N T S 
4 2 7 C ( X C O O R D ) N N V E C T O R C O N T A I N I N G N O D A L X C O O R D I N A T E S ( I N C H E S ) - ( M ) 
4 2 8 C ( Y C O O R D ) N N V E C T O R C O N T A I N I N G N O D A L Y C O O R D I N A T E S ( I N C H E S ) - ( M ) 
4 2 9 C ( N T Y P E ) N N V E C T O R C O N T A I N I N G N O D E T Y P E C O D E S 
4 3 0 C 1 0 = I N G O T S T E E L 
4 3 1 C 2 0 = M O L D C A S T I R O N 
4 3 2 c ( N O D E ) 3 X N E M A T R I X C O N T A I N I N G E L E M E N T N O D E N U M B E R S 
4 3 3 c ( B N C ) 4 X N B E M A T R I X C O N T A I N I N G B O U N D A R Y E L E M E N T N O D E S : 
4 3 4 c 1 , 2 = I N G O T I I & I d N O D E S 
4 3 5 c ( O R M I A N D M d F O R A N E X T E R I O R M O L D B O U N D A R Y ) 
4 3 6 c 3 , 4 = M O L D M I & M d N O D E S 
4 3 7 c ( T O L D ) N N V E C T O R C O N T A I N I N G P A S T N O D A L T E M P E R A T U R E S ( K ) 
4 3 8 c D T I N I T I A L T I M E I N C R E M E N T ( S E C S ) 
4 3 9 c ( I T S ) I M A X V E C T O R C O N T A I N I N G T I M E I N C R E M E N T S I Z E C O D E S 
4 4 0 c 1 = C O N T R A C T 
4 4 1 c 2 = C O N S T A N T 
4 4 2 c 3 = S T O P 
4 4 3 c 4 = E X P A N D 
4 4 4 c T S T R I P d A C K E T E D T I M E ( S E C S ) : ( M O L D C O O L I N G ) 
4 4 5 c T T R A C K T R A C K T I M E ( S E C S ) : ( A I R C O O L I N G ) 
4 4 6 c T M A X M A X S I M U L A T I O N T I M E ( S E C S ) : ( S O A K I N G P I T R E H E A T I N G ) 
4 4 7 c I M A X M A X N U M B E R O F T I M E I T E R A T I O N S 
4 4 8 c C T I M E C U M U L A T I V E T I M E P A S S E D I N S I M U L A T I O N ( S E C S ) 
4 4 9 c P R I N T P R I N T I N T E R V A L ( S E C S ) 
4 5 0 c P L O T P L O T T I N G I N T E R V A L ( S E C S ) 
4 5 1 c T I N I T I I N I T I A L I N G O T T E M P E R A T U R E 
4 5 2 c T I N I T M I N I T I A L M O U L D T E M P E R A T U R E 
4 5 3 c 
4 5 4 c N O S U B P R O G R A M S C A L L E D 
4 5 5 c 
4 5 6 S U B R O U T I N E I N P U T ( T O L D , T , F , X C O O R D , Y C O O R D . 
4 5 7 1 T L I O . T S O L . E I , E M , S B , C T I M E , C P R I N T , C P L O T , A R E A T , 
4 5 8 2 T S T R I P , T T R A C K , T M A X , D T , P R I N T , P L O T , 
4 5 9 3 N T Y P E , N O D E , N B N C , I T S , I R , 
4 6 0 4 I D 1 , I D 2 , I P R , I P L , N N . N E , N B W , N B E , N E N D , I M A X , I C O U N T , 
4 6 1 5 I F L A G , 
4 6 2 6 T I T L E , T I T L E 2 ) 
4 6 3 I M P L I C I T R E A L * 8 ( A - H , K , 0 - Z ) 
4 6 4 R E A L * 8 T O L D ( 1 0 0 0 ) , T ( 1 0 0 0 ) , F ( 1 0 0 0 ) , X C O O R D ( 1 0 0 0 ) , Y C O O R D ( 1 0 0 0 ) , 



497 

465 1 T L 1 0 , T S O L , E I , E M , S B . C T I M E , C P R I N T , C P L O T , AREAT, 
466 2 T S T R I P . T T R A C K , T M A X , D T , P R I N T , P L O T 
467 INTEGER*4 N T Y P E ( 1 0 0 0 ) , N O D E ( 3 , 2 0 0 0 ) , N B N C ( 4 , 2 5 0 ) , I T S ( 9 0 0 0 ) 
468 1 I R ( 2 , 1 0 0 0 ) , 
469 2 I D 1 , I D 2 , I P R , I P L , N N . N E , N B W , N B E , N E N D , I M A X , I C O U N T 
470 3 I F L A G , I L , I R 2 L 
471 L0GICAL*1 T I T L E ( 8 0 ) , T I T L E 2 ( 8 0 ) 
472 C 
473 TLIO = 1513.DO 
474 TSOL = 1487.DO 
475 EI = 0 .9D0 
476 EM = 0 .85D0 
477 SB = 5 .669D-8 
478 ID1 = 4 
479 ID2 = 5 
480 ID3 = 3 
481 I PR = 6 
482 IPL = 7 
483 C 
484 READ(ID 1,101) ( T I T L E ( I ) , 1 = 1,80) 
485 READ( ID1 ,102) NN,NE,NBW,NBE 
486 IF ((NN . E Q . 330) .AND. (NBE . E Q . 83 ) ) NBE = 47 
487 IF ((NN . E Q . 125)" .AND. (NBE . E Q . 47) ) NBE = 27 
488 DO 1 .1 = 1 ,NN 
489 1 READ(ID 1,103) d , X C O O R D ( d ) , Y C O O R D ( J ) , N T Y P E ( J ) 
490 DO 2 1=1,NE 
491 2 READ ( ID 1 ,104) d.NODE( 1 ,d ) , NODE ( 2 , d ) , NODE ( 3 , d ) 
492 DO 3 1=1,NBE 
493 3 READ(ID 1,105) J , N B N C ( 1 , d ) , N B N C ( 2 , d ) , N B N C ( 3 , J ) , N B N C ( 4 , d ) 
494 READ( ID2 ,107) T S T R I P , T T R A C K , T M A X , D T . P R I N T , P L O T , I M A X 
495 READ( ID2 ,101 ) ( T I T L E 2 ( I ) , 1 = 1 , 8 0 ) 
496 READ( ID2 ,108 ) 1 9 , T I N I T I , T I N I T M 
497 DO 5 1=1,IMAX 
498 5 I T S ( I ) = 2 
499 IF (19 . E Q . 9) READ(2 ,109 ) ( I T S ( I ) , I = 1.IMAX ) 
50O DO 10 I=1,NN 
501 NT = N T Y P E ( I ) / 1 0 
502 IF (NT . E Q . 1) TOLD( I ) = T INITI 
503 IF (NT . E Q . 2) TOLD( I ) = TINITM 
504 10 CONTINUE 
505 IF (T IN IT I . N E . 9 .DO) GO TO 7 
506 READ( ID3 ,101 ) 11 
507 READ( ID3 ,101) 11 
508 8 READ( ID3 ,106 ) CTIME 
509 READ( ID3 ,106 ) ( T O L D ( I ) , I = 1.NN) 
510 IF (CTIME . L T . TINITM) GO TO 8 
511 IF (CTIME . G T . TINITM) STOP 
512 C 
513 C READ FORMATS 
514 C 
515 101 F0RMAT(80A1) 
516 102 F0RMAT(4I5) 
517 103 F 0 R M A T ( I 5 , 2 F 1 0 . 4 , I 5 ) 
518 104 F0RMAT(4I5) 
519 105 F0RMAT(5I5) 
520 106 F 0 R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
521 107 F O R M A T ( 3 F 1 0 . 1 , F 1 4 . 6 , 2 F 1 0 . 1 , I 5 ) 
522 108 F O R M A T ( I 5 . 2 F 1 0 . 3 ) 



4 9 8 

523 109 FORMAT(50I1) 
524 C 
525 C MATRIX AND CONSTANT IN IT IALIZATION 
52G C 
527 7 NEND = NN*NBW + NBW*(1-NBW)/2 
528 DO 11 I=1,NN 
529 F ( I ) = 0.DO 
530 1 1 T ( I ) = TOLD( I ) 
531 AREAT O.DO 
532 IF (T INTTI . N E . 9 .DO) GO TO 13 
533 CTIME = TINITM 
534 CPLOT = TINITM 
535 CPRINT = TINITM 
536 C TMAX = TMAX + TINITM 
537 GO TO 14 
538 13 CTIME = O.DO 
539 CPRINT = O.DO 
540 CPLOT = O.DO 
541 14 ICOUNT = 1 
542 IFLAG = 0 
543 C 
544 C COMPUTE IR VECTOR FOR I .d ELEMENT LOCATION IN {A} VECTOR 
545 C 
546 IL = 1 
547 IR2L = 0 
548 DO 12 I=1,NN 
549 I R ( 1 , I ) = I 
550 I F ( I . G T . NBW) I R ( 1 , I ) = NBW 
551 I R ( 2 . I ) = IR2L + IL 
552 IL = I R ( 1 , I ) 
553 12 IR2L = 1 R ( 2 . I ) 
554 RETURN 
555 END ': 
556 C 
557 C SUBROUTINE TO ECHO WRITE INPUT DATA 
558 C 
559 SUBROUTINE OUTPT(TOLD,XCOORD,YCOORD,BL,AREA, 
560 1 A R E A N , A R E A T , T S T R I P , T T R A C K , T M A X , D T , P R I N T , P L O T , 
561 2 N T Y P E , N O D E , N B N C , I T S , 
562 3 N N , N E , N B W , N B E , N E N D , I M A X . I P R , I P L , 
563 4 T I T L E , T I T L E 2 ) 
564 IMPLICIT R E A L * 8 ( A - H , K . 0 - Z ) 
565 R E A L * 8 TOLD(NN),XCOORD(NN),YCOORD(NN), 
566 1 B L ( N B E ) , A R E A ( N E ) , A R E A N ( 3 , N E ) . 
567 2 A R E A T , T S T R I P , T T R A C K , T M A X , D T . P R I N T , P L O T 
568 INTEGER*4 N T Y P E ( N N ) . N O D E ( 3 , N E ) . N B N C ( 4 , N B E ) , I T S ( I M A X ) , 
569 1 NBW, IPR, IPL 
570 L0GICAL*1 T I T L E ( 8 0 ) , T I T L E 2 ( 8 0 ) 
571 WRITE( IPR,201) ( T I T L E ( I ) , 1 = 1 , 8 0 ) 
572 W R I T E ( I P L , 2 0 1 ) ( T I T L E ( I ) , 1 = 1 , 8 0 ) 
573 WRITE( IPR,202) NN,NE,NBW,NBE,NEND 
574 DO 20 1=1,NN 
575 20 WRITE( IPR,203) I , X C O O R D ( I ) , Y C O O R D ( I ) , N T Y P E ( I ) , T O L D ( I ) 
576 WRITE( IPR,204) 
577 DO 23 d=1,NE 
578 23 WRITE( IPR,205) d , ( N O D E ( I , d ) , A R E A N ( I , d ) , 1 = 1 , 3 ) , A R E A ( d ) 
579 W R I T E O P R . 2 0 6 ) AREAT 
580 DO 24 d=1,NBE 
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581 24 WRITE( IPR,207) J , ( N B N C ( I . J ) . I = 1 , 4 ) , B L ( J ) 
582 WRITE( IPR.208 ) T S T R I P , T T R A C K , T M A X , D T , P R I N T , P L O T , I M A X 
583 W R I T E ( I P L , 2 0 8 ) T S T R I P , T T R A C K , T M A X , D T , P R I N T , P L O T , I M A X 
584 WRITE( IPR,209) ( I T S ( I ) , I = 1 , I M A X ) 
585 W R I T E ( I P L , 2 0 9 ) ( ITS( I ) ,I = 1,IMAX) 
586 W R I T E ( I P R , 2 1 0 ) ( T I T L E 2 ( I ) ,1= 1 , 8 0 ) 
587 W R I T E ( I P L , 2 1 0 ) ( T I T L E 2 ( I ) , 1 = 1 ,80) 
588 RETURN 
589 C 
590 C WRITE FORMATS 
591 C 
592 201 FORMAT( '1 FINITE ELEMENT ANALYSIS OF 2D TRANSIENT H E A T ' , 
593 1 ' TRANSFER IN A STATIC CAST STEEL I N G O T ' , / / , ' O ' . 8 0 A 1 , / ) 
594 202 FORMAT(' NUMBER OF NODES =',15,/, 
595 1 ' NUMBER OF ELEMENTS =',15,/, 
596 2 ' HALF BANDWIDTH =',15,/, 
597 3 ' NUMBER OF BOUNDARY ELEMENTS = ' , 1 5 , / , 
598 4 ' MAX. (A) MATRIX INDEX =',15,//, 
599 5 'O NODAL COORDINATES : ' , / , 
600 6 ' 0 NODE X Y NODE I N I T I A L ' , / , 
601 7 ' NUMBER (M) (M) TYPE TEMP. ( C ) ' , / / ) 
602 203 F 0 R M A T ( 2 X , 1 5 , 2 X , F 1 0 . 4 , 1 X , F 1 0 . 4 , 2 X , 1 5 , 1 X , F 1 0 . 4 ) 
603 204 FORMAT( '1 SYSTEM T O P O L O G Y ' , / , 
604 1 ' 0 ELEMENT NUMBER' ,13X , 'NODE NUMBERS AND ' , 
605 2 'CORRESPONDING A R E A S ' , 1 1 X , ' T O T A L A R E A ' , / ) 
606 205 F 0 R M A T ( 4 X , 1 5 , 1 0 X , 3 ( 1 5 , 2 X , F 1 0 . 8 ) , 6 X , F 1 0 . 8 ) 
607 206 F O R M A T C O OVERALL TOTAL AREA = ' . F 1 2 . 8 , ' M2' , / , 
608 1 '1 BOUNDARY NODE C O N N E C T I V I T Y ' , / , 
609 2 ' 0 BOUNDARY H II Id MI M J ' . / , 
610 3 OR MI OR MJ ' , 18X, 'BOUNDARY L E N G T H ' , / ) 
611 207 F 0 R M A T ( 3 X ,15, 6 X , 4(15, 2 X ) , 4 X , F 1 0 . 6 ) 
612 208 F O R M A T C O SIMULATION TIME I N F O R M A T I O N ' , / , 
613 1 'O STRIP TIME = ' , F 1 0 . 1 , ' S E C ' , / , 
614 2 ' TRACK TIME = ' . F 1 0 . 1 , ' S E C ' , / , 
615 3 ' MAX TIME = ' , F 1 0 . 1 , ' S E C ' , / , 
616 4 ' INITIAL TIME STEP = ' , F 1 1 . 6 , ' S E C ' , / , 
617 5 ' PRINT INTERVAL = ' , F 1 0 . 1 , ' S E C ' , / , 
618 6 ' PLOT INTERVAL = ' , F 1 0 . 1 , ' S E C ' . / , 
619 7 ' MAX # OF ITERATIONS =',15,/, 
620 8 'O TIME INCREMENT SIZE INDICES - ITS V A L U E S : ' ) 
621 209 FORMATC ' , 5 0 1 1 ) 
622 210 F O R M A T ( ' 0 ' , 8 0 A 1 . / , 
623 1 ' 0 START S I M U L A T I O N : ' , / / / ) 
624 END 
625 C SUBROUTINE TO CALCULATE GEOMETRIC CONSTANTS 
626 C FOR OHNAKA'S LUMPED CAPACITANCE MATRIX METHOD: 
627 C 1) ELEMENT AREAS AND SUBAREAS ( A R E A ) , ( A R E A N ) , A R E A T 
628 C 2) ELEMENT B AND C VALUES ( B ) , ( C ) 
629 C 3) BOUNDARY LENGTHS (BL) 
630 C 
631 C USING: 3 NODE TRIANGULAR ELEMENTS WITH NATURAL COORDINATES 
632 C 
633 C NO SUBPROGRAMS CALLED 
634 C 
635 SUBROUTINE I N I T O ( X C O O R D , Y C O O R D , B , C , B L , A R E A , A R E A N , A R E A T , 
636 1 NODE,NBNC,NN,NE,NBE) 
637 IMPLICIT R E A L * 8 ( A - H , K , 0 - Z ) 
638 R E A L * 8 XCOORD(NN),YCOORD(NN), 
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639 1 B ( 3 , N E ) , C ( 3 , N E ) , B L ( N B E ) , A R E A ( N E ) , A R E A N ( 3 , N E ) , A R E A T , 
640 2 X ( 3 ) , Y ( 3 ) , A A ( 3 ) , X C . Y C . D E L T A X . D E L T A Y 
641 I N T E G E R M NODE ( 3 , NE ) , NBNC(4, NBE ) 
642 AREAT = O.DO 
643 DO 23 0=1,NE 
644 DO 21 1=1,3 
645 X ( I ) = XCOORD(NODE( I ,J ) ) 
646 21 Y ( I ) = YCOORD(NODE( I ,J ) ) 
647 AA(1 ) = X ( 2 ) * Y ( 3 ) - X ( 3 ) * Y ( 2 ) 
648 AA(2 ) = X ( 3 ) * Y ( 1 ) - X ( 1 ) * Y ( 3 ) 
649 AA(3 ) = X ( 1 ) * Y ( 2 ) - X ( 2 ) * Y ( 1 ) 
650 B ( 1 . J ) = Y(2 ) - Y (3 ) 
651 B ( 2 , d ) = Y(3) - Y (1 ) 
652 B ( 3 , J ) = Y(1 ) - Y (2 ) 
653 C( 1 , J ) = X(3 ) - X (2 ) 
654 C ( 2 , J ) = X(1 ) - X (3 ) 
655 C(3.vJ) = X(2) - X( 1 ) 
656 A R E A ( J ) = ( AA(1) + AA(2 ) + AA(3) ) / 2 .DO 
657 AREAT = AREAT + A R E A ( J ) 
658 XC = ( B ( 1 , J ) * X ( 1 ) * X ( 1 ) + B ( 2 , d ) * X ( 2 ) * X ( 2 ) + B ( 3 , J ) * X ( 3 ) 
659 1 * X ( 3 ) - B ( 1 , J ) * B ( 2 , J ) * B ( 3 , d ) ) / ( 4 * A R E A ( d ) ) 
660 YC = ( C ( 1 , d ) * Y ( 1 ) * Y ( 1 ) + C ( 2 , d ) * Y ( 2 ) * Y ( 2 ) + C ( 3 , d ) * Y ( 3 ) 
661 1 * Y ( 3 ) - C ( 1 , d ) * C ( 2 , J ) * C ( 3 , J ) ) / ( 4 * A R E A ( J ) ) 
662 DO 22 1=1,3 
663 A R E A N ( I . d ) = A R E A ( J ) / 2 . D 0 
664 1 - ( AA( I ) + B ( I , d ) * X C + C ( I , d ) * Y C ) / 4 .DO 
665 22 CONTINUE 
666 23 CONTINUE 
667 DO 24 d=1,NBE 
668 II = NBNC( 1 ,d ) 
669 J J = NBNC(2 ,d ) 
670 DELTAX = XCOORD(11 ) - XCOORD(dd) 
671 DELTAY = YCOORD(I I ) -YCOORD(dd ) 
672 B L ( J ) = DSQRT( DELTAX*DELTAX + DELTAY*DELTAY )• 
673 24 CONTINUE 
674 RETURN 
675 END 
676 C BOUNDARY CONDITION SUBROUTINES: 
677 C SUB.BOUND(BOUND)+SUB.Q(QINT,QEXT,QEXTIM) 
678 C 
679 C SUBROUTINE TO ADJUST (F ) FOR HEAT FLUX (Q) BOUNDARY CONDITIONS 
680 C ASSUME CONSTANT 0 LUMPED AT BOUNDARY NODES 
681 C 
682 C SUBPROGRAMS CALLED: 
683 C OINT 
684 C QEXT 
685 C QEXTIM 
686 C 
687 SUBROUTINE B O U N D ( O I N T , Q E X T , Q E X T I M , A , F , T O L D , T , B L , T G A P , 
688 1 C T I M E . T S T R I P , NTYPE,NBNC,NN,NBW,NBE,NEND) 
689 IMPLICIT R E A L * 8 ( A - H , K , 0 - Z ) 
690 REAL*8 A ( N E N D ) , F ( N N ) , T O L D ( N N ) , T ( N N ) , B L ( N B E ) , T G A P ( N B E ) , 
691 1 T I N F , C T I M E , T S T R I P , B L 2 . B L 6 . Q I . Q J . F L U X I , F L U X J . Q I I , Q I J , Q M I , Q M J 
692 INTEGER*4 N B N C ( 4 , N B E ) , N T Y P E ( N N ) , 
693 1 II . I d , M I , M J , I I A , I J A , J J A 
694 TINF = 1100.DO 
695 DO 67 N=1,NBE 
696 BL2 = BL(N) / 2 .DO 
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697 I I = NBNC(1,N) 
698 I J = NBNC(2,N) 
699 MI = NBNC(3,N) 
700 MO = NBNC(4,N) 
701 IF ( I I . E Q . MI) GO TO 66 
702 IF (CTIME . G T . TSTRIP) GO TO 65 
703 QI = Q I N T ( T O L D ( I I ) , T ( I I ) , T O L D ( M I ) , T ( M I ) , N T Y P E ( I I ) , T G A P ( N ) ) 
704 QJ = Q I N T ( T O L D ( I J ) , T ( I J ) , T O L D ( M d ) , T ( M J ) , N T Y P E ( I J ) , T G A P ( N ) ) 
705 FLUXI = BL2 * QI 
706 FLUXJ = BL2 * QJ 
707 F ( I I ) = F (11 ) - FLUXI 
708 F(MI ) = F(MI) + FLUXI 
709 F ( I J ) = F ( I J ) - FLUXJ 
710 F(MJ) = F(MJ) + FLUXJ 
711 GO TO 67 
712 65 QII = Q E X T ( T O L D ( 1 1 ) , T ( 1 1 ) , N T Y P E ( 1 1 ) ) 
713 Q I J = Q E X T ( T O L D ( I J ) . T ( I J ) , N T Y P E ( I J ) ) 
714 QMI = Q E X T I M ( T O L D ( M I ) , T ( M I ) , N T Y P E ( M I ) ) 
715 QMJ = Q E X T I M ( T O L D ( M J ) , T ( M J ) , N T Y P E ( M J ) ) 
716 F( II ) = F( II ) - BL2 * QII 
717 F ( I J ) = F ( I J ) - BL2 * Q I J 
718 F(MI ) = F(MI) - BL2 * QMI 
719 F (MJ) = F(MJ) - BL2 * QMJ 
720 GO TO 67 
721 66 QI = Q E X T ( T O L D (11 ) , T (11 ) , N T Y P E ( I I ) ) 
722 QJ = Q E X T ( T O L D ( I J ) , T ( I J ) , N T Y P E ( I J ) ) 
723 F ( I I ) = F ( I I ) - BL2 * QI 
724 F ( I J ) = F ( I J ) - BL2 * QJ 
725 67 CONTINUE 
726 RETURN 
727 END 
728 C 
729 C FUNCTION TO CALCULATE INTERNAL BOUNDARY NODAL HEAT FLUX, Q (W/M2) 
730 C B . C . BETWEEN INGOT AND MOULD WALLS BEFORE STRIPPING 
731 C ') 
732 FUNCTION Q I N T ( T O L D I C , T I C , T O L D J C . T J C , N T Y P E , T G A P ) 
733 IMPLICIT R E A L * 8 ( A - H . K . O - Z ) 
734 REAL*8 T O L D I C , T I C , T O L D J C , T J C , T I , T J , H C O N D . H R A D , T G A P , 
735 1 S B , E I , E M , S B E , C T I M E , T G A P , T S T R I P , T T R A C K , T M A X 
736 INTEGER*4 NTYPE,MT,NT 
737 COMMON T S T R I P , T T R A C K , T M A X , C T I M E , 
738 1 T L I Q , T S O L , D E L H , E I , E M , S B , T A . T P I T 
739 MT = N T Y P E / 1 0 
740 NT = NTYPE - MT*10 
741 EI = 0 . 9 0 0 
742 EM = 0 .85D0 
743 SB = 5 . 6 7 D - 8 
744 TI = TIC + 273.DO 
745 T J = TJC + 273.DO 
746 C 
747 C CONDUCTIVE HEAT TRANSFER BEFORE AIR GAP FORMATION 
748 C - ADAPTED MAINLY FROM OETERS ET AL 
749 C - TGAP = TIME OF GAP FORMATION (S) 
750 C 
751 C IF (NT . E Q . 0) TGAP = 10.DO 
752 C IF (NT . E Q . 1) TGAP = 30 .D0 
753 C IF (NT . E Q . 2) TGAP = 210.DO 
754 C IF (NT . E Q . 3) TGAP = 960 .DO 
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755 C IF (NT . E O . 4) TGAP = 2400.DO 
756 HCOND = 1700.DO * (1.D0 - CT IME/TGAP) 
757 IF (CTIME . G E . TGAP) HCOND = O.DO 
758 C 
759 C RADIATIVE HEAT TRANSFER ACROSS GAP 
760 C 
761 SBE = SB / ( 1 . D 0 / E I + 1.DO/EM - 1.D0) 
762 HRAD = SBE * (T I *T I + T J * T J ) * (TI + T J ) 
763 C 
764 ' IF (HCOND . G T . HRAD) OINT = HCOND * ( T I - T J ) 
765 IF (HCOND . L E . HRAD) OINT = HRAD * ( T I - T J ) 
766 RETURN 
767 END 
768 C 
769 C FUNCTION TO CALCULATE EXTERNAL BOUNDARY NODAL HEAT FLUX, 0(W/M2) 
770 C 
771 FUNCTION O E X T ( T O L D C , T C , N T Y P E ) 
772 IMPLICIT REAL*8 ( A - H , K , 0 - Z ) 
773 REAL*8 T O L D C , T C , T , S B , E , E M , E I , S B E , H R A D , H C O N V , 
774 1 C T I M E , T S T R I P . T T R A C K . T S . T A , T P I T 
775 INTEGER*4 NTYPE,MT,NT 
776 COMMON T S T R I P , T T R A C K , T M A X , C T I M E , 
777 1 T L I O , T S O L , D E L H , E I , E M , S B , T A , T P I T 
778 , MT = NTYPE/10 
779 NT = NTYPE - 10*MT 
780 ' TS = TC + 273.DO 
781 TA = 25.DO + 273.DO 
782 TP IT I = 1000.DO + 273.DO 
783 THFIRE = 3.53DO * 3600.DO 
784 TPITS = 1200.DO + 273.DO 
785 IF (MT . E O . 2) GO TO 30 
786 IF (CTIME . G T . TTRACK) GO TO 20 
787 C 
788 C INGOT EXTERIOR B . C . WHILE AIR COOLING AFTER STRIPPING 
789 C (TSTRIP < CTIME < TTRACK) 
790 C 
791 HCONV = 1 . 2 4 3 D O * ( D A B S ( T S - T A ) ) * * 0 . 3 3 3 D O 
792 HRAD = SB*E I * ( T S * T S + T A * T A ) * (TS + TA) 
793 OEXT = (HRAD + HCONV) * (TS - TA) 
794 RETURN 
795 C 
796 C INGOT EXTERIOR B . C . WHILE HEATING IN SOAKING PIT 
797 C (CTIME > TSTRIP) 
798 C 
799 20 HCONV = O.DO 
800 TSOAK = TTRACK + THFIRE 
801 TPIT = TPITI + ( T P I T S - T P I T I ) / T H F I R E * (CTIME-TTRACK) 
802 IF (CTIME . G E . TSOAK) TPIT = TPITS 
803 HRAD = SB*E I * ( T S * T S + T P I T * T P I T ) * (TS + T P I T ) 
804 OEXT = (HRAD + HCONV) * (TS - TP IT ) 
805 RETURN 
806 C 
807 C MOULD EXTERIOR B . C . (ALWAYS ASSUMED AIR COOLING) 
808 C 
809 30 HCONV = 1 . 2 4 3 D 0 * ( D A B S ( T S - T A ) ) * * 0 . 3 3 3 D O 
810 HRAD = SB*EM * ( T S * T S + T A * T A ) * (TS + TA) 
811 OEXT = (HRAD + HCONV) * (TS - TA) 
812 RETURN 
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813 C 
814 C MOULD INTERIOR B . C . AFTER STRIPPING (CTIME > TSTRIP) 
815 C 
816 ENTRY OEXTIM(TOLDC.TC.NTYPE) 
817 TS = TC + 273.DO 
818 HCONV = 1 . 2 4 3 D O * ( D A B S ( T S - T A ) ) * * 0 . 3 3 3 D O 
819 QEXTIM = HCONV * (TS - TA) 
820 RETURN 
821 END 
822 C 
823 C CALCULATE GAP FORMATION TIMES (TGAP) FOR EACH BOUNDARY SEGMENT 
824 C ( IN IT IAL IZ ING SUBROUTINE) 
825 C 
826 SUBROUTINE GAPSUB(NN,NBE,NBNC.XCOORD,YCOORD,TGAP) 
827 IMPLICIT REAL*8 ( A - H . O - Z ) 
828 I N T E G E R M NBNC(4 , NBE ) 
829 REAL*8 XCOORD(NN),YCOORD(NN),TGAP(NBE) 
830 ICORN = 0 
831 C M E S H . F . F I 
832 IF (N . E Q . 672) ICORN = 553 
833 IF (N . E Q . 330) ICORN = 319 
834 C M E S H . C , C I 
835 IF (N . E Q . 155) ICORN = 135 
836 IF (N . E Q . 77) ICORN = 77 
837 C M E S H . 9 , 9 1 , 1 6 , 1 6 1 
838 IF (N . E Q . 273) ICORN = 201 
839 IF (N . E Q . 125) ICORN = 124 
840 C 
841 XC = XCOORD(ICORN) 
842 YC = YCOORD(ICORN) 
843 DO 10 1=1,NBE 
844 XA = (XCOORD(NBNC(1 , I ) )+XCOORD(NBNC(2 , I ) ) ) / 2 .DO 
845 YA = (YCOORD(NBNC(1 ,1 ) )+YCOORD(NBNC(2 , I ) ) ) / 2 .DO 
846 DL = DSQRT( (XA-XC ) * * 2 . D O + ( Y A - Y C ) * * 2 . D O ) 
847 TGAP( I ) = 2 . D O * ( 1 1 0 . D 0 * D L + 7 . D O ) * * 2 . D O 
848 10 CONTINUE 
849 RETURN 
850 END 
851 C 
852 C SUBROUTINE TO WRITE - CERTAIN SPECIAL TEMPS ON UNIT 7 
853 C - ALL TEMPS ON UNIT 6 
854 C 
855 SUBROUTINE W I N I T ( T , T I T L E , T I T L E 2 , 
856 1 T A V G , C T I M E , P R I N T , P L O T , C P R I N T , C P L O T , T M A X , 
857 2 N N , I C O U N T , I F L A G , I P R , I P L ) 
858 IMPLICIT REAL*8 ( A - H . K . O - Z ) 
859 R E A L * 8 T ( N N ) , T A V G , C T I M E , P R I N T , P L O T , C P R I N T , C P L O T , T M A X 
860 INTEGER*4 ICOUNT,I F L A G , I P R , I P L , ITMAX 
861 L0GICAL*1 T I T L E ( 8 0 ) , T I T L E 2 ( 8 0 ) 
862 C 
863 WRITE( IPL ,201 ) ( T I T L E ( I ) , I = 1 , 8 0 ) 
864 WRITE( IPL ,201 ) ( T I T L E 2 ( I ) , I = 1 , 8 0 ) 
865 WRITE( IPR,201) ( T I T L E ( I ) , I = 1 , 8 0 ) 
866 WRITE( IPR,201) ( T I T L E 2 ( I ) , I = 1 , 8 0 ) 
867 IF (NN . E Q . 672) WRITE( IPL ,202 ) 
868 IF (NN . E Q . 330) WRITE( IPL ,206 ) 
869 IF (NN . E Q . 155) WRITE( IPL ,203 ) 
870 IF (NN . E Q . 77) WRITE( IPL ,207 ) 
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871 
872 
873 
874 C 
875 
87G 1 
877 2 
878 C 
879 C 
880 
881 
882 1 
883 2 
884 
885 1 
886 2 
887 
888 1 
889 2 
890 
891 1 
892 2 
893 
894 1 
895 2 
896 
897 1 
898 2 
899 
900 
901 10 
902 
903 
904 
905 20 
906 
907 
908 201 
909 202 
910 1 
91 1 2 
912 3 
913 203 
914 1 
915 2 
916 3 
917 204 
918 205 
919 206 
920 1 
921 2 
922 3 
923 207 
924 1 
925 2 
926 3 
927 208 1 
928 1 

IF (NN . E O . 273) WRITE( IPL ,208 ) 
IF (NN . E O . 125) W R I T E ( I P L , 2 0 9 ) 
RETURN 

ENTRY W T ( T , T I T L E , T I T L E 2 , 
T A V G , C T I M E , P R I N T , P L O T , C P R I N T , C P L O T , T M A X , 
N N , I C O U N T , I F L A G , I P R , I P L ) 

I C O U N T , C T I M E , I F L A G , T A V G , 
. T ( 5 0 8 ) , T ( 5 7 1 ) , T ( 5 6 3 ) , T ( 3 G 1 ) , 

,204) I C O U N T , C T I M E , I F L A G . T A V G , 
, T (293) , T ( 3 2 8 ) , T ( 3 2 0 ) , T ( 2 0 5 ) , 

,204) ICOUNT, 
T( 134), 

C T I M E , I F L A G , T A V G , 
T( 131 ) . T ( 8 1 ) . 

IF (CPLOT . G T . CTIME) GO TO 10 
IF(NN . E O . 672) WRITE(I P L , 2 0 4 ) 

T ( 1 ) , T ( 1 2 ) , T ( 5 8 ) , T ( 4 1 8 ) 
T ( 3 6 4 ) , T ( 3 6 9 ) , T ( 3 7 2 ) 

IF(NN . E O . 330) WRITE(IPL 
T ( 1 ) , T ( 1 2 ) , T ( 3 8 ) , T ( 2 4 2 ) 
T ( 2 0 8 ) , T ( 2 1 3 ) , T ( 2 1 6 ) 

IF(NN . E O . 155) WRITE(I PL 
T ( 1 ) , T ( 5 ) , T ( 1 6 ) , T ( 9 6 ) , T ( 1 1 6 ) 
T ( 8 2 ) , T ( 8 4 ) , T ( 8 5 ) 

IF(NN . E O . 77) WRITE( IPL ,204 ) I C O U N T , C T I M E , I F L A G , T A V G , 
T ( 1 ) , T ( 5 ) , T ( 1 1 ) , T ( 5 5 ) , T ( 6 6 ) , T ( 7 6 ) , T ( 7 3 ) , T ( 4 5 ) , 
T ( 4 6 ) , T ( 4 8 ) , T ( 4 9 ) 

IF (NN . E Q . 273) WRITE ( IPL , 204 ) ICOUNT , CTIME , I.FLAG, TAVG 
T ( 1 ) , T ( 1 5 ) , T ( 2 7 3 ) , T ( 7 ) , T ( 8 ) , T ( 9 ) , T ( 1 3 3 ) , 
T ( 1 3 5 ) , T ( 1 3 7 ) , T ( 1 9 1 ) , T ( 2 0 1 ) 

IF(NN . E O . 125) WRITE( IPL ,204 ) ICOUNT,CTIME, I FLAG,TAVG 
T ( 1 ) , T ( 3 ) . T ( 5 ) , T ( 7 ) . T ( 8 ) , T ( 9 ) , T ( 8 1 ) , T ( 8 3 ) , T ( 8 5 ) . 
T ( 1 1 4 ) , T ( 1 2 4 ) 

IFLAG = 0 
CPLOT = CPLOT + PLOT 

IF (CPRINT . G T . CTIME) GO TO 20 
WRITE( IPR,205) CTIME 
WRITE( IPR,205) ( T ( I ) , I = 1 , N N ) 
CPRINT = CPRINT + PRINT 

CONTINUE 
IF (CTIME . G T . TMAX) STOP 
RETURN 
FORMAT(1X.80A1) 
FORMAT(1X, ' IT # 

' T ( 1 ) 
' T (571) 
' T ( 3 7 2 ) ' 

FORMAT(1X, ' IT H 
• T O ) 
' T (134) 
' T ( 8 5 ) ' , 

F 0 R M A T ( 1 X , I 6 , 3 X , F 9 . 1 
FORMAT(10 (1X ,F9 . 3 ) ) 

TIME (SEC) # DEN=0: TEMPAVG 
T (12 ) T (58 ) T (418) T ( 5 0 8 ) ' 
T (563) T (361) T (364) T ( 3 6 9 ) ' 

. / ) 
TIME (SEC) tt DEN=0: TEMPAVG 
T ( 5 ) T (16 ) T (96 ) T (116) 
T (131) T (81 ) T (82 ) T (84 ) ' 

/ ) 
, 3 X , I 5 , 2 X , F 1 0 . 3 , 3 X , 1 5 ( 1 X . F 7 . 1 ) ) 

FORMAT(1X, 

F O R M A T O X , 

FORMAT(1X, 

IT tt TIME (SEC) H DEN=0: TEMPAVG 
T ( 1 ) T (12 ) T (38 ) T (242) T ( 2 9 3 ) ' 
T (328 ) T (320 ) T (205) T (208) T ( 2 1 3 ) ' 
T ( 2 1 6 ) ' , / ) 

IT H TIME (SEC) tt DEN=0: TEMPAVG 
T O ) T ( 5 ) T (11 ) T (55 ) T ( 6 6 ) ' , 
T ( 7 6 ) T (73 ) T (45 ) T (46 ) T ( 4 8 ) ' , 
T ( 4 9 ) ' , / ) 

IT It TIME (SEC) It DEN=0: TEMPAVG 
T O ) T ( 1 5 ) T (273) T (7 ) T ( 8 ) ' , 
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929 2 ' T ( 9 ) T (133 ) T (135 ) T (137) T ( 1 9 1 ) ' . 
930 3 ' T ( 2 0 1 ) ' , / ) 
931 209 FORMAT ( 1X, ' IT It TIME (SEC) H DEN=0: TEMPAVG 
932 1 ' T ( 1 ) T ( 3 ) T ( 5 ) T ( 7 ) T (8 ) ' , 
933 2 ' T (9 ) T (81 ) T (83 ) T (85 ) T ( 1 1 4 ) ' , 
934 3 ' T ( 1 2 4 ) ' , / ) 
935 END 
936 C DRIVER TO PLOT TEMPERATURE CONTOURS OF PREVIOUSLY GENERATED DATA 
937 C 
938 C R * F T N SCARDS=DR.PLOT.TEMP+SUB.CONTUR+SUB.BORDER 
939 C R -LOAD 3=TEMPFILE 4=MESHFILE 9 = - P L 0 T F I L E 
940 C 
941 IMPLICIT REAL*8 ( A - H . O - Z ) 
942 R E A L * 8 T (1500) ,XCOORD(1500) ,YCOORD(1500) 
943 INTEGER*4 N O D E ( 3 , 2 0 0 0 ) , N B N C ( 4 , 2 5 0 ) 
944 L0GICAL*1 T I T L E ( 8 0 ) , T I T L E 2 ( 8 0 ) 
945 R E A L * 8 CT(19 ) 
946 EXTERNAL CNUM,CNUM1 
947 C DATA C T / 1 5 0 0 . , 1 1 5 0 . . 9 1 0 . , 8 2 5 . , 7 2 3 . , 7 0 0 . / 
948 C DATA C T / 1 4 8 0 . , 1 4 1 0 . . 1 3 0 0 . , 1 2 0 0 . , 1 1 0 0 . , 1 0 0 0 . , 9 0 0 . , 8 5 0 . . 8 O 0 . , 
949 C 1 7 5 0 . , 6 9 5 . , 6 5 0 . , 6 0 0 . , 5 5 0 . , 5 0 0 . , 4 5 0 . , 4 0 0 . , 3 0 0 . , 2 0 0 . / 
950 DATA C T / 1 5 1 3 . , 1 4 8 7 . . 1 4 0 0 . , 1 3 0 0 . , 1 2 0 0 . , 1 1 0 0 . , 1 0 0 0 . , 9 0 0 . , 
951 1 8 4 0 . , 7 8 0 . , 7 2 5 . , 6 5 0 . , 6 0 0 . , 5 5 0 . , 5 0 0 . , 4 5 0 . , 4 0 0 . , 3 5 0 . , 3 0 0 . / 
952 C 
953 ICT = 19 
954 WRITE(6 ,2CO) 
955 200 FORMATC INPUT T I T L E ' ) 
956 R E A D ( 5 , 1 0 0 ) ( T I T L E ( I ) . I = 1 , 8 0 ) 
957 100 FORMAT(80A1) 
958 CALL P S Y M ( - 0 . 5 , - 0 . 5 , 0 . 1 4 , T I T L E , 9 0 . , 8 0 ) 
959 WRITE(6 .201 ) 
960 201 FORMAT( ' INPUT PLOT INTERVAL ( S ) , MAX H OF I T E R A T I O N S : ' ) 
961 R E A D ( 5 , 1 0 1 ) FREO,IMAX 
962 101 F 0 R M A T ( F 1 5 . 6 . 1 5 ) 
963 C 
964 R E A D ( 4 , 1 1 1 ) ( T I T L E 2 ( I ) , I = 1 , 8 0 ) 
965 111 FORMAT(80A1) 
966 R E A D ( 4 , 1 1 2 ) NN,NE,NBW,NBE,YMAX 
967 112 F 0 R M A T ( 4 I 5 , F 1 5 . 6 ) 
968 DO 10 I=1,NN 
969 10 READ(4 ,113 ) d ,XCOORD(J ) ,YCOORD(J ) 
970 113 F O R M A T ( I 5 . 2 F 1 0 . 4 ) 
971 DO 20 1=1,NE 
972 20 R E A D ( 4 , 1 1 4 ) J ,NODE(1 , d ) , N O D E ( 2 , J ) , N O D E ( 3 , J ) 
973 114 F0RMAT(4I5) 
974 DO 30 1=1,NBE 
975 30 R E A D ( 4 , 1 1 5 ) d , ( N B N C ( 1 1 , d ) , 1 1 = 1 , 4 ) 
976 115 F0RMAT(5I5) 
977 C 
978 R E A D ( 3 , 1 1 1 ) ( T I T L E 2 ( I ) , I = 1 , 8 0 ) 
979 R E A D ( 3 , 1 1 1 ) ( T I T L E 2 ( I ) , I = 1 , 8 0 ) 
980 C SCALE = 1:4 FOR SCALE = 9 .84M/ IN 
981 SCALE = 9 .654 / YMAX 
982 YM = YMAX 
983 XM = YMAX * 2.DO 
984 IF ((NN .EO .672) .AND. (NBE . E O . 82 ) ) GO TO 36 
985 IF ((NN . E Q . 273) .AND. (NBE . E O . 50 ) ) GO TO 37 
986 GO TO 38 
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987 36 YM = YC00RD(671) 
988 XM = XC00RD(22) 
989 GO TO 38 
990 37 YM = YC00RD(273) 
991 XM = XCOORD(15) 
992 38 CONTINUE 
993 C 
994 DO 98 1=1,IMAX 
995 40 READ(3,102,END=99) CTIME 
996 READ(3 ,102 ) ( T ( d ) , d = 1 , NN) 
997 102 F O R M A T ( 1 0 ( 1 X . F 9 . 3 ) ) 
998 IF (I . E Q . 1) CPLOT = CTIME 
999 IF (CPLOT . G T . CTIME) GO TO 40 

1OO0 CALL N U M B E R ( 2 . 0 . 9 . 8 , 0 . 5 6 , C T I M E , 0 . 0 , 0 ) 
1001 CALL BORDER(NN,NBE,NBNC,SCALE,XM,YM,XCOORD,YCOORD) 
1002 DO 50 d=1 , ICT 
1003 50 CALL C O N T U R ( C T ( d ) , N N , N E . N O D E , T , S C A L E , X C O O R D , Y C O O R D , 2 5 , C N U M 
1004 CALL P L O T ( 8 . 6 . 0 . 0 , - 3 ) 
1005 CPLOT = CPLOT + FREO 
1006 98 CONTINUE 
1007 99 STOP 
1008 END 
1009 C SUBROUTINE TO PLOT A CONTOUR LINE FROM HEAT TRANSFER MODEL OUTPUT 
1010 C 
101 1 SUBROUTINE CONTUR(TC0N8 ,NN,NE,NODE,T ,SCAL8 ,XCOORD,YCOORD, INT , I 
.1012 INTEGER*4 N N , N E . N O D E ( 3 , N E ) , N 1 , N 2 , N 3 , I N T , I N T C U M , I C O U N T 
1013 R E A L * 8 T(NN),XC0ORD(NN),YCOORD(NN),TCON8 ,SCAL8 
1014 REAL*4 T 1 . T 2 . T 3 . X 1 , X 2 , X 3 , Y 1 , Y 2 , Y 3 , A 1 2 , A 2 3 , A 3 1 , X 1 2 , X 2 3 , X 3 1 , 
1015 1 Y 1 2 . Y 2 3 , Y 3 1 . T C O N . S C A L E 
1016 C TC0N8 = = CONTOUR LINE TO I BE PLOTTED 
1017 C INT • CONTOUR LINE LABEL INTERVAL 
1018 C CNUM = CONTOUR LABEL SUBROUTINE (CNUM. CNUM1) 
1019 C SCAL8 = = SCALE FACTOR FOR REDUCING MESH SIZE FOR PLOTTING 
1020 SCALE = SCAL8 
1021 ICOUNT = 0 
1022 INTCUM = 2 
1023 DO 99 1=1,NE 
1024 N1 = NODE(1 ,1 ) 
1025 N2 = NODE(2 , I ) 
1026 N3 = N 0 D E ( 3 , I ) 
1027 T1 = T(N1) 
1028 T2 = T(N2) 
1029 T3 = T(N3) 
1030 X1 = XC00RD(N1) * SCALE 
1031 X2 = XC00RD(N2) * SCALE 
1032 X3 = XC00RD(N3) * SCALE 
1033 Y1 = YC00RD(N1) * SCALE 
1034 Y2 = YC00RD(N2) * SCALE 
1035 Y3 = YC00RD(N3) * SCALE 
1036 TCON = TC0N8 
1037 C 
1038 IF (T1 . G E . TCON) GO TO 12 
1039 IF (T2 . G E . TCON) GO TO 1 1 
1040 IF (T3 . G E . TCON) GO TO 23 
1041 GO TO 21 
1042 1 1 IF (T3 . G E . TCON) GO TO 24 
1043 GO TO 22 
1044 12 IF (T2 . G E . TCON) GO TO 13 
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1045 
104S 
1047 
1048 
1049 
1050 
1051 
1052 
1053 
1054 
1055 
1056 
1057 
1058 
1059 
1060 
1061 
1062 
1063 
1064 
1065 
1066 
1067 
1068 
1069 
1070 
1071 
1072 
1073 
1074 
1075 
1076 
1077 
1078 
1079 
1080 
1081 
1082 
1083 
1084 
1085 
1086 
1087 
1088 
1089 
1090 
1091 
1092 
1093 
1094 
1095 
1096 
1097 
1098 
1099 
1100 
1 101 
1 102 

IF (T3 . G E . TCON) GO TO 22 
GO TO 24 

13 IF (T3 . G E . TCON) GO TO 21 
GO TO 23 

21 GO TO 99 
22 A12 = (T2 -TC0N) / ( T 2 - T 1 ) 

X12 = A12*X1 + (1 . . - A 1 2 ) * X 2 
Y12 = A12*Y1 + ( 1 . - A 1 2 ) * Y 2 
A23 = (T3 -TC0N) / ( T 3 - T 2 ) 
X23 = A23*X2 + ( 1 . . - A 2 3 ) * X 3 
Y23 = A23*Y2 + (1 . . - A 2 3 ) * Y 3 

ICOUNT = ICOUNT + 1 

, Y31 .TCON, INT, INTCUM) 

IF (ICOUNT . G T . INTCUM) 
1 CALL CNUM(X12 ,Y12 .X23 .Y23 ,TCON, INT , INTCUM) 

CALL P L 0 T ( X 1 2 , Y 1 2 . 3 ) 
CALL P L O T ( X 2 3 , Y 2 3 , 2 ) 
GO TO 99 

23 A23 = (T3 -TC0N) / ( T 3 - T 2 ) 
X23 = A23*X2 + ( 1 . - A 2 3 ) * X 3 
Y23 = A23*Y2 + ( 1 . - A 2 3 ) * Y 3 
A31 = (T1-TCON) / ( T 1 - T 3 ) 
X31 = A31*X3 + ( 1 . - A 3 1 ) * X 1 
Y31 = A31*Y3 + ( 1 . -A31 )*Y1 

CALL P L 0 T ( X 2 3 , Y 2 3 . 3 ) 
CALL P L 0 T ( X 3 1 , Y 3 1 , 2 ) 
ICOUNT = ICOUNT + 1 
IF (ICOUNT . G T . INTCUM) 

1 CALL CNUM(X23 ,Y23 ,X31 , 
GO TO 99 

24 A31 = (T1-TCON) / ( T 1 - T 3 ) 
X31 = A31*X3 + ( 1 . - A 3 1 ) * X 1 
Y31 = A31*Y3 + ( 1 . - A 3 1 )*Y1 
A12 = (T2 -TC0N) / ( T 2 - T 1 ) 
X12 = A12*X1 + ( 1 . - A 1 2 ) * X 2 
Y12 = A12*Y1 + ( 1 . - A 1 2 ) * Y 2 

ICOUNT = ICOUNT + 1 
IF (ICOUNT . G T . INTCUM) .[ 

1 CALL CNUM(X31 ,Y31 ,X12 ,Y12 ,TCON, INT , INTCUM) 
CALL P L 0 T ( X 3 1 , Y 3 1 , 3 ) 
CALL P L 0 T ( X 1 2 , Y 1 2 . 2 ) 

99 CONTINUE 
RETURN 
END 
SUBROUTINE C N U M ( X 1 , Y 1 , X 2 , Y 2 , T C O N , I N T , I N T C U M ) 

C TO BE USED WHEN CONTOUR LABELS NEED NO DECIMALS 
INTEGER*4 INT,INTCUM 
R E A L * 4 X 1 , Y 1 , X 2 , Y 2 , T C O N , T H E T A , C T H E T A , H T 
HT = O.14 
DELX = X2-X1 
IF (X1 . E Q . X2) DELX = 1 .D-9 
THETA = 57 .296 * A T A N ( ( Y 2 - Y 1 ) / D E L X ) 
CTHETA = 360. + THETA 
IF (THETA . G E . O . ) CALL N U M B E R ( X 1 , Y 1 , H T , T C O N , T H E T A , -
IF (THETA . L T . O . ) CALL NUMBER(X2 ,Y2 ,HT ,TCON,CTHETA, 
INTCUM = INTCUM + INT 
RETURN 
END 

1) 
-1 ) 
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1 103 SUBROUTINE CNUM1 ( X 1 . Y 1 , X 2 , Y 2 .TC0N, INT, INTCUM) 
1 104 C PRODUCES CONTOUR LABELS WITH 4 DECIMAL PLACES 
1 105 INTEGER*4 INT,INTCUM 
1 106 REAL*4 X 1 , Y 1 , X 2 , Y 2 , T C O N , T H E T A , C T H E T A , H T 
1 107 HT = 0 .14 
1 108 DELX = X2-X1 
1 109 IF (X1 . E Q . X2) DELX = 1 .D-9 
1 1 10 THETA = 57 .296 * A T A N ( ( Y 2 - Y 1 ) / D E L X ) 
1111 CTHETA = 360. + THETA 
1112 IF (THETA . G E . 0 . ) CALL N U M B E R ( X 1 , Y 1 , H T , T C O N , T H E T A , 4 ) 
1113 IF (THETA . L T . 0 . ) CALL N U M B E R ( X 2 , Y 2 , H T , T C O N , C T H E T A , 4 ) 
1114 INTCUM = INTCUM + INT 
1115 RETURN 
1 1 16 END 
1117 C SUBROUTINE TO PLOT INGOT AND MOULD BORDERS 
1 1 18 C 
1119 SUBROUTINE BORDER(NN,NBE,NBNC,SCAL8,XM8,YM8,XCOORD,YCOORD ) 
1 120 INTEGER*4 NN,NBE,NBEB,NBNC(4 ,NBE) 
1121 REAL*8 XCOORD(NN),YCOORD(NN),XM8,YM8,SCAL8 
1 122 REAL*4 S C A L E , X M , Y M , X 1 , Y 1 , X 2 , Y 2 
1 123 SCALE = SCAL8 
1 124 NBEB = NBE 
1 125 IF ((NN . E Q . 125) .AND. (NBE . E Q . 27) ) NBEB = 47 
1 126 IF ((NN . E Q . 330) .AND. (NBE . E Q . 47 ) ) NBEB = 83 
1 127 XM = XM8 * SCALE 
1 128 YM = YM8 * SCALE 
1 129 C CALL P L O T ( X M , 0 . . 3 ) 
1 130 C CALL P L 0 T ( O . , 0 . , 2 ) 
1131 C CALL P L 0 T ( O . , Y M , 2 ) 
1 132 DO 10 1=1,NBEB 
1 133 X1 = XCOORD(NBNC(1,1)) * SCALE 
1 134 Y1 = YCOORD(NBNC(1,1)) * SCALE 
1 135 X2 = XCOORD(NBNC(2,1)) * SCALE 
1 136 Y2 = YCOORD(NBNC(2,1)) * SCALE 
1 137 CALL P L 0 T ( X 1 , Y 1 , 3 ) 
1 138 CALL P L 0 T ( X 2 , Y 2 , 2 ) 
1 139 10 CONTINUE 
1 140 RETURN 
1 141 END 
1 142 C PROGRAM TO TRANSLATE TEMPERATURE OUTPUT FROM INGOT+MOULD TO 
1 143 C INGOT TEMPS ONLY 
1 144 C R -LOAD 3=0LD.0UTPUTFILE 4=MESHIFILE 6=NEW.OUTPUTFILE 
1 145 C (I+M TEMPS) ( M E S H . F I , C I ) (I TEMP ONLY) 
1 146 C 
1 147 INTEGER*4 NNI,NNM,NODE(1000) 
1 148 R E A L * 4 T (1000) 
1 149 L0GICAL*1 T I T L E ( 8 0 ) , T I T L E 2 ( 8 0 ) 
1 150 READ(4 ,100 ) ( T I T L E ( I ) , I = 1 , 8 0 ) 
1 151 READ(4 ,101 ) NNI 
1 152 DO 10 1=1,NNI 
1 153 10 READ(4 ,102 ) I 1 , A 1 , A 2 , I 2 , N O D E ( I ) 
1 154 NNM = 0 
1 155 IF (NNI . E Q . 77) NNM = 155 
1 156 ' IF (NNI . E Q . 330) NNM = 672 
1 157 IF (NNI . E Q . 125) NNM = 273 
1 158 IF (NNM . E Q . 0 ) STOP 
1 159 20 R E A D ( 3 , 1 0 0 ) ( T I T L E ( I ) ,1= 1 , 8 0 ) 
1 160 WRITE(6 ,100) ( T I T L E ( I ) , I = 1 , 8 0 ) 
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1161 READ(3,100) ( T I T L E 2 ( I ) . I = 1 , 8 0 ) 
1 162 WRITE(6,100) ( T I T L E 2 ( I ) , 1 = 1 , 8 0 ) 
1 163 30 READ(3 ,110 ,END=99) CTIME 
1 164 R E A D ( 3 , 1 1 0 ) ( T ( I ) , I = 1 , N N M ) 
1 165 WRITE(6 ,110) CTIME 
1 166 WRITE(6, 110) ( T ( N O D E ( I ) ) , 1 = 1,NNI ) 
1 167 GO TO 30 
1 168 99 STOP 
1 169 100 FORMAT(80A1) 
1 170 101 FORMAT(15) 
1171 102 F O R M A T ( I 5 , 2 F 1 0 . 4 , 2 I 5 ) 
1 172 1 10 F O R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
1 173 END 
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APPENDIX IX Accuracy of Heat trans f e r Model i n P r e d i c t i n g  

Temperature Response f o r A n a l y t i c a l Solutions 

Tables A9.1 and A9.2 show numerical temperature predictions of the 

heat-transfer model for the f i r s t and second test problems from Chapter 5 

r e s p e c t i v e l y . The model uses the Matrix method with Dupont time-stepping 

scheme. Temperature dependent properties are evaluated at T^Ctg) and the 

Lemmon method for handling temperature-dependent enthalpy, i n c l u d i n g the 

l a t e n t heat of s o l i d i f i c a t i o n , was used. The medium rectangular mesh (see 

Figure 5.5) and constant time step s i z e s of 120 s and 30 s have been chosen 

as examples. Percent errors i n the temperature predictions of two sample 

nodes located at A (corner) or B and D ( i n t e r i o r ) have been given f o r each 

problem, together with the corresponding "exact" temperatures f o r these 

lo c a t i o n s determined from the a n a l y t i c a l s o l u t i o n s . The l o c a t i o n of nodes 

A-E are given i n Figure 5.1 and the coordinates of nodes B and D are the 

same for both problems. An i n s t a b i l i t y index of 0 was assigned to the 

r e s u l t s for the f i r s t problem and an i n s t a b i l i t y index of 1 for the second 

problem. 

I t can be seen that the erro r i s greater when the temperature i s 

changing r a p i d l y . The node e x h i b i t i n g the maximum absolute error does not 

remain stationary but moves as the c a l c u l a t i o n proceeds i n time. For the 

f i r s t problem, the worst node i s i n i t i a l l y s i t u ated near the corner node and 

i s 1.1% high. With increasing time, the worst node improves and moves 

toward the i n t e r i o r . F i n a l l y , at l a t e r times, nodes on the ce n t e r l i n e s 



Table A9 . 1 Accuracy of Heat-transfer Model in P r e d i c t i n g 
Temperature Response f o r F i r s t Test Problem 

Percent Error of Numerical Prediction 
Time Analytical Solution Relative to Analytical Solution 

( 8 ) 

Node A Node D Node A Node D Maximum Error Average Absolute 
CC) C O (Z) (tt (Z) Value of Error (Z) 

0 600.00 600.0 
600 965.50 601.8 1.06 0.12 1.10 .226 
1200 1010.49 615.8 0.51 0.15 0.61 .241 
1800 1031.97 637.4 0.32 0.18 0.43 .232 
2400 1044.85 661.4 0.22 0.20 0.34 .220 
3000 1053.53 685.5 0.16 0.21 0.28 .208 
3600 1059.79 708.6 0.13 0.21 0.25 .196 
4200 1064.55 730.4 0.10 0.21 0.23 .185 
4800 1068.30 751.0 0.09 0.20 0.22 .175 
5400 1071.34 770.2 0.07 0.19 0.21 .165 
6000 1073.87 788.1 0.06 0.18 0.20 .156 
6600 1076.01 804.9 0.06 0.17 0.20 .148 
7200 1077.87 820.6 0.05 0.16 0.19 .139 
7800 1079.50 835.3 0.04 0.15 . 0.18 .131 
8400 1080.95 849.2 0.04 0.15 0.17 .124 
9000 1082.26 862.1 0.03 0.14 0.16 .116 
9600 1083.45 874.3 0.03 0.13 0.15 .110 
10200 1084.54 885.8 0.03 0.12 0.15 .103 
10800 1085.55 896.7 0.03 0.11 0.14 .097 
11400 1086.48 906.8 0.02 0.10 0.13 .091 
12000 1087.36 916.4 0.02 0.09 0.12 .086 
12600 1088.18 925.5 0.02 0.09 0.12 .081 
13200 1088.95 934.0 0.02 0.09 0.11 .076 
13800 1089.68 942.1 0.02 0.08 0.10 .072 
14400 1090.38 949.8 0.02 0.08 0.10 .069 



Table A9.2 Accuracy of Heat-transfer Model In P r e d i c t i n g 
Temperature Response f o r Second Test Problem 

Percent E r r o r of Numerical P r e d i c t i o n 
Time A n a l y t i c a l S o l u t i o n Re la t i ve to A n a l y t i c a l S o l u t i o n 

( e ) 
Node B Node D Node B Node D Maximum E r r o r Average Absolute 

( ° C ) ( ° C ) «> (tt (tt Value of E r r o r (X) 

0 1 5 3 5 . 0 1 5 3 5 . 0 
6 0 0 1 4 7 7 . 1 1 5 3 3 . 3 - 1 . 4 8 - 0 . 0 3 - 1 . 4 8 . 1 2 4 

1 2 0 0 1 3 2 8 . 9 1 5 2 6 . 3 - 0 . 3 4 0 . 0 3 - 0 . 8 4 . 1 0 4 
1 8 0 0 1 2 7 4 . 1 1 5 1 9 . 0 - 0 . 2 4 0 . 0 9 - 0 . 5 2 . 1 4 8 
2 4 0 0 1 2 4 5 . 1 1 5 1 2 . 7 - 0 . 0 7 0 . 0 6 0 . 7 6 . 1 0 4 
3 0 0 0 1 2 2 7 . 1 1 5 0 7 . 8 - 0 . 0 3 0 . 1 7 - 0 . 4 9 . 1 0 4 
3 6 0 0 1 2 1 4 . 8 1 5 0 4 , 0 0 . 0 1 0 . 1 7 0 . 6 9 . 1 0 0 
4 2 0 0 1 2 0 5 . 9 1 5 0 0 . 9 0 . 0 4 - 0 . 0 7 0 . 7 1 . 1 6 5 
4 8 0 0 1 1 9 9 . 2 1 4 9 3 . 9 0 . 0 4 0 . 0 5 0 . 6 1 . 1 3 7 
5 4 0 0 1 1 9 3 . 9 1 4 7 6 . 7 0 . 0 5 0 . 6 0 0 . 8 7 . 1 5 0 
6 0 0 0 1 1 8 9 . 6 1 4 5 9 . 1 . 0 . 0 6 0 . 8 8 0 . 8 8 . 2 0 4 
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extending from the ce n t e r . ( E ) , e x h i b i t the highest e r r o r s . When s t a b i l i t y 

problems are encountered ( i n s t a b i l i t y index > 2), the worst node i s i n v a r i 

ably the corner node at A, which i s also the f i r s t node to begin temperature 

o s c i l l a t i o n ; thus i t serves as an i n d i c a t o r of s t a b i l i t y . 

For the second problem, the worst node i s i n v a r i a b l y close to the 

s o l i d i f i c a t i o n f r o n t . I n i t i a l l y , i t i s about 1.5% low and i s located on, or 

jus t beside, the diagonal extending from corner A. Again, the worst node 

improves and moves inward with increasing time. At l a t e r times, of 5400 s 

or more, the maximum error i s usu a l l y associated with nodes located s l i g h t l y 

above the corner diagonal toward the center (eg. node D); and the absolute 

magnitude of the maximum error increases (Table A9.2) suggesting that the 

a n a l y t i c a l s o l u t i o n i s beginning to diverge s l i g h t l y from the true 

s o l u t i o n . 
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APPENDIX X State Function to Account f o r Volume Change In 

Thermal Stress Models 

Consider the function: 

T 
TLE (T) = / a (T) dT 

T 

where a, the c o e f f i c i e n t for l i n e a r expansion, i s defined by: 

„ = 1 L ( T + AT) - L ( T ) _ 1 ,dL. 
L AT L KdtJ 

where L i s the length of a specimen being measured as a function of 

temperature. 

Substitute: 
T 

TLE (T) = / i (Jjt) dT 
T o 

= [in L (T) 
o 

In (L ( T ) ) - In (L ( T Q ) ) 

i r L (T) l 
o 

L (T) - L (T ) 

" l n [ 1 + L g . ) 1 



But, for small x, In (1 + x) « x 

TLE (T) - L ( T ) " L <V 
L ( T o ) 

which i s p r e c i s e l y the d e f i n i t i o n for thermal l i n e a r expansic 

A l t e r n a t i v e l y , 

TLE (T) = ( l + TVE ( T ) ) J - 1 

TVE (T) 
3 

where TVE i s the thermal volumetric expansion. 
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APPENDIX XI. Stress Model Computer Program 

1 C F I N I T E - E L E M E N T , E L A S T O - V I S C O - P L A S T I C , THERMAL 
2 C STRESS MODEL 
3 C 
4 C TO CALCULATE STRESS STATE OF STEEL INGOT DURING PROCESSING 
5 C WRITTEN IN FORTRAN IV 
6 C 
7 C BY BRIAN THOMAS UBC 1985 
8 C 
9 C DRIVER FOR VARIABLE PROP (E & T L E ) PLASTIC STRESS MODEL 

10 C R * F T N SCARDS=DRP2+SSUB.C0NP+SSUB.SPR0PP+SSUB.TEMPR 
11 C +SSUB.EFF2+SSUB.ERR+SSUB.TRUNC+SSUB.OUTPUT 
12 C R -LOAD 3=TEMP.? 4=MESH.FI 16-20=-L0NG OUTPUT ( 7 - 1 9 , 2 1 - 2 9 ALSO) 
13 C 
14 IMPLICIT REAL*8 ( A - H . O - Z ) 
15 INTEGER*4 N O D E ( 3 , 2 5 0 0 ) , N B N C ( 4 , 2 5 0 ) , I R(2 , 2 5 0 0 ) 
16 REAL*8 A ( 9 0 0 0 0 ) , F ( 3 0 0 0 ) , F A ( 1 5 0 0 ) , T L E ( 1 5 0 0 ) . 
17 1 T O L D ( 1 5 0 0 ) , T ( 1 5 0 0 ) , E ( 1 5 0 0 ) , A T ( 1 5 0 0 ) , E P D O T ( 1 5 0 0 ) , 
18 2 X C O O R D ( 1 5 0 0 ) , Y C O O R D ( 1 5 0 0 ) , B B ( 3 , 2 5 0 0 ) , C C ( 3 , 2 5 0 0 ) , 
19 3 A R E A ( 2 5 0 0 ) , A R E A N ( 3 , 2 5 0 0 ) , A R E A N N ( 1 5 0 0 ) , 
20 4 B L ( 2 5 0 ) , B N X N Y ( 2 . 2 5 0 ) , S T R A C ( 4 , 2 5 0 ) , 
21 5 E P S L N ( 3 . 1 5 0 0 ) , E P S L N T ( 3 , 1 5 0 0 ) , E P S L N Z ( 1 5 0 0 ) , 
22 6 E V P ( 3 , 1 5 0 0 ) , E V P T ( 3 , 1 5 0 0 ) , E 0 ( 1 5 0 O ) , 
23 7 S I G M A ( 3 , 1 5 0 0 ) , S I G M A T ( 3 , 1 5 0 0 ) , S I G M A Z ( 1 5 0 0 ) , 
24 8 S E F F ( 1 5 0 0 ) , E E F F ( 1 5 0 0 ) , E V P E F F ( 1 5 0 0 ) , E P E F F T ( 1 5 0 0 ) 
25 L0GICAL*1 T I T L E ( 8 0 ) , T I T L E 2 ( 8 0 ) , T I T L E 3 ( 8 0 ) 
26 C 
27 ID1 = 4 
28 IPL = 7 
29 READ( ID1 ,101 ) ( T I T L E ( I ) , I=1 ,80) 
30 101 FORMAT(80A1) 
31 READ( ID1 ,102 ) NN,NE,NHBW,NBE 
32 102 F0RMAT(4I5) 
33 NBW = 2*NHBW 
34 NDF = 2*NN 
35 NEND = NDF*NBW + NBW*(1-NBW)/2 
36 WRITE(6 ,202) 
37 202 FORMAT(' INPUT T I T L E ' ) 
38 READ(5 ,101 ) ( T I T L E 3 ( I ) , I = 1 , 8 0 ) 
39 WRITE(6 ,203) 
40 203 FORMAT(' INPUT 1=PLANE STRAIN 2=PLANE STRESS 3=GEN. P . S . : ' ) 
41 READ(5 ,103 ) IZ 
42 103 F O R M A T ( H ) 
43 CALL INPUT(NN,NE,NBW,NBE,NDF , ID 1 , 
44 1 NODE,NBNC, IR,XCOORD,YCOORD,STRAC) 
45 CALL S E T U P ( N N , N E , N B E , N O D E , N B N C , A R E A T , 
46 1 XCOORD,YCOORD,BB.CC.BL ,BNXNY,AREA,AREAN,AREANN) 
47 CALL P I N I T ( A R 1 , A 1 , A C 1 , A R 3 , A 3 , A C 3 , T S O L , T L I O , P C , P M N , P N U ) 
48 CALL T E M P I R ( N N , F R E O , I M A X , N I T , T I N I T , T M A X , C T I M E , T I T L E 2 . T ) 
49 IF (CTIME . N E . T IN IT ) GO TO 94 
50 WRITE(6 ,213) 
51 213 FORMATC ENTER UNIT H FOR INITIAL STRES OIST (O = NO S T R E S S ) ' ) 
52 READ(5 ,113 ) IP 
53 113 FORMAT(12) 
54 DO 10 d=1,NN 
55 SIGMAZ(d) = O.DO 
56 EPSLNZ(d) = O.DO 
57 E P E F F T ( d ) = O.DO 
58 F A ( J ) = O.DO 
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59 DO 5 1=1,3 
60 SIGMAT( I, J) = O.DO 
61 E P S L N T ( I . J ) = O.DO 
62 E V P T ( I . J ) = O.DO 
63 5 CONTINUE 
64 10 CONTINUE 
65 IF ( IP . N E . 0) CALL S E E R F ( N N , I P , C T I M E , S I G M A T , E P S L N T , E V P T , F A , 
66 1 S I G M A Z , E P S L N Z , E P E F F T ) 
67 DO 15 U=1,NN 
68 TOLD(J ) = T (U) 
69 T L E ( J ) = C T L E ( T S O L , T L I O . P C , T ( J ) , F A ( J ) ) 
70 E O ( J ) = O.DO 
71 DO 14 1=1,3 
72 S I G M A ( I , d ) = O.DO 
73 E P S L N U , J ) = O.DO 
74 E V P ( I . J ) = E V P T ( I . J ) 
75 14 'CONTINUE 
76 15 CONTINUE 
77 CALL SUBFA(NN , AR 1 ,A 1 ,AC 1 , A R 3 , A 3 . A C 3 , P C , P M N , D T , T O L D , T , F A ) 
78 CALL I N I T ( N N , N D F , N E N D , N I T , C T I M E , A R 1 , A 1 , AC 1 , AR3 , A3 , AC3 , 
79 1 T S O L , T L I O , P C , P M N , T , T O L D , E , A T , T L E , F A , A , F ) 
80 C CALL S Z E Z ( N N , I Z . P N U , A R E A T , A R E A N N , E , A T , 
81 C 1 S I G M A , S I G M A T , S I G M A Z . E P S L N , E P S L N T , E P S L N Z ) 
82 CALL E F F ( N N . S I G M A T , S I G M A Z , S E F F ) 
83 CALL E F F E ( N N , P N U , E P S L N T , E P S L N Z , E E F F ) 
84 CALL E F F P ( N N , I Z , E V P T , E V P E F F ) 
85 CALL E P I N I T ( N N . E P E F F T , S E F F , T , T O L D , F A , E P D O T ) 
86 CALL O U T P U T ( N N , I Z , N M A X , N M I N , P N U , E E Z , A R E A T , F R E O , C T I M E , P R I N T , 
87 1 C P R I N T , A M A X , A M I N , A A V G , A R E A N N , E , A T , E O , E P D O T , T . 
88 2 F A , T L E , S I G M A . S I G M A T , S I G M A Z , E P S L N , E P S L N T , E P S L N Z , E V P , E V P T 
89 3 S E F F , E E F F , E V P E F F , E P E F F T , T I T L E , T I T L E 2 , T I T L E 3 ) 
90 C 
91 c 
92 c 
93 DO 99 IT = 1,IMAX 
94 CALL TEMPR(NN,FREO,DT8IG,CTIME,XCOORD,YCOORD,TOLD) 
95 DT = DTBIG / (NIT+1) 
96 CTIME = CTIME - DTBIG + DT 
97 CALL SUBFA(NN,AR1,A 1,AC 1 , A R 3 , A 3 , A C 3 , P C , P M N . D T , T O L D , T , F A ) 
98 CALL I N I T ( N N , N D F , N E N D , N I T , C T I M E , A R 1 , A 1 , A C 1 , A R 3 , A 3 , A C 3 , <••. 
99 1 T S O L , T L I O , P C , P M N , T , T O L D , E , A T , T L E , F A , A , F ) 

100 CALL S T I F F ( N N , N E , N B W , N E N D , I Z , N O D E , P N U , E , A R E A , B B , C C , A ) 
101 CALL F O R C E T ( N N , N E , N D F , I Z . N O D E , P N U , E . A T . B B . C C , F ) 
102 CALL F O R C E S ( N B W , N B E , N E N D , N D F , N B N C , B L , S T R A C , F , A ) 
103 CALL E P I N I T ( N N , E P E F F T , S E F F , T , T O L D , F A , E P D O T ) 
104 CALL T R U N C ( N N , I E C O N , C T I M E , D T , E E F F , E P D O T ) 
105 CALL E F F P T ( N N , E P D O T , D T , E P E F F T ) 
106 CALL F O R C E E ( N N , N E , N D F , I Z , N O D E , P N U , D T , 
107 1 B B , C C , E , E P D O T , E V P , S E F F , S I G M A T , F ) 
108 CALL F O R C E D ( N B W , N B E , N E N D , N D F , N B N C , B L , S T R A C , F , A ) 
109 CALL D V B A N D ( A , I R , N D F , F , I E , 0 , D C O N D , & 9 0 . & 9 1 ) 
110 CALL S T R E S P ( N N , N E , N D F , I Z , N O D E , P N U . E . A T , E O . A R E A , A R E A N , 
11 1 1 A R E A N N , B B . C C , S I G M A , E P S L N , E V P , F ) 
112 CALL S Z E Z ( N N , I Z , P N U , A R E A T , A R E A N N , E , A T , 
1 13 1 S I G M A . S I G M A T , S I G M A Z , E P S L N , E P S L N T , E P S L N Z ) 
114 DO 80 I=1,NN 
1 15 DO 70 11 = 1 ,3 
116 E V P T ( H . I ) = E V P T ( H . I ) + E V P ( I I . I ) 
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117 E V P ( H . I ) = E V P T ( H . I ) 
118 70 CONTINUE 
119 80 CONTINUE 
120 CALL E F F ( N N , S I G M A T , S I G M A Z , S E F F ) 
121 CALL E F F E ( N N , P N U , E P S L N T , E P S L N Z , E E F F ) 
122 CALL E F F P ( N N , I Z , E V P T , E V P E F F ) 
123 CALL OUTP(NN, IZ , N M A X , N M I N , P N U , E E Z , A R E A T , D T , C T I M E , P R INT ,CPRINT , 
124 1 A M A X , A M I N , A A V G , A R E A N N , E , A T , E O , E P D O T , T , F A , T L E , 
125 2 S I G M A , S I G M A T , S I G M A Z , E P S L N , E P S L N T , E P S L N Z , E V P , E V P T , 
126 3 S E F F , E E F F , E V P E F F , E P E F F T , T I T L E , T I T L E 2 , T I T L E 3 ) 
127 C 
128 IF (NIT . E Q . 0) GO TO 98 
129 C 
130 DO 97 ITNIT=1,NIT 
131 CTIME = CTIME + DT 
132 DO 85 1=1,NDF 
133 85 F ( I ) = O.DO 
134 CALL F O R C E T ( N N , N E , N D F , I Z , N O D E , P N U , E , A T , B B , C C , F ) 
135 CALL F O R C E S ( N B W , N B E , N E N D , N D F , N B N C , B L , S T R A C , F , A ) 
136 CALL E P I N I T ( N N , E P E F F T , S E F F , T , T O L D , F A , E P D O T ) 
137 CALL T R U N C ( N N , I E C O N , C T I M E , D T , E E F F , E P D O T ) 
138 CALL E F F P T ( . N N , E P D O T . D T , E P E F F T ) 
139 CALL F O R C E E ( N N , N E , N D F , I Z , N O D E , P N U , D T , 
140 1 B B . C C . E , E P D O T , E V P , S E F F , S I G M A T . F ) 
141 CALL F I X D F ( N B W , N B E , N E N D , N D F , N B N C , B L . S T R A C . F ) 
142 CALL D V B A N D ( A , I R , - N D F , F , I E , 0 , D C O N D , & 9 0 , & 9 1 ) 
143 CALL S T R E S P ( N N , N E , N D F , I Z , N O D E , P N U , E , A T . E O , A R E A , A R E A N , 
144 1 A R E A N N . B B . C C , S I G M A , E P S L N , E V P , F ) 
145 CALL S Z E Z ( N N , I Z , P N U , A R E A T , A R E A N N . E , A T , 
146 1 S I G M A , S I G M A T , S I G M A Z , E P S L N , E P S L N T , E P S L N Z ) 
147 DO 87 1=1,NN 
148 DO 86 11=1,3 
149 E V P T ( I 1 , I ) = E V P T ( H . I ) + E V P ( H . I ) 
150 E V P ( H . I ) = E V P T ( H . I ) 
151 86 CONTINUE 
152 87 CONTINUE 
153 CALL E F F ( N N , S I G M A T , S I G M A Z , S E F F ) 
154 CALL E F F E ( N N , P N U , E P S L N T , E P S L N Z , E E F F ) 
155 CALL E F F P ( N N , I Z , E V P T , E V P E F F ) 
156 CALL O U T P ( N N , I Z , N M A X , N M I N , P N U , E E Z , A R E A T , D T , C T I M E , P R I N T , C P R I N T , 
157 1 A M A X , A M I N , A A V G , A R E A N N . E , A T , E O , E P D O T , T , F A , T L E , 
158 2 S I G M A , S I G M A T , S I G M A Z , E P S L N , E P S L N T , E P S L N Z , E V P , E V P T , 
159 3 S E F F , E E F F , E V P E F F , E P E F F T , T I T L E , T I T L E 2 , T I T L E S ) 
160 97 CONTINUE 
161 C 
162 98 IF (DABS(TMAX-CTIME) . L E . 1 .D-5 ) CALL SEEWF(NN,20 ,CT IME, 
163 1 S I G M A T , E P S L N T , E V P T , F A . S I G M A Z . E P S L N Z , E P E F F T ) 
164 IF (CTIME . G E . ( T M A X - 1 . D - 5 ) ) GO TO 95 
165 99 CONTINUE 
166 204 F O R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
167 STOP 
168 90 WRITE(6 ,211) IE 
169 91 WRITE(6 ,211) IE 
170 211 F O R M A T ( 1 H 0 , ' * * * * E R R O R IN D V B A N D * * * * IE = ' , 1 5 ) 
171 STOP 
172 94 WRITE(6 ,205) CT IME.T IN IT 
173 205 FORMATC INCORRECT START T I M E ' , 2 F 1 5 . 6 ) 
174 STOP 
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175 95 WRITE(6,206) CTIME.TMAX 
176 206 FORMATC CTIME .GE. TMAX',2F15.6) 
177 STOP 
178 END 
179 C SSUB.STIFF,FORCE,FORCEE,STRESP.I PUT,SETUP.PRST.SZEZ,AVGMAX 
180 c SUBROUTINE TO EVALUATE GLOBAL STIFFNESS MATRIX, K 
181 c 
182 SUBROUTINE ST IFF ( NN,NE,NBW,NEND,IZ,NODE,PNU,E,AREA,BB , CC , A ) 
183 IMPLICIT REAL*8(A-H,0-Z) 
184 INTEGER*4 NODE(3,NE) 
185 REAL'S A(NEND),AREA(NE),BB(3,NE),CC(3,NE),E(NN) 
186 IF (IZ .NE. 2) C0N1 = (1,D0-PNU)/(1 ,DO+PNU)/(1.D0-2.D0*PNU) 
187 IF (IZ .EO. 2) C0N1 = 1.D0 / (1.D0-PNU*PNU) 
188 IF (IZ .NE. 2) C0N2 = PNU / (1.D0+PNU) / (1.D0-2.D0*PNU) 
189 IF (IZ .EO. 2) C0N2 = PNU / (1.DO-PNU*PNU) 
190 C0N3 = 1.D0 / (1.D0+PNU) / 2.DO 
191 DO 99 N=1,NE 
192 EAVG = (E(NODE(1,N))+E(NODE(2,N))+E(NODE(3,N)))/3.DO 
193 ECON = EAVG / (4.DO*AREA(N)) 
194 DO 20 1=1,3 
195 DO 10 J=1,3 
196 . IU = 2*N0DE(I,N)-1 
197 IV = IU+1 
198 <JU = 2*N0DE( J,N)-1 
199 dV = dU+1 
200 BICd = BB(I,N)*CC(d,N) 
201 BdCI = BB(d,N)*CC(I,N) 
202 IAUV = ITRANS(IU.dV.NBW) 
203 A(IAUV) = A(IAUV) + ECON * (C0N2*BICd + C0N3*BdCI) 
204 IF (I .LT. J) GO TO 10 
205 BIBJ = BB(I,N)*BB(d,N) 
206 CICd = CC(I,N)*CC(d,N) 
207 IAUU = ITRANS(IU,dU,NBW) 
208 A(IAUU) = A(IAUU) + ECON * (C0N1*BIBd' + C0N3*CICd) 
209 IAVV = ITRANS(IV,dV,NBW) 
210 A(IAVV) = A(IAVV) + ECON * (C0N3*BIBd + C0N1*CICd) 
211 10 CONTINUE 
212 20 CONTINUE 
213 99 CONTINUE 
214 RETURN 
215 END 
216 c 
217 C ! SUBROUTINE TO TRANSFORM FROM MATRIX ELEMENT (I.d) TO 
218 c COLUMN VECTOR INDEX IA 
219 c 
220 FUNCTION ITRANS(I,d,NBW) 
221 IMPLICIT INTEGER*4 (A-Z) 
222 IF (I .GT. d) GO TO 10 
223 II = d 
224 dd = I 
225 GO TO 20 
226 10 II = I 
227 dd = d 
228 20 NBLOCK = NBW*(1-NBW)/2 
229 ITRANS = II*(II+1)/2 
230 IF (II .GT. NBW) ITRANS = NBLOCK + II*NBW 
231 ITRANS = ITRANS - II + dd 
232 RETURN 
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233 END 
234 C SUBROUTINES TO EVALUATE GLOBAL FORCE VECTOR: ' 
235 C FORCET - TEMPERATURE AREA FORCES 
23S C FORCES - BOUNDARY SURFACE TRACTIONS 
237 C FORCED - ZERO DISPLACEMENT BOUNDARIES 
238 C 
239 C TEMPERATURE AREA FORCES 
240 C 
241 SUBROUTINE F O R C E T ( N N , N E , N D F , I Z , N O D E , P N U , E , A T , B B , C C , F ) 
242 IMPLICIT REAL*8 ( A - H . O - Z ) 
243 INTEGER*4 NODE(3 ,NE) 
244 R E A L * 8 B B ( 3 , N E ) , C C ( 3 , N E ) , F ( N D F ) , E ( N N j , A T ( N N ) 
245 IF ( IZ . N E . 2) PNUCON = 1.DO - 2 .D0*PNU 
246 IF ( IZ . E Q . 2) PNUCON = 1.DO - PNU 
247 DO 20 N=1,NE 
248 EAVG = ( E ( N O D E ( 1 , N ) ) + E ( N 0 D E ( 2 , N ) ) + E ( N O D E ( 3 , N ) ) ) / 3 . D O 
249 ALPHAT = ( A T ( N O D E ( 1 , N ) ) + A T ( N O D E ( 2 , N ) ) + A T ( N O D E ( 3 , N ) ) ) / 3 . D O 
250 CON = EAVG * ALPHAT / (2.DO*PNUC0N) 
251 DO 10 1=1,3 
252 IU = 2 * N 0 D E ( I , N ) - 1 
253 IV = IU+1 
254 F ( I U ) = F ( I U ) + CON * B B ( I , N ) 
255 F ( I V ) = F ( I V ) + CON * C C ( I , N ) 
256 10 CONTINUE 
257 20 CONTINUE 
258 RETURN 
259 END 
260 C 
261 C SURFACE TRACTION FORCES 
262 C 
263 SUBROUTINE F O R C E S ( N B W , N B E , N E N D , N D F , N B N C , B L . S T R A C . F , A ) 
264 IMPLICIT REAL*8 ( A - H . O - Z ) 
265 INTEGER*4 NBNC(4 ,NBE) 
266 R E A L * 8 B L ( N B E ) . S T R A C ( 4 , N B E ) . F ( N D F ) , A ( N E N D ) 
267 DO 40 N=1,NBE 
268 DO 30 1=1,2 
269 NI = NBNC( I .N ) 
270 IU = 2 * NI - 1 
271 IV = IU + 1 
272 CON = BL(N) / 2 .DO 
273 12 = 1+2 
274 IF ( S T R A C ( I . N ) . N E . - 9 9 9 . D O ) 
275 I 1 F ( I U ) = F ( I U ) + C O N * S T R A C ( I , N ) 
276 IF ( S T R A C ( I 2 , N ) . N E . - 9 9 9 . D O ) 
277 1 F ( I V ) = F ( I V ) + CON*STRAC(12 ,N) 
278 30 CONTINUE 
279 40 CONTINUE 
280 RETURN 
281 END 
282 C 
283 C ZERO DISPLACEMENT BOUNDARIES 
284 C 
285 SUBROUTINE F O R C E D ( N B W , N B E , N E N D , N D F , N B N C , B L , S T R A C , F , A ) 
286 IMPLICIT R E A L * 8 ( A - H . O - Z ) 
287 INTEGER*4 NBNC(4 ,NBE) 
288 R E A L * 8 BL(NBE ) , S T R A C ( 4 , N B E ) , F ( N D F ) , A ( N E N D ) 
289 DO 60 N=1,NBE 
290 DO 50 1=1,2 
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291 III » 2 * N B N C ( I , N ) - 1 
292 IV = IU+1 
293 12 = 1+2 
294 I F ( S T R A C ( I , N ) . E O . - 9 9 9 DO) CALL Z E R O ( I U , N E N D . N B W , N D F . A , F ) 
295 I F ( S T R A C ( 1 2 , N ) . E O . - 9 9 9 . D O ) CALL Z E R O ( I V , N E N D , N B W , N D F . A , F ) 
296 50 CONTINUE 
297 60 CONTINUE 
298 RETURN 
299 END 
300 C SUBROUTINE TO APPLY ZERO DISPLACEMENT BOUNDARY CONDITIONS 
301 C BY ISOLATING THAT DOF IN THE STIFFNESS MATRIX 
302 C BY INSERTING ZEROS IN THAT DOF 'S ROW AND COLLUMN 
303 C IBAD = NODAL DOF WHERE ZERO DISP APPLIES 
304 C 
305 SUBROUTINE ZERO( IBAD,NEND,NBW,NDF,A .F ) 
306 IMPLICIT REAL*8 ( A - H . O - Z ) 
307 • REAL*8 A(NEND) ,F (NDF) 
308 NBLOCK = NBW*(1-NBW)/2 
309 NBWM1 = NBW - 1 
310 DO 10 N=1,NBWM1 
311 I=IBAD + N 
312 IAO = I*( 1 + 1 ) /2 
313 IF (I . G T . NBW) IAO = NBLOCK + I*NBW 
314 IAO = IAO - N 
315 IF (IAO . G T . NEND) GO TO 11 
316 A( IAO) = O.DO 
317 10 CONTINUE 
318 11 CONTINUE 
319 DO 20 N=1,NBWM1 
320 IF (N . G E . IBAD) GO TO 30 
321 IAO = IBAD * ( IBAD+O /2 
322 ' IF (IBAD . G T . NBW) IAO = NBLOCK + IBAD*NBW 
323 • IAO = IAO - N 
324 A( IAO) = O.DO 
325 20 CONTINUE 
326 30 CONTINUE 
327 F ( IBAD) = O.DO 
328 RETURN 
329 END 
330 C 
331 C ZERO DISPLACEMENT BOUNDARIES (F VECTOR ONLY) 
332 C 
333 SUBROUTINE F I X D F ( N B W , N B E , N E N D , N D F , N B N C , B L , S T R A C , F ) 
334 IMPLICIT REAL*8 ( A - H . O - Z ) 
335 INTEGER*4 NBNC(4,NBE ) 
336 R E A L * 8 B L ( N B E ) , S T R A C ( 4 , N B E ) , F ( N D F ) 
337 DO 60 N=1,NBE 
338 DO 50 1=1,2 
339 IU = 2 * N B N C ( I , N ) - 1 
340 IV = IU+1 
341 12 = 1+2 
342 I F ( S T R A C ( I , N ) . E Q . - 9 9 9 . D O ) F ( I U ) = O.DO 
343 I F ( S T R A C ( I 2 , N ) . E Q . - 9 9 9 . D 0 ) F ( I V ) = O.DO 
344 50 CONTINUE 
345 GO CONTINUE 
346 RETURN 
347 END 
348 C CALCULATE ELEMENT PLASTIC STRAINS, EVP, AND ADJUST FORCE VECTOR, F 
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349 C 
350 SUBROUTINE F O R C E E ( N N , N E , N D F , I Z , N O D E , P N U , D T , 
351 1 B B . C C . E , E P D O T , E V P , S E F F , S I G M A T , F ) 
352 IMPLICIT REAL*8 ( A - H . O - Z ) 
353 INTEGER*4 NODE(3,NE) 
354 REAL*8 B B ( 3 . N E ) , C C ( 3 , N E ) , F ( N D F ) , E ( N N ) , 
355 1 E P D O T ( N N ) , E V P ( 3 , N N ) , S E F F ( N N ) , S I G M A T ( 3 , N N ) 
356 IF ( IZ . E O . 2) GO TO 2 
357 C PLANE STRAIN 
358 DO 10 N=1,NN 
359 CON = SEFF(N) 
360 IF (CON . N E . O.DO) CON = EPDOT(N)*DT/CON 
361 E V P ( 1 , N ) = C O N * 0 . 7 5 D O * ( S I G M A T ( 1 , N ) - S I G M A T ( 2 , N ) ) 
362 E V P ( 2 , N ) = - E V P ( 1 , N ) 
363 E V P ( 3 . N ) = CON*3 .DO*S IGMAT(3 ,N ) 
364 10 CONTINUE 
365 DO 20 N=1,NE 
366 N1 = NODE(1,N) 
367 N2 = N0DE(2 ,N) 
368 N3 = N0DE(3 ,N) 
369 EOX = ( E V P ( 1 , N 1 ) + E V P ( 1 , N 2 ) + E V P ( 1 , N 3 ) ) / 3 . D O 
370 EOY = ( E V P ( 2 , N 1 ) + E V P ( 2 , N 2 ) + E V P ( 2 , N 3 ) ) / 3 . D 0 
371 GOXY = ( E V P ( 3 , N 1 ) + E V P ( 3 , N 2 ) + E V P ( 3 , N 3 ) ) / 3 . D 0 
372 ECON = ( E ( N 1 ) + E ( N 2 ) + E ( N 3 ) ) / 3 . D 0 
373 ECON = E C O N / ( 2 . D 0 * ( 1 . D O + P N U ) * ( 1 . D O - 2 . D O * P N U ) ) 
374 DO 25 1=1,3 
375 IU = 2 * N 0 D E ( I , N ) - 1 
376 IV = IU+1 
377 F ( I U ) = F ( I U ) + E C O N * ( B B ( I , N ) * ( ( 1 . D O - P N U ) * E O X + P N U * E O Y ) 
378 1 + C C ( I , N ) * ( 1 . D O - 2 . D O * P N U ) / 2 . D O * G O X Y ) 
379 F ( I V ) = F ( I V ) + E C O N * ( C C ( I , N ) * ( P N U * E O X + ( 1 . D O - P N U ) * E O Y ) 
380 1 + B B ( I , N ) * ( 1 . D O - 2 . D O * P N U ) / 2 . D O * G O X Y ) 
381 25 CONTINUE 
382 20 CONTINUE 
383 RETURN 
384 C PLANE STRESS 
385 2 DO 30 N=1,NN 
386 CON = SEFF(N) 
387 IF (CON . N E . O.DO) CON = EPDOT(N)*DT/CON 
388 E V P ( 1 , N ) = C O N * ( S I G M A T ( 1 , N ) - 0 . 5 D 0 * S I G M A T ( 2 , N ) ) 
389 E V P ( 2 , N ) = C 0 N * ( S I G M A T ( 2 , N ) - O . 5 D O * S I G M A T ( 1 , N ) ) 
390 E V P ( 3 , N ) = C 0 N * 3 . D O * S I G M A T ( 3 , N ) 
391 30 CONTINUE 
392 DO 40 N=1,NE 
393 N1 = NODE(1,N) 
394 N2 = N0DE(2 ,N) 
395 N3 = N0DE(3 ,N) 
396 EOX = ( E V P ( 1 , N 1 ) + E V P ( 1 , N 2 ) + E V P ( 1 , N 3 ) ) / 3 . D O 
397 EOY = ( E V P ( 2 , N 1 ) + E V P ( 2 , N 2 ) + E V P ( 2 , N 3 ) ) / 3 . D 0 
398 GOXY = ( E V P ( 3 , N 1 ) + E V P ( 3 , N 2 ) + E V P ( 3 , N 3 ) ) / 3 . D O 
399 ECON = (E(N1) + E(N2) + E(N3) ) / 3 . D O 
400 ECON = E C O N / ( 2 . D O * ( 1 . D O - P N U * P N U ) ) 
401 DO 45 1=1,3 
402 IU = 2 * N 0 D E ( I , N ) - 1 
403 IV = IU+1 
404 F ( I U ) = F ( I U ) + E C 0 N * ( B B ( I , N ) * ( E O X + P N U * E O Y ) 
405 1 + C C ( I , N ) * ( 1 . D O - P N U ) / 2 . D O * G 0 X Y ) 
406 F ( I V ) = F ( I V ) + E C O N * ( C C ( I , N ) * ( P N U * E O X + E O Y ) 
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407 1 + B B ( I ,N ) * (1 .D0-PNU) /2 .DO*GOXY) 
408 45 CONTINUE 
409 40 CONTINUE 
410 RETURN 
411 END 
412 C CALCULATE NODAL STRESSES (INCLUDING THERMAL, PLASTIC STRAIN E F F E C T S ) 
413 C GIVEN DISPLACEMENTS 
414 C 
415 SUBROUTINE S T R E S P ( N N , N E , N D F , I Z , N O D E , P N U , E , A T , E O . A R E A . A R E A N , 
416 1 A R E A N N , B B , C C , S I G M A , E P S L N , E V P , D ) 
417 IMPLICIT REAL*8 ( A - H . O - Z ) 
418 INTEGER*4 NODE(3,NE) 
419 REAL*8 A R E A ( N E ) , A R E A N ( 3 , N E ) , A R E A N N ( N N ) , B B ( 3 , N E ) , C C ( 3 . N E ) , 
420 1 D ( N D F ) , S I G M A ( 3 , N N ) , E V P ( 3 , N N ) . E P S L N ( 3 , N N ) , E ( N N ) , A T ( N N ) , E O ( N N ) 
421 DO 20 N = 1 ,NN 
422 DO 10 1=1,3 
423 SIGMA( I .N) = O.DO 
424 E P S L N ( I . N ) = O.DO 
425 10 CONTINUE 
426 20 CONTINUE 
427 DO 50 N=1,NE 
428 N1 = NODE(1,N) 
429 N2 = N0DE(2 ,N) 
430 N3 = N0DE(3 ,N) 
431 EAVG = ( E ( N 1 ) + E ( N 2 ) + E ( N 3 ) ) / 3 . D 0 
432 . ATAVG = (AT (N1 )+AT(N2 )+AT(N3 ) ) / 3 .DO 
433 U1 = D (2 *N1 -1 ) 
434 U2 = D ( 2 * N 2 - 1 ) 
435 U3 = D ( 2 * N 3 - 1 ) 
436 V1 = D(2*N1) 
437 V2 = D(2*N2) 
438 V3 = D(2*N3) 
439 EX = (BB(1 ,N ) *U1 + B B ( 2 , N ) * U 2 + B B ( 3 , N ) * U 3 ) / ( 2 . D O * A R E A ( N ) ) 
440 EY = ( C C ( 1 , N ) * V 1 + C C ( 2 , N ) * V 2 + C C ( 3 , N ) * V 3 ) / ( 2 . D O * A R E A ( N ) ) 
441 GXY = ( C C ( 1 , N ) * U 1 + C C ( 2 , N ) * U 2 + C C ( 3 , N ) * U 3 
442 1 + B B ( 1 , N ) * V 1 + B B ( 2 , N ) * V 2 + B B ( 3 , N ) * V 3 ) / ( 2 . D O * A R E A ( N ) ) 
443 C0N3 = E A V G / 2 . D 0 / ( 1 . D O + P N U ) 
444 C 
445 C PLANE STRAIN / GEN P STRAIN 
446 IF ( IZ . E O . 2) GO TO 30 
447 C0N1 = E A V G * ( 1 . D O - P N U ) 
448 1 / ( 1 . D O + P N U ) / ( 1 . D 0 - 2 . D 0 * P N U ) 
449 C0N2 = E A V G * P N U / ( 1 . D O + P N U ) / ( 1 , D 0 - 2 . D 0 * P N U ) 
450 SEO = E A V G * A T A V G / ( 1 . D O - 2 . D O * P N U ) 
451 C 
452 C PLANE STRESS 
453 30 IF ( IZ . N E . 2) GO TO 40 
454 C0N1 = E A V G / ( 1 . D O - P N U * P N U ) 
455 C0N2 = EAVG*PNU/ (1 .DO-PNU*PNU) 
456 SEO = E A V G * A T A V G / ( 1 . D O - P N U ) 
457 • 40 CONTINUE 
458 SX = C0N1*EX + C0N2*EY 
459 SY = C0N2*EX + C0N1*EY 
460 TXY = C0N3*GXY 
461 EOX = ( E V P ( 1 , N 1 ) + E V P ( 1 , N 2 ) + E V P ( 1 , N 3 ) ) / 3 . D 0 
462 EOY = ( E V P ( 2 , N 1 ) + E V P ( 2 , N 2 ) + E V P ( 2 , N 3 ) ) / 3 . D O 
463 EOXY = ( E V P ( 3 , N 1 ) + E V P ( 3 , N 2 ) + E V P ( 3 , N 3 ) ) / 3 . D 0 
464 SVPX = C0N1*E0X + C0N2*E0Y 
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465 SVPY = C0N2*E0X + C0N1*E0Y 
466 TVPXY = C0N3*E0XY 
467 
468 FRAC1 = AREAN(1 ,N) / AREANN(N1) ' : 
469 FRAC2 = AREAN(2 , N) / AREANN(N2) 
470 FRAC3 = AREAN(3 ,N) / AREANN(N3) 
471 SIGMA(1,N1) = S IGMA(1,N1) + ( S X - S E O - S V P X ) * FRAC1 
472 SIGMA(2,N1) = S IGMA(2,N1) + ( S Y - S E O - S V P Y ) * FRAC1 
473 SIGMA(3,N1) = SIGMA(3,N1) + (TXY-TVPXY) * FRAC1 
474 SIGMA(1,N2) = S IGMA(1,N2) + ( S X - S E O - S V P X ) * FRAC2 
475 SIGMA(2,N2) = S IGMA(2,N2) + ( S Y - S E O - S V P Y ) * FRAC2 
476 SIGMA(3,N2) = S IGMA(3,N2) + (TXY-TVPXY) * FRAC2 
477 SIGMA(1,N3) = S IGMA(1,N3) + ( S X - S E O - S V P X ) * FRAC3 
478 SIGMA(2,N3) = S IGMA(2 ,N3) + ( S Y - S E O - S V P Y ) * FRAC3 
479 SIGMA(3,N3) = S IGMA(3,N3) + (TXY-TVPXY) * FRAC3 
480 EPSLN(1 ,N1 ) = E P S L N ( 1 , N 1 ) + (EX-EOX-ATAVG) * FRAC1 
481 EPSLN(2 ,N1 ) = E P S L N ( 2 , N 1 ) + (EY -EOY-ATAVG) * FRAC1 
482 EPSLN(3 ,N1 ) = E P S L N ( 3 , N 1 ) + (GXY-EOXY) * FRAC1 
483 EPSLN(1 ,N2 ) = E P S L N ( 1 , N 2 ) + (EX-EOX-ATAVG) * FRAC2 
484 EPSLN(2 ,N2 ) = E P S L N ( 2 , N 2 ) + (EY -EOY-ATAVG) * FRAC2 
485 E P S L N ( 3 , N 2 ) = E P S L N ( 3 , N 2 ) + (GXY-EOXY) * FRAC2 
486 E P S L N O . N 3 ) = E P S L N ( 1 . N 3 ) + (EX-EOX-ATAVG) * FRAC3 
487 EPSLN(2 ,N3 ) = E P S L N ( 2 , N 3 ) + ( E Y - E O Y - A T A V G ) * FRAC3 
488 EPSLN(3 ,N3 ) = E P S L N ( 3 , N 3 ) + (GXY-EOXY) * FRAC3 
489 E0(N1) = E0(N1) + ATAVG*FRAC1 
490 E0(N2) = E0(N2) + ATAVG*FRAC2 
491 E0(N3) = E0(N3) + ATAVG*FRAC3 
492 50 CONTINUE 
493 RETURN 
494 END 
495 C 
496 C INPUT SUBROUTINE TO READ IN ALL INITIAL INPUT DATA 
497 C INPUT DATA ON UNIT 4: 
498 C 
499 C 3 NODAL COORDINATES : I , X C O O R D ( I ) , Y C O O R D ( I ) , N T Y P E ( I ) I=1,NN 
500 C 4 NODAL CONNECTIVITY: J , N O D E ( 1 , d ) , N O D E ( 2 , 0 ) , N O D E ( 3 , d ) d=1,NE 
501 C 5 BOUNDARY NODE 
502 C CONNECTIVITY: d , ( B N C ( I . d ) , 1 = 1,4 ) d =1,NBE 
503 C 
504 SUBROUTINE INPUT(NN,NE,NBW,NBE,NDF, ID 1, 
505 1 NODE,NBNC, IR,XCOORD,YCOORD,STRAC) 
506 IMPLICIT R E A L * 8 ( A - H , K , 0 - Z ) 
507 REAL*8 XCOORD(NN) ,YCOORD(NN) ,STRAC(4,NBE) 
508 INTEGER*4 N O D E ( 3 , N E ) , N B N C ( 4 , N B E ) , I R ( 2 , N D F ) 
509 C 
510 DO 1 1=1,NN 
511 1 READ( ID1 ,103) d ,XCOORD(J ) ,YCOORD(d) 
512 103 F 0 R M A T ( I 5 , 2 F 1 0 . 4 ) 
513 DO 2 1=1.NE 
514 2 READ( ID1 ,104) d , N O D E ( 1 , d ) , N O D E ( 2 , d ) , N O D E ( 3 , d) 
515 104 F0RMAT(4I5) 
516 DO 3 1=1,NBE 
517 3 READ( ID1, 105) d , ( N B N C ( 1 1 . d ) , 1 1 = 1 . 4 ) , ( S T R A C ( 1 2 , d) . 12= 1 , 4) 
518 105 F 0 R M A T ( 5 I 5 , 4 ( 1 X , F 9 . 3 ) ) 
519 C 
520 C COMPUTE IR VECTOR FOR 1 , 0 ELEMENT LOCATION IN (A) VECTOR 
521 C 
522 IL = 1 
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523 IR2L = 0 
524 DO 12 1=1,NDF 
525 IR( 1 , I) = I 
526 IF ( I . G T . NBW) IR( 1 ,I ) = NBW 
527 IR(2 , I ) = IR2L + IL 
528 IL = I R ( 1 , I ) 
529 12 IR2L = I R ( 2 . I ) 
530 RETURN 
531 END 
532 C SETUP SUBROUTINE TO CALCULATE GEOMETRIC CONSTANTS 
533 C 1) ELEMENT AREAS: AREA(NE) 
534 C 2) NODAL AREAS: AREAN(3 ,NE) ,AREANN(NN) 
535 C 3) ELEMENT B AND C VALUES: B B ( 3 , N E ) , C C ( 3 , N E ) 
536 C 4) BOUNDARY LENGTHS: BL(NBE) 
537 c 5) BOUNDARY NORMAL VECTORS: BNXNY ( 2 ,NBE) 
538 c 
539 c USING: 3 NODE TRIANGULAR ELEMENTS WITH NATURAL COORDINATES 
540 c 
541 SUBROUTINE S E T U P ( N N , N E , N B E , N O D E , N B N C , A R E A T , 
542 1 XCOORD, YCOORD, B B . C C B L , BNXNY, ARE A .ARE AN, ARE ANN) 
543 IMPLICIT R E A L * 8 ( A - H , K , 0 - Z ) 
544 INTEGER*4 N O D E ( 3 , N E ) , N B N C ( 4 , N B E ) 
545 R E A L * 8 X C O O R D ( N N ) . Y C O O R D ( N N ) , B B ( 3 , N E ) , C C ( 3 , N E ) , A A ( 3 ) . 
546 1 B L(NB E ) . B N X N Y ( 2 , N B E ) , X ( 3 ) , Y ( 3 ) , 
547 2 AREA(NE) ,AREAN(3 ,NE) .AREANN(NN) 
548 AREAT = O.DO 
549 DO 5 1=1,NN 
550 5 AREANN(I) = O.DO 
551 DO 20 d=1,NE 
552 DO 10 1=1,3 
553 X ( I ) = X C O O R D ( N O D E O . J ) ) 
554 10 Y ( I ) = YCOORD(NODE( I .d) ) 
555 AA(1 ) = X ( 2 ) * Y ( 3 ) - X ( 3 ) * Y ( 2 ) 
556 AA(2 ) = X ( 3 ) * Y ( 1 ) - X ( 1 ) * Y ( 3 ) 
557 AA(3 ) = X ( 1 ) * Y ( 2 ) - X ( 2 ) * Y ( 1 ) 
558 B B ( 1 . J ) = Y(2 ) - Y (3 ) 
559 B B ( 2 , d ) = Y (3 ) - Y (1 ) 
560 B B ( 3 , J ) = Y(1 ) - Y (2 ) 
561 C C ( 1 , J ) = X(3) - X (2 ) 
562 C C ( 2 , d ) = X ( 1 ) - X ( 3 ) 
563 C C ( 3 , d ) = ,X(2) - X (1 ) 
564 AREA(d) = ( AA(1 ) + AA(2 ) + AA(3) ) / 2 .DO 
565 AREAT = AREAT + AREA(d) 
566 XC = ( B B ( 1 , J ) * X ( 1 ) * X ( 1 ) + B B ( 2 , d ) * X ( 2 ) * X ( 2 ) + B B ( 3 , J ) * X ( 3 ) 
567 1 * X ( 3 ) - B B ( 1 , d ) * B B ( 2 , d ) * B B ( 3 , J ) ) / ( 4 . D O * A R E A ( d ) ) 
568 YC = ( C C ( 1 , d ) * Y ( 1 ) * Y ( 1 ) + C C ( 2 , d ) * Y ( 2 ) * Y ( 2 ) + C C ( 3 , J ) * Y ( 3 ) 
569 1 * Y ( 3 ) - C C ( 1 , d ) * C C ( 2 , d ) * C C ( 3 , d ) ) / ( 4 . D O * A R E A ( d ) ) 
570 DO 15 1=1,3 
571 A R E A N ( I . d ) = A R E A ( d ) / 2 . D 0 
572 1 - ( A A ( I ) + B B ( I . d ) * X C + C C ( I . d ) * Y C ) / 4 .DO 
573 15 AREANN(NODE( I ,d ) ) = AREANN(NODE( I ,d ) ) + A R E A N ( I . d ) 
574 20 CONTINUE 
575 DO 30 N=1,NBE 
576 11 = NBNC(1,N) 
577 12 = NBNC(2,N) 
578 DELTAX = XC00RD( I2 ) -XC00RD( I1 ) 
579 DELTAY = YCOORD(12)-YCOORD(11) 
580 BL(N) = DS0RT( DELTAX*DELTAX + DELTAY*DELTAY ) 
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581 BNXNY(1, N) = DELTAY / B L (N ) 
582 BNXNY(2,N) = -DELTAX / BL (N) 
583 30 CONTINUE 
584 RETURN 
585 END 
586 C SUBROUTINE TO TRANSFORM X . Y . T STRESSES TO 
587 C PRINCIPLE STRESSES AND ANGLE 
588 C 
589 SUBROUTINE PRST(NN,SIGMA) 
590 IMPLICIT REAL*8 ( A - H . O - Z ) 
591 R E A L * 8 SIGMA(3.NN) 
592 DO 10 N = 1 ,NN 
593 SX = SIGMA(1,N) 
594 SY = SIGMA(2,N) 
595 TXY = SIGMA(3,N) 
596 C0N1 = ( S X + S Y ) / 2 . D 0 
597 C0N2 = ( S X - S Y ) / 2 . D 0 
598 TMAX = DS0RT(C0N2*C0N2 + TXY*TXY ) 
599 SIGMA(1,N) = C0N1 + TMAX 
600 SIGMA(2,N) = C0N1 - TMAX 
601 IF (C0N2 . E O . O.DO) C0N2 = 1 .D-9 
602 THETA = 28 .6479 * DATAN(TXY/C0N2) 
603 IF ( ( S Y . G T . S X ) .AND. ( T X Y . G E . 0 . D O ) ) THETA=THETA+90.DO 
604 IF ( ( S Y . G T . S X ) .AND. ( T X Y . L T . 0 . D O ) ) THETA=THETA-90.DO 
605 SIGMA(3.N) = THETA 
606 10 CONTINUE 
607 RETURN 
608 END 
609 C CALCULATE E Z , SZ AND 
610 C UPDATE TOTAL STRAIN AND TOTAL STRESS VECTORS 
61 1 C 
612 SUBROUTINE S Z E Z ( N N , I Z , P N U , A R E A T . A R E A N N , E , A T , 
613 1 S I G M A . S I G M A T , S I G M A Z , E P S L N , E P S L N T , E P S L N Z ) 
614 IMPLICIT REAL*8 ( A - H . O - Z ) 
615 R E A L * 8 A R E A N N ( N N ) , E ( N N ) , A T ( N N ) , 
616 1 S I G M A ( 3 , N N ) , S I G M A T ( 3 , N N ) , S I G M A Z ( N N ) , 
617 2 E P S L N ( 3 , N N ) , E P S L N T ( 3 , N N ) , E P S L N Z ( N N ) 
618 EZ = O.DO 
619 IF ( IZ . N E . 3) GO TO 1 
620 DO 10 I=1,NN 
621 SX = S IGMA(1 ,1 ) 
622 SY = S I G M A ( 2 , I ) 
623 EZ = EZ + ( - P N U * ( S X + S Y ) / E ( I ) + A T ( I ) ) * A R E A N N ( I ) / A R E A T 
624 10 CONTINUE 
625 1 DO 20 N=1,NN , 
626 EX = E P S L N ( 1 , N ) ' 
627 EY = E P S L N ( 2 , N ) 
628 GXY = E P S L N ( 3 , N ) 
629 SX = S I G M A O . N ) 
630 SY = SIGMA(2.N) 
631 TXY = SIGMA(3,N) 
632 IF ( IZ . N E . 1) GO TO 2 
633 C * * PLANE STRAIN * * 
634 EZ = O.DO 
635 SZ = PNU*(SX+SY) - E ( N ) * A T ( N ) 
636 GO TO 5 
637 2 IF ( IZ . N E . 2) GO TO 3 
638 C * * PLANE STRESS 
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639 C EZ = - P N U * ( S X + S Y ) / E ( N ) + AT(N) 
640 EZ = - P N U / ( 1 . D O - P N U ) » (EX+EY) 
641 SZ = O.DO 
642 GO TO 5 
643 3 IF ( IZ . N E . 3) GO TO 99 
644 C *i> GENERALIZED PLANE STRAIN 
645 EX = EX - PNU*EZ 
646 EY = EY - PNU*EZ 
647 SZ = PNU*(SX+SY) - E ( N ) * A T ( N ) + E ( N ) * E Z 
648 5 E P S L N T ( 1 , N ) = E P S L N T ( 1 , N ) + EX 
649 E P S L N T ( 2 , N ) = E P S L N T ( 2 , N ) + EY 
650 E P S L N T ( 3 , N ) = E P S L N T ( 3 , N ) + GXY 
651 EPSLNZ(N) = EPSLNZ(N) + EZ 
652 S IGMAT(1 ,N) = S IGMAT(1 ,N) + SX 
653 S IGMAT(2 ,N) = S IGMAT(2 ,N) + SY 
654 SIGMAT(3,N) = S IGMAT(3 ,N) + TXY 
655 SIGMAZ(N) = SIGMAZ(N) + SZ 
656 20 CONTINUE 
657 RETURN 
658 99 WRITE(6 ,201) 
659 201 FORMAT(' IZ . N E . 1 ,2 , OR 3 ' ) 
660 STOP 
661 END 
662 C FIND MAX, MIN, AVERAGE VALUES FROM NN VALUES IN A F I L E 
663 C 
664 SUBROUTINE AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG, 
665 1 A R E A T , A R E A N N , A F I L E ) 
666 IMPLICIT REAL*8 ( A - H . O - Z ) 
667 R E A L * 8 AFILE(NN) ,AREANN(NN) 
668 DAVG = O.DO 
669 AAVG = O.DO 
670 AMAX = - 1 . D 9 
671 AMIN = 1.D9 
672 DO 10 1=1,NN 
673 A = A F I L E ( I ) 
674 ACON = A * AREANN(I) / AREAT 
675 DAVG = DAVG + DABS(ACON) 
676 AAVG = AAVG + ACON 
677 IF (A . L T . AMAX) GO TO 5 
678 AMAX = A 
679 NMAX = I 
680 5 IF (A . G T . AMIN) GO TO 10 
681 AMIN = A 
682 NMIN = I 
683 10 CONTINUE 
684 RETURN 
685 END 
686 C BETTER VERSION OF EMOD, TLE FUNCTIONS 
687 C MODIFIED TO INCLUDE VARIABLE EMOD FOR LOW STRAIN RATE 
688 C SUBROUTINE TO IN IT IAL IZE STEEL PROPERTIES: 
689 C A R 1 , A 1 , A C 1 , A R 3 , A 3 , A C 3 , T S 0 L , T L I 0 , P C , P M N , P N U 
690 C 
691 SUBROUTINE P I N I T ( A R 1 , A 1,AC 1 , A R 3 , A 3 , A C 3 , T S O L , T L I O , P C , P M N , P N U ) 
692 IMPLICIT REAL*8 ( A - H . O - Z ) 
693 WRITE(6 ,201) 
694 201 FORMAT(' INPUT PNU, %CARBON, %MN : ' ) 
695 READ ( 5 . 1 0 1 ) PNU,PC,PMN 
696 101 F0RMAT(3F10 .5 ) 
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697 WRITE(6 ,202) 
698 202 FORMAT(' INPUT A R 1 , A R 3 , A C 1,ACS : ' ) 
699 READ(5 ,102 ) A R 1 , A R 3 , A C 1,AC3 
700 102 FORMAT(4F10.5) 
701 IF (PC . G E . .27D0) GO TO 10 
702 ACON = - 3 8 0 . D O 
703 BCON = O.DO 
704 GO TO 30 
705 10 IF (PC . G E . .8D0) GO TO 20 
706 ACON = - 1 6 0 . D O 
707 BCON = - 6 O . 0 0 
708 GO TO 30 
709 20 ACON = 320.DO 
710 BCON = - 4 4 0 . D O 
71 1 30 A1 = 727.DO - 11.DO*PMN 
712 A3 = 930.DO + ACON+PC - 30.D0*PMN + BCON 
713 TSOL = 1527.DO - 2 0 0 . D 0 * P C - 7,D0*PMN 
7 14 TLIO = 1534.DO - 8 8 . D 0 * P C - 5.D0*PMN 
715 WRITE(6 ,203) PC,PMN,AR 1 ,A 1,AC 1 , A R 3 . A 3 , A C 3 , T S O L , T L 1 0 
716 203 FORMAT(' %CARBON = ' . F 9 . 3 , / , 
717 1 ' %MANGANESE = ' , F 9 . 3 , / , 
718 2 ' AR1, A 1 , AC 1 TEMPS = ' , 3 ( F 9 . 3 , 2 X ) , / , 
719 3 ' AR3, A 3 , AC3 TEMPS = ' , 3 ( F 9 . 3 , 2 X ) , / , 
720 4 ' TSOL = ' , F 9 . 3 , / , 
721 5 ' TL IO = ' , F 9 . 3 , / ) 
722 RETURN 
723 END 
724 C SUBROUTINE TO IN IT IAL IZE FOR NEXT ITERATION: 
725 C A , F , T , T O L D , E , A T 
726 C 
727 SUBROUTINE I N I T ( N N , N D F , N E N D , N I T , C T I M E , A R 1 , A 1,AC 1 , A R 3 , A 3 , A C 3 , 
728 1 T S O L , T L I Q , P C , P M N , T , T O L D , E , A T , T L E , F A , A . F ) 
729 IMPLICIT REAL*8 ( A - H . O - Z ) 
730 REAL*8 T ( N N ) . T O L D ( N N ) , E ( N N ) , A T ( N N ) , T L E ( N N ) , F A ( N N ) , A ( N E N D ) , F ( N D F ) 
731 DO 30 1=1,NEND 
732 30 A ( I ) = O.DO 
733 DO 40 1=1,NDF 
734 40 F ( I ) = 0 .DO 
735 DO 50 I=1,NN 
736 STORE = TOLD( I ) 
737 TOLD( I ) = T ( I ) 
738 T ( I ) = STORE 
739 E ( I ) =(EM0D(AR1,A 1,AC 1 , A R 3 , A 3 , A C 3 , T S O L , T L I Q , P C , P M N , T ( I ) ) 
740 1 + E M 0 D ( A R 1 , A 1 , A C 1 , A R 3 , A 3 , A C 3 , T S O L , T L I O , P C , P M N , T O L D ( I ) ) ) 
741 2 / 2 .DO 
742 TLENEW = C T L E ( T S O L , T L I O , P C , T ( I ) , F A ( I ) ) 
743 A T ( I ) = (TLENEW - T L E ( I ) ) / (1 .D0+NIT) 
744 T L E ( I ) = TLENEW 
745 50 CONTINUE 
746 RETURN 
747 END 
748 C FUNCTION TO EVALUATE ELASTIC MODULUS , E , AT TEMPERATURE, T 
749 C 
750 C FUNCTION E M O D ( A R 1 , A 1 , A C 1 , A R 3 , A 3 , A C 3 , T S O L , T L I O , P C , P M N , T ) 
751 C IMPLICIT REAL*8 ( A - H . O - Z ) 
752 C EMOD = 210.D3 - 75 .DO * T 
753 C IF (T . G E . 500.DO) EMOD = 283.5D3 - 222.DO * T 
754 C IF (T . G E . 700.DO) EMOD = 180.6D3 - 75 .DO * T 
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755 CC IF (T . G E . 1400.DO) EMOD - 4 2 5 . 6 D 3 - 250.DO * T 
756 C IF (T . G E . 1400.DO) EMOD = 4 2 5 . 6 D 3 - 425.5D1 * T 
757 C IF (T . G E . 1500.DO) EMOD = 178.1D3 - 85 .DO * T 
758 C IF (T . G E . TSOL) EMOD = 1.DO 
759 C RETURN 
760 C END 
761 C FUNCTION TO EVALUATE ELASTIC MODULUS , E , AT TEMPERATURE, T 
762 C 
763 FUNCTION EMOD(AR1,A 1,AC 1 , A R 3 , A 3 , A C 3 , T S O L , T L 1 0 . P C , P M N . T ) 
764 IMPLICIT REAL*8 ( A - H . 0 - 2 ) 
765 EMOD = 205.D3 - 75 .DO*T 
766 IF (T . G E . 4CO.D0) EMOD = 237 .7D0 * ( 1 1 3 4 . D O - T ) 
767 IF ( T . G E . 7 5 0 . D 0 ) E M 0 D = 5 9 . 4 D 0 * ( T S O L - T ) * ( T S O L - T ) / ( T S O L - 1 1 3 4 . D O ) 
768 IF (T . G E . TSOL) EMOD = 1.DO 
769 RETURN 
770 END 
771 C FUNCTION TO CALCULATE THERMAL LINEAR EXPANSION 
772 C AS A FUNCTION OF TEMPERATURE 
773 C 
774 FUNCTION C T L E ( T S O L , T L I O , P C . T , F A ) 
775 IMPLICIT REAL*8 ( A - H . 0 - 2 ) 
776 IF ( T . G E . 300.DO) GO TO 10 
777 CTLE = 1 1 . 6 D - 6 * T + 0 . 0 0 6 5 D - 6 * T * T - 1 7 8 0 . D - 6 * P C 
778 RETURN 
779 10 IF (T . G E . 1400) GO TO 40 
780 TLEA = - 0 5 8 5 . D - 6 + 1 5 . 5 D - 6 * T - 1780 .D -6 *PC 
781 TLEG = - 9 9 3 3 . D - 6 + 2 2 . 0 - 6 * T 
782 CTLE = FA * T L E A + ( 1 . D O - F A ) * T L E G 
783 RETURN 
784 40 IF (T . G E . TSOL) GO TO 50 
785 CTLE = - 2 3 3 . D - 6 + 1 6 . 5 D - 6 * T 
786 RETURN 
787 50 CTLE = - 2 3 3 . D - 6 + 1 6 . 5 D - 6 * T S 0 L 
788 RETURN 
789 END 
790 C CALCULATE AVERAGE NODAL PLASTIC STRAIN RATE OVER INTERVAL 
791 C 
792 SUBROUTINE E P I N I T ( N N , E V P E F F , S E F F , T . T O L D , F A , E P D O T ) 
793 IMPLICIT REAL*8 ( A - H . 0 - 2 ) 
794 R E A L * 8 E V P E F F ( N N ) , S E F F ( N N ) , T ( N N ) , T O L D ( N N ) , F A ( N N ) , E P D O T ( N N ) 
795 DO 10 N=1,NN 
796 EPDOT(N) = ( E P R A T E ( E V P E F F ( N ) , S E F F ( N ) , T ( N ) , F A ( N ) ) + 
797 1 E P R A T E ( E V P E F F ( N ) , S E F F ( N ) , T O L D ( N ) , F A ( N ) ) ) / 2 .DO 
798 10 CONTINUE 
799 RETURN 
800 END 
801 C i CALCULATE PLASTIC STRAIN RATE (CREEP OR V I S C O - P L A S T I C ) FOR STEEL 
802 C EPRATE = F ( E F F . PLASTIC STRAIN , E F F . STRESS (MPA), TEMP (C) ) 
803 c CAN INCLUDE A PLASTIC TERM SUCH AS D E X P ( - C N * D A B S ( E P ) ) 
804 c EPRATE = A * S E F F * D A B S ( S E F F ) * * ( C M - 1 ) * D E X P ( - 0 / ( T + 2 7 3 . D O ) ) 
805 c 
806 FUNCTION E P R A T E ( E P . S E F F . T . F A ) 
807 IMPLICIT REAL*8 ( A - H . O - Z ) 
808 C WRAY .2% STRAIN PLASTIC FLOW DATA FOR .051C STEEL 
809 A = .42D10 
810 0 = 39 .600D3 
811 CM = 5 .98D0 
812 CA = .0741D0 



530 

813 CN = 100.DO 
814 GRATE = A * DSINH(DABS(CA*SEFF))**CM 
815 1 * DEXP(-Q/(T+273.DO)) 
816 ARATE = 1.D3 * GRATE 
817 EPRATE = FA*ARATE + (1.DO-FA)*GRATE 
818 IF (SEFF .LE. O.DO) EPRATE = -EPRATE 
819 RETURN 
820 END 
821 C ULTIMATE TENSILE STRENGTH (BASED ON EPRATE) 
822 FUNCTION UTS(EPDOT,EPEFFT,T,FA) 
823 IMPLICIT REAL*8 (A-H.O-Z) 
824 EP = DABS(EPDOT) 
825 A = .42D10 
826 0 = 39.600D3 
827 CM = 5.98D0 
828 CA = .0741D0 
829 C A = 4.DO 
830 C 0 = 34.470D3 
831 C CN = 5.4D0 
832 C UTS = (EP/(A*DEXP(-Q/(T+273.DO))))**(1.DO/CN) 
833 IF (FA .GT. 0.1D0) EP = EP/1.D3 
834 UTS = DASINH((EP/A*DEXP(Q/(T+273.DO)))**(1.D0/CM))/CA 
835 IF (EPDOT .LT. O.DO) UTS = -UTS 
836 RETURN . 
837 END 
838 C CALCULATE FRACTION ALPHA FOR EVERY NODE 
839 C 
840 SUBROUTINE SUBFA(NN,AR1,A1,AC 1,AR3,A3,AC3,PC,PMN,DT, 
841 1 T,TOLD,FA) 
842 IMPLICIT REAL*8 (A-H.O-Z) 
843 REAL*8 T(NN),TOLD(NN),FA(NN) 
844 DO 99 1=1,NN 
845 C COOLING 
846 IF (T(I) .GT. TOLD(I)) GO TO 10 
847 ARG = 3.1416D0*(AR3-T(I))/(AR3-AR1) 
848 XFC = 0.5D0 - O.5D0*DC0S(ARG) 
849 IF (T(I) .GT. AR3) XFC = O.DO 
850 IF (T(I) .LT. AR1) XFC = 1.DO 
851 IF (FA(I) .GT. XFC) GO TO 99 
852 FA(I) = XFC 
853 GO TO 99 
854 C HEATING 
855 10 ARG = 3. 1416D0*(AC3-T(I))/(AC3-AC 1) 
856 XFH = 0.5D0 - O.5D0*DC0S(ARG) 
857 IF (T(I) .GT. ACS) XFH = O.DO 
858 IF (T(I) .LT. AC 1) XFH = 1.D0 
859 IF (FA(I) .LT. XFH) GO TO 99 
860 FA(I) = XFH 
861 99 CONTINUE 
862 RETURN 
863 END 
864 FUNCTION DASINH(X) 
865 REAL*8 DASINH.X 
866 DASINH = DLOG(X+DSORT(X*X+1.DO)) 
867 RETURN 
868 END 
869 C WRITE STRESS MODEL OUTPUT ON UNITS 7-35 
870 C 
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8 7 1 S U B R O U T I N E O U T P U T ( N N , I Z , N M A X , N M I N , P N U , E E Z , A R E A T , F R E O , C T I M E , 
8 7 2 1 P R I N T , C P R I N T , A M A X . A M I N , A A V G , A R E A N N , E , A T . E O , E P D O T , T 
8 7 3 2 F A , T L E . S I G M A , S I G M A T , S I G M A Z , E P S L N , E P S L N T , E P S L N Z , E V P , E V P T , 
8 7 4 3 S E F F , E E F F , V A R , E P E F F T , T I T L E , T I T L E 2 , T I T L E 3 ) 
8 7 5 I M P L I C I T R E A L * 8 ( A - H . O - Z ) 
8 7 6 R E A L * 8 A R E A N N ( N N ) , E ( N N ) , A T ( N N ) , E P D O T ( N N ) , T ( N N ) , F A ( N N ) , T L E ( N N ) 
8 7 7 1 S I G M A ( 3 . N N ) , S I G M A T ( 3 , N N ) , E P S L N ( 3 , N N ) , E P S L N T ( 3 , N N ) , 
8 7 8 2 S I G M A Z ( N N ) , E P S L N Z ( N N ) , E P E F F T ( N N ) , E 0 ( N N ) , 
8 7 9 3 E V P ( 3 , N N ) , E V P T ( 3 , N N ) , S E F F ( N N ) , E E F F ( N N ) , V A R ( N N ) 
8 8 0 L O G I C A L * 1 T I T L E ( 8 0 ) , T I T L E 2 ( 8 0 ) , T I T L E 3 ( 8 0 ) 
8 8 1 I N T E G E R * 4 N 3 3 0 ( 8 ) / 1 , 1 2 , 3 2 0 , 3 2 8 , 2 0 5 , 2 0 8 , 2 1 3 , 2 1 6 / 
8 8 2 I N T E G E R * 4 N 1 2 5 ( 8 ) / 1 , 5 , 7 , 9 , 8 3 , 8 5 , 1 1 4 , 1 2 4 / 
8 8 3 I N T E G E R * 4 N 7 5 ( 8 ) / 1 , 2 . 3 , 1 1 , 2 9 , 4 7 , 6 5 , 7 4 / 
8 8 4 I N T E G E R * 4 N P ( 8 ) 
8 8 5 D O 1 1 = 1 , 8 
8 8 6 C M E S H . 9 1 A O R 1 6 I A 
8 8 7 I F ( N N . E O . 1 2 5 ) N P ( I ) = N 1 2 5 ( I ) 
8 8 8 C M E S H . F I 
8 8 9 I F ( N N . E O . 3 3 0 ) N P ( I ) = N 3 3 0 ( I ) 
8 9 0 c M E S H . T E M P D 2 
8 9 1 I F ( N N . E Q . 7 5 ) N P ( I ) = N 7 5 ( I ) 
8 9 2 1 C O N T I N U E 
8 9 3 c 
8 9 4 C A L L F T N C M D ( ' A S S I G N 7 = - S 1 8 = - S 2 9 = - S 3 1 0 = - S 4 ; ' ) 
8 9 5 C A L L F T N C M D ( ' A S S I G N 1 1 = - P 4 1 2 = - E 4 1 3 = - P 5 1 4 = - T 1 1 5 = - P 3 ; ' ) 
8 9 6 c C A L L F T N C M D ( ' A S S I G N 1 6 = - L 1 1 7 = - L 2 1 8 = - L 3 1 9 = - L 4 2 0 = - L 5 : ' ) 
8 9 7 C A L L F T N C M D ( ' A S S I G N 2 1 = - E 1 2 2 = - E 2 2 3 = - E 3 2 4 = - P 1 2 5 = - P 2 ; ' ) 
8 9 8 C A L L F T N C M D ( ' A S S I G N 2 6 = - T 2 2 7 = - T 3 2 8 = - T 4 2 9 = - T 5 ; ' ) 
8 9 9 C A L L F T N C M D ( ' A S S I G N 3 0 = - T 6 3 1 = - T 7 ; ' ) 
9 0 0 C A L L F T N C M D ( ' A S S I G N 3 2 = - X 3 3 = - Y 3 4 = - X Y 3 5 = - 3 X Y ; ' ) 
9 0 1 c 
9 0 2 W R I T E ( 6 , 2 1 1 ) 
9 0 3 2 1 1 F O R M A T C I N P U T P R I N T I N T E R V A L : ' ) 
9 0 4 R E A D ( 5 , 1 0 1 ) P R I N T 
9 0 5 1 0 1 F 0 R M A T ( F 1 5 . 6 ) 
9 0 6 C P R I N T = C T I M E 
9 0 7 D O 2 1 1 = 7 , 3 5 
9 0 8 I F ( 1 1 . E O . 2 0 ) G O T O 2 
9 0 9 W R I T E ( I 1 , 2 0 0 ) ( T I T L E ( I ) , 1 = 1 , 8 0 ) 
9 1 0 W R I T E ( I 1 , 2 0 0 ) ( T I T L E 2 ( I ) , 1 = 1 , 8 0 ) 
9 1 1 W R I T E ( I 1 , 2 0 0 ) ( T I T L E 3 ( I ) , 1 = 1 , 8 0 ) 
9 1 2 2 C O N T I N U E 
9 1 3 W R I T E ( 7 , 2 0 0 7 ) 
9 1 4 2 0 0 7 F O R M A T C T O T A L P R I N C I P L E T E N S I L E S T R E S S ( S I G M A 1 ) ' ) 
9 1 5 W R I T E ( 8 , 2 0 0 8 ) 
9 1 6 2 0 0 8 F O R M A T C T O T A L P R I N C I P L E C O M P R E S S I V E S T R E S S ( S I G M A 2 ) ' ) 
9 1 7 W R I T E ( 9 , 2 0 0 9 ) 
9 1 8 2 0 0 9 F O R M A T C T O T A L Z S T R E S S ( S I G M A Z ) ' ) 
9 1 9 W R I T E ( 1 0 , 2 0 1 0 ) 
9 2 0 2 0 1 0 F O R M A T C T O T A L E F F E C T I V E S T R E S S ( S E F F ) ' ) 
9 2 1 W R I T E ( 1 1 , 2 0 1 1 ) 
9 2 2 2 0 1 1 F O R M A T C T O T A L E F F E C T I V E P L A S T I C S T R A I N ( E P E F F T ) ' ) 
9 2 3 W R I T E ( 1 2 , 2 0 1 2 ) 
9 2 4 2 0 1 2 F O R M A T C T O T A L E F F E C T I V E E L A S T I C S T R A I N ( E E F F ) ' ) 
9 2 5 W R I T E ( 1 3 , 2 0 1 3 ) 
9 2 6 2 0 1 3 F O R M A T ( ' I N C R E M E N T A L P L A S T I C S T R A I N R A T E ( E P D O T ) ' ) 
9 2 7 W R I T E ( 1 4 , 2 0 1 4 ) 
9 2 8 2 0 1 4 F O R M A T C T I M E S T E P ? - S T R A I N : P L A S S T R A T E ( 1 4 ) ' ) 
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929 WRITER 15,2015) 
930 2015 F0RMAT('TOTAL EFFECTIVE PLASTIC STRAIN (+/-) (EVPEFF)') 
931 WRITE(16,2016) 
932 2016 FORMAT(' INCREMENTAL PLASTIC STRAIN RATE - CONTUR DATA') 
933 WRITE(17,2017) 
934 2017 FORMAT(' TOTAL EFFECTIVE PLASTIC STRAIN - CONTUR DATA') 
935 WRITE(18,2018) 
936 2018 FORMAT(' TOTAL EFFECTIVE STRESS - CONTUR DATA') 
937 WRITE(19,2019) 
938 2019 FORMAT(' TOTAL PRINCIPLE STRESSES - CROSS DATA') 
939 WRITE(21,2021) 
940 2021 FORMAT(' TOTAL PRINCIPLE TENSILE ELASTIC STRAIN (EPSLN 1 ) ' ) 
941 WRITE(22,2022) 
942 2022 FORMATC TOTAL PRINCIPLE COMPRESSIVE ELASTIC STRAIN (EPSLN2)') 
943 WRITE(23,2023) 
944 2023 FORMAT(' TOTAL PRINCIPLE Z ELASTIC STRAIN (EPSLNZ)') 
945 WRITE(24,2024) 
946 2024 FORMATC TOTAL PRINCIPLE TENSILE PLASTIC STRAIN (EVP 1)' ) 
947 WRITE(25,2025) 
948 2025 FORMATC TOTAL PRINCIPLE COMPRESSIVE PLASTIC STRAIN (EVP2)' ) 
949 WRITE(26,2026) 
950 2026 FORMATC TEMPERATURE (T)') 
951 WRITE(27,2027) 
952 2027 FORMATC ULTIMATE TENSILE STRENGTH') 
953 WRITE(28,2028) 
954 2028 FORMATC STRESS / ULTIMATE RATIO') 
955 WRITE(29,2029) 
956 2029 FORMATC THERMAL STRAIN (AT)') 
957 WRITE(30,2030) 
958 2030 FORMATC FRACTION ALPHA TRANSFORMED (FA)') 
959 WRITE(31,2031) 
960 2031 FORMATC THERMAL LINEAR EXPANSION (TLE)') 
961 WRITE(32,2032) 
962 2032 FORMATC TOTAL X STRESS (SIGMAX)') 
963 WRITE(33,2033) 
964 2033 FORMATC TOTAL Y STRESS (SIGMAY)') 
965 WRITE(34,2034) 
966 2034 FORMAT(' TOTAL SHEAR STRESS (SIGMAXY)') 
967 WRITE(35,2035) 
968 2035 FORMATC TOTAL X, Y,XY STRESSES - LONG OUTPUT') 
969 DO 3 1=7,34 
970 IF ( (I.GE.16) .AND. (I.LE.20) ) GO TO 3 
971 IF (I .EO. 35) GO TO 3 
972 WRITE(I,204) (NP(11),11=1,8) 
973 3 CONTINUE 
974 ENTRY OUTP(NN,IZ,NMAX,NMIN,PNU,EEZ,AREAT,FREO,CTIME, 
975 1 PRINT,CPRINT,AMAX,AMIN,AAVG,AREANN.E.AT,EO,EPDOT,T, 
976 2 FA,TLE,SIGMA,SIGMAT,SIGMAZ,EPSLN,EPSLNT,EPSLNZ,EVP,EVPT, 
977 3 SEFF,EEFF,VAR,EPEFFT,TITLE,TITLE2,TITLE3) 
978 DO 5 d=1,NN 
979 DO 4 1=1,3 
980 SIGMA(I.J) = SIGMAT(I.J) 
981 EPSLN(I.J) = EPSLNT(I.J) 
982 EVP(I.J) = EVPT(I.J) 
983 4 CONTINUE 
984 5 CONTINUE 
985 IF ((CPRINT-CTIME) .GT. 1.D-5) GO TO 99 • 
986 CALL PRST(NN.SIGMA) 
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987 CALL PRST(NN,EPSLN) 
988 CALL PRST(NN.EVP) 
989 DO 6 1 = 16, 19 
990 WRITE( I , 201 ) CTIME 
991 6 CONTINUE 
992 C7 
993 DO 7 d=1 ,NN 
994 7 V A R ( J ) = S I G M A ( l . d ) 
995 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVQ J AREAT,AREANN,VAR) 
99G WRITE(7 ,205) C T I M E , D A V G , N M A X , A M A X , N M I N , A M I N , ( V A R ( N P ( I ) ) ,1=1 , 8 ) 
997 C8 
998 DO 8 J=1,NN 
999 8 VAR(d) = S I G M A ( 2 , J ) 

1000 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1001 WRITE(8 ,205) CT IME,DAVG,NMAX,AMAX,NMIN ,AMIN , (VAR(NP( I ) ) ,1=1 ,8 ) 
1002 C9 
1003 DO 9 0=1,NN 
1004 9 VAR(J ) = SIGMAZ(J) 
1005 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1006 WRITE(9 ,205) C T I M E , D A V G , N M A X , A M A X , N M I N , A M I N , ( V A R ( N P ( I ) ) ,1=1 , 8 ) 
1007 C10 
1008 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,SEFF) 
1009 WRITE(10 ,205) C T I M E , D A V G , N M A X , A M A X , N M I N , A M I N , ( S E F F ( N P ( I ) ) , I = 1 , 8 ) 
1010 C1 1 
101 1 DO 11 d=1,NN 
1012 1 1 VAR(d) = E P E F F T ( J ) 
1013 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1014 WRITE(11 ,206) CTIME.DAVG,NMAX,AMAX,NMIN,AMIN, (VAR(NP( I ) ) , I = 1 ,8) 
1015 C12 
1016 CALL AVG2(NN,NMAX,AMAX.NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,EEFF) 
1017 WRITE(12 ,206) C T I M E , D A V G . N M A X , A M A X , N M I N . A M I N , ( E E F F ( N P ( I ) ) ,1= 1 , 8 ) 
1018 C13 
1019 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,EPDOT) 
1020 WRITE(13 ,207) CT IME,DAVG,NMAX,AMAX,NMIN ,AMIN , (EPDOT(NP( I ) ) ,1 = 1,8) 
1021 C14 
1022 DO 14 d=1,NN 
1023 DEN = EPDOT(J) 
1024 RESID = O.DO 
1025 IF ( DEN . N E . O.DO) RESID = D A B S ( E E F F ( d ) / D E N ) 
1026 VAR(d) = RESID 
1027 14 CONTINUE 
1028 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1029 WRITE(14 ,207) CT IME,DAVG,NMAX,AMAX,NMIN ,AMIN , (VAR(NP( I ) ) ,1=1 ,8 ) 
1030 C15 
1031 CALL E F F P ( N N , I Z , E V P T , V A R ) 
1032 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1033 WRITE(15 ,206) CT IME,DAVG,NMAX,AMAX,NMIN ,AMIN , (VAR(NP( I ) ) ,1=1 ,8 ) 
1034 C16 
1035 

C17) 
WRITE(16 ,203) ( E P D O T ( I ) , I = 1 , N N ) 

1036 C17) 
1037 

WRITE(17 ,202) (EPEFFT(I),1=1 .NN) 1038 C18 
1039 WRITE(18 ,201) ( S E F F ( I ) ,1= 1 , N N ) 
1040 C19 
1041 WRITE(19 ,201) ( ( S I G M A ( I , d ) , I = 1 , 3 ) , d = 1 , N N ) 
1042 C21 
1043 DO 21 J=1,NN 
1044 21 VAR(d) = E P S L N O . d ) 
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1045 CALL AVG2(NN,NMAX,AMAX.NMIN.AMIN ,AAVG,DAVG,AREAT,AREANN,VAR) 
1046 WRITE(21 ,206) CTIME,DAVG ,NMAX,AMAX ,NMIN,AMIN,(VAR(NP(I ) ) ,1=1,8) 
1047 C22 
1048 DO 22 J=1,NN 
1049 22 VAR(d) = E P S L N ( 2 , d ) 
1050 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1051 WRITE(22 .206) CTIME,DAVG,NMAX,AMAX,NMIN,AMIN, (VAR(NP( I ) ) , 1 = 1,8) 
1052 C23 
1053 DO 23 J=1,NN 
1054 23 VAR(J ) = EPSLNZ(J ) 
1055 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN.VAR) 
1056 WRITE(23 ,206) CT IME,DAVG,NMAX,AMAX,NMIN ,AMIN , (VAR(NP( I ) ) , 1 = 1 ,8 ) 
1057 C24 
1058 DO 24 J=1,NN 
1059 24 VAR(J ) = E V P ( 1 . d ) 
1060 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1061 WRITE(24 .206) CT IME,DAVG.NMAX,AMAX.NMIN .AMIN , (VAR(NP( I ) ) . 1 =1 . 8 ) 
1062 C25 
1063 DO 25 J=1,NN 
1064 25 V A R ( J ) = E V P ( 2 , J ) 
1065 CALL AVG2(NN,NMAX,AMAX,NMIN.AMIN,AAVG.DAVG,AREAT,AREANN,VAR) 
1066 WRITE(25 ,206) CT IME,DAVG,NMAX,AMAX.NMIN ,AMIN , (VAR(NP( I ) ) , 1 =1 ,8 ) 
1067 C26 
1068 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG.AREAT, AREANN.T) 
1069 WRITE(26 .205) C T I M E , D A V G , N M A X . A M A X . N M I N , A M I N , ( T ( N P ( I ) ) , I = 1 , 8 ) 
1070 C27 
1071 DO 27 1=1,NN 
1072 VAR( I ) = U T S ( E P D O T ( I ) , E P E F F T ( I ) , T ( I ) , F A ( I ) ) 
1073 27 CONTINUE 
1074 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1075 WRITE(27 ,205) CT IME,DAVG,NMAX,AMAX,NMIN .AMIN , (VAR(NP( I ) ) , 1 = 1 ,8 ) 
1076 C28 
1077 DO 28 I=1,NN 
1078 IF (VAR( I ) . N E . O.DO) VAR( I ) = S E F F ( I ) / VAR( I ) 
1079 28 CONTINUE 
1080 CALL AVG2(NN,NMAX.AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1081 WRITE(28 .205) CT IME,DAVG,NMAX,AMAX.NMIN ,AMIN , (VAR(NP( I ) ) , 1 =1 ,8 ) 
1082 C29 
1083 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,EO) 
1084 WRITE(29 ,206) CT IME,DAVG,NMAX,AMAX,NMIN ,AMIN , (EO(NP( I ) ) , I =1 ,8 ) 
1085 C30 
1086 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG.DAVG,AREAT,AREANN.FA) 
1087 WRITE(30 ,206) C T I M E , D A V G , N M A X , A M A X , N M I N , A M I N , ( F A ( N P ( I ) ) , I = 1 , 8 ) 
1088 C31 
1089 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,TLE) 
1090 WRITE(31 ,206) C T I M E . D A V G , N M A X , A M A X . N M I N , A M I N , ( T L E ( N P ( I ) ) , 1 = 1 . 8 ) 
1091 C 
1092 C32 
1093 DO 32 1=1,NN 
1094 32 VAR( I ) = S IGMAT(1 ,1 ) 
1095 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1096 WRITE(32 ,205) CT IME,DAVG.NMAX.AMAX,NMIN ,AMIN . (VAR(NP( I ) ) . 1 =1 .8 ) 
1097 C33 
1098 DO 33 I=1,NN 
1099 33 VAR( I ) = S I G M A T ( 2 , I ) 
1 100 CALL AVG2(NN,NMAX,AMAX,NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1 101 WRITE(33 ,205) CT IME,DAVG,NMAX,AMAX,NMIN ,AMIN , (VAR(NP( I ) ) , 1 =1 ,8 ) 
1 102 C34 
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1103 DO 34 I=1,NN 
1104 34 VAR( I ) = S IGMAT(3 , I ) 
1 105 . CALL AVG2(NN,NMAX,AMAX.NMIN,AMIN,AAVG,DAVG,AREAT,AREANN,VAR) 
1106 WRITE(34.205) CTIME,DAVG,NMAX,AMAX.NMIN,AMIN, (VAR(NP( I ) ) , 1 = 1 , 
1 107 C35 
1 108 WRITE(35,201) ( ( S I G M A T ( I , J ) , I = 1 , 3 ) . J = 1 , N N ) 
1 109 CPRINT = CPRINT + PRINT 
1 1 10 99 RETURN 
1111 200 FORMAT(80A1) 
1112 201 F O R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
1113 202 F O R M A T ( 1 0 ( 1 X , F 9 . 7 ) ) 
1114 203 F 0 R M A T ( 1 0 ( 1 X . D 9 . 3 ) ) 
1115 204 FORMATC TIME (S) AVG H MAX # M IN ' , 
1 1 16 1 8 ( 7 X , I 3 ) / ) 
1117 205 F O R M A T ( 1 X , F 7 . 1 , 1 X , F 1 0 . 4 , I 4 , 1 X , F 9 . 3 , I 4 , 1 X , F 9 . 3 , 8 ( 1 X , F 9 . 3 ) ) 
1118 206 F O R M A T ( 1 X , F 7 . 1 , 1 X , F 1 0 . 7 , I 4 , 1 X , F 9 . 7 , I 4 , 1 X , F 9 . 7 , 8 ( 1 X , F 9 . 7 ) ) 
1119 207 F O R M A T ( 1 X , F 7 . 1 , 1 X , D 1 0 . 4 , I 4 , 1 X , D 9 . 3 , I 4 , 1 X , D 9 . 3 , 8 ( 1 X , D 9 . 3 ) ) 
1 120 END 
1121 C READ INITIAL STRESS-STRAIN DISTRIBUTION 
1 122 C 
1 123 SUBROUTINE S E E R F ( N N , I P , C T I M E . S I G M A T , E P S L N T , E V P T , F A , 
1 124 1 S I G M A Z , E P S L N Z , E P E F F T ) 
1 125 IMPLICIT REAL*8 ( A - H . O - Z ) 
1 126 REAL*8 S I G M A T ( 3 , N N ) , E P S L N T ( 3 , N N ) , E V P T ( 3 , N N ) , F A ( N N ) , 
1 127 1 S IGMAZ(NN) ,EPSLNZ(NN) ,EPEFFT(NN) 
1 128 READ( IP .101 ) CTIME3 
1 129 IF (DABS(CTIME3-CTIME) . G T . 1 .D-5 ) GO TO 99 
1130 READ( IP . 101 ) ( (SIGMAT ( I , J ) , I = 1 , 3 ) , J= 1 , NN) 
1131 R E A D ( I P , 1 0 1 ) (SIGMA Z ( I ) , I = 1,NN) 
1 132 R E A D ( I P , 1 0 2 ) ( ( E P S L N T ( I . d ) , 1 = 1 , 3 ) , d = 1 , N N ) 
1 133 READ( IP ,102 ) ( E P S L N Z ( I ) , 1 = 1 , N N ) 
1 134 R E A D ( I P , 1 0 2 ) ( ( E V P T ( I , J ) , I = 1 . 3 ) , d = 1 , N N ) 
1 135 R E A D ( I P , 1 0 2 ) ( E P E F F T ( I ) , I = 1 , N N ) 
1 136 R E A D ( I P , 1 0 2 ) ( F A ( I ) , 1 = 1 , N N ) 
1 137 101 F O R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
1 138 102 F O R M A T ( 1 0 ( 1 X , F 9 . 7 ) ) 
1 139 RETURN 
1 140 99 WRITE(6 ,299) CTIME3,CTIME 
1 141 299 FORMAT(' * B G T * ERROR IN SEER CTIME3,CTIME = ' . 2 F 9 . 3 ) 
1 142 STOP 
1 143 END 
1 144 C WRITE FINAL STRESS-STRAIN DISTRIBUTION (FOR SEER LATER) 
1 145 C 
1 146 SUBROUTINE S E E W F ( N N , I P R . C T I M E , S I G M A T , E P S L N T , E V P T . F A , 
1 147 1 S I G M A Z , E P S L N Z , E P E F F T ) 
1 148 IMPLICIT REAL*8 ( A - H . O - Z ) 
1 149 REAL*8 S I G M A T ( 3 , N N ) , E P S L N T ( 3 , N N ) , E V P T ( 3 , N N ) , F A ( N N ) , 
1 150 1 S IGMAZ(NN) ,EPSLNZ(NN) ,EPEFFT(NN) 
1151 WRITE( IPR,201) CTIME 
1 152 WRITE( IPR,201) ( ( S I G M A T ( I , d ) , I = 1 , 3 ) , d = 1 , N N ) 
1 153 WRITE( IPR,201) (S IGMAZ( I ) , I =1 ,NN) 
1 154 WRITE( IPR,202) ( ( E P S L N T ( I , d ) , I = 1 , 3 ) . d = 1 , N N ) 
1155 WRITE( IPR.202) ( E P S L N Z ( I ) . 1 = 1 , N N ) 
1 156 W R I T E ( I P R . 2 0 2 ) " ( ( E V P T ( I . d ) , I = 1 , 3 ) , d = 1 , N N ) 
1 157 WRITE( IPR,202) ( E P E F F T ( I ) , 1 = 1 , N N ) 
1 158 WRITE( IPR,202) ( F A ( I ) , I = 1 , N N ) 
1 159 201 F 0 R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
1 160 202 F 0 R M A T ( 1 0 ( 1 X , F 9 . 7 ) ) 
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1161 RETURN 
1162 END 
1163 C ERROR PRINTING 
1164 C 
1165 SUBROUTINE E R R ( S X , S Y , S Z , T X Y 2 , N ) 
1166 IMPLICIT R E A L ' S ( A - H . O - Z ) 
1167 WRITE(6 ,201) S X , S Y , S Z , T X Y 2 , N 
1168 201 FORMAT(' * * * BGT OVERFLOW ERROR * * * ' , / . 
1169 1 ' SX = ' , E 1 5 . 5 , / , 
1 170 2 ' SY = ' , E 1 5 . 5 , / , 
1171 3 ' SZ = ' . E 1 5 . 5 , / , 
1 172 4 ' TXY2 = ' , E 1 5 . 5 , / , 
1 173 5 ' N = ',15./) 
1174 STOP 
1175 END 
1176 C ENSURE THAT PLASTIC STRAIN RATE (EPDOT) * TIME STEP (DT) IS 
1177 C LESS THAN TOTAL EFFECTIVE STRAIN AVAILABLE 
1178 SUBROUTINE T R U N C ( N N , I E C O N , C T I M E . D T , E E F F . E P D O T ) 
1179 IMPLICIT REAL*8 ( A - H . O - Z ) 
1180 R E A L * 8 EEFF(NN) ,EPDOT(NN) 
1181 IECON = 0 
1182 RATMAX = 1.DO 
1183 DO 10 1=1,NN 
1184 EP = EPDOT(I ) * DT 
1185 IF (EP .EO- O.DO) GO TO 10 
1186 RATIO = D A B S ( E E F F ( I ) / E P ) * 0 .05D0 
1187 IF (RATIO . G E . 1.D0) GO TO 10 
1188 EPDOT(I ) = EP * RATIO / DT 
1189 IECON = IECON + 1 
1190 IF (RATIO . G T . RATMAX) GO TO 10 
1191 RATMAX = RATIO * E P / D A B S ( E P ) 
1192 IMAX = I 
1193 10 CONTINUE 
1194 IF ( IECON . N E . 0) GO TO 99 
1195 RETURN 
1196 99 WRITE(6 ,201) CTIME, IECON.RATMAX. IMAX 
1197 201 FORMATC * B G T * WARNING AT ' . F 9 . 2 . ' (S ) : ',15, 
1198 1' EPDOT VALUES TRUNCATED, WORST IS ' . E 1 0 . 3 . ' AT NODE ',15) 
1199 RETURN 
12CO END 
1201 C READ TEMPERATURES FROM UNIT 3 
1202 C SUBROUTINE TO IN IT IALIZE TEMPERATURE INPUT FROM DATA F ILES 
1203 C 
1204 SUBROUTINE T E M P I R ( N N , F R E O , I M A X , N I T , T I N I T , T M A X , C T I M E , T I T L E , T ) 
1205 IMPLICIT REAL*8 ( A - H . O - Z ) 
1206 R E A L * 8 T(NN) 
1207 L0GICAL*1 T I T L E ( 8 0 ) 
1208 WRITE(6 ,201) 
1209 201 FORMATC INPUT: MIN TIME STEP ( S ) , H OF I T E R A T I O N S , ' , 
1210 1 ' SUB- ITERATIONS, START T IME, FINISH TIME ( S ) ' ) 
1211 R E A D ( 5 , 1 0 1 ) F R E O , I M A X , N I T , T I N I T , T M A X 
1212 101 F 0 R M A T ( F 1 5 . 6 , 2 I 5 , 2 F 1 5 . 6 ) 
1213 R E A D ( 3 , 1 0 2 ) ( T I T L E ( I ) , I = 1 , 8 0 ) 
1214 R E A D ( 3 , 1 0 2 ) ( T I T L E ( I ) , I = 1 , 8 0 ) 
1215 102 F0RMAT(80A1) 
1216 1 R E A D ( 3 , 1 0 3 ) CTIME 
1217 R E A D ( 3 , 1 0 3 ) (T ( I),1=1,NN) 
1218 103 F O R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
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1219 IF (CTIME . L T . T IN IT ) QO TO 1 
1220 RETURN 
1221 END 
1222 C SUBROUTINE TO GENERATE NODAL TEMPERATURES 
1223 C READS NODAL TEMPS FROM UNIT 3 EVERY FREO SECS 
1224 C 
1225 SUBROUTINE TEMPR(NN,FREO.DT,CTIME,XCOORD,YCOORD,T) 
1226 IMPLICIT REAL*8 ( A - H . O - Z ) 
1227 REAL*8 T(NN),XCOORD(NN),YCOORD(NN) 
1228 CTIME1 = CTIME + FREO 
1229 1 READ(3,103,END=99) CTIME3 
1230 READ(3 ,103 ) ( T ( I ) , I = 1 , N N ) 
1231 103 F O R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
1232 IF (CTIME3 . G E . CTIME1) GO TO 98 
1233 GO TO 1 
1234 98 DT = CTIME3 - CTIME 
1235 CTIME = CTIME + DT 
1236 RETURN 
1237 99 WRITE(6 ,202) CTIME 
1238 202 FORMATC BGT END OF DATA ON UNIT 3 ' , F 1 5 . 6 ) 
1239 STOP 
1240 END 
1241 • C FIND VON MISES EFFECTIVE STRESS FROM X . Y . Z . X Y COMPONENTS 
1242 C 
1243 SUBROUTINE E F F ( N N , S I G M A , S I G M A Z . S E F F ) 
1244 IMPLICIT REAL*8 ( A - H . O - Z ) 
1245 REAL*8 S IGMA(3 .NN) ,S IGMAZ(NN) .SEFF(NN) 
1246 DO 20 N=1,NN 
1247 SX = SIGMA(1,N) 
1248 SY = SIGMA(2.N) 
1249 SZ = SIGMAZ(N) 
1250 TXY2 = 3 . D 0 * S I G M A ( 3 , N ) * S I G M A ( 3 , N ) 
1251 IF (DABS(SX+SY+SZ+TXY2) . G E . 1.D15) CALL E R R ( S X , S Y , S Z , T X Y 2 , N ) 
1252 SEFF(N) = D S Q R T ( S X * S X + S Y * S Y + S Z * S Z - S X * S Y - S Y * S Z - S Z * S X + T X Y 2 ) 
1253 IF( (SX+SY) . L T . O.DO) SEFF(N) = - S E F F ( N ) 
1254 20 CONTINUE 
1255 RETURN 
1256 END 
1257 C FIND VON MISES EFFECTIVE STRAIN FROM X , Y , Z , X Y COMPONENTS 
1258 C 
1259 SUBROUTINE E F F E ( N N , P N U , E P S L N , E P S L N Z , E E F F ) 
1260 IMPLICIT REAL*8 ( A - H . O - Z ) 
1261 R E A L * 8 E P S L N ( 3 , N N ) , E P S L N Z ( N N ) , E E F F ( N N ) 
1262 DO 20 N=1,NN 
1263 C = 1.D0 / ( 1 .D0 + PNU) 
1264 EX = E P S L N ( I . N ) 
1265 EY = EPSLN(2 ,N ) 
1266 EZ = EPSLNZ(N) 
1267 GXY2 = 3 . D O * E P S L N ( 3 . N ) * E P S L N ( 3 , N ) 
1268 E E F F ( N ) = C * D S Q R T ( E X * E X + E Y * E Y + E Z * E Z - E X * E Y - E Y * E Z - E Z * E X + G X Y 2 ) 
1269 IF( (EX+EY) . L T . O.DO) EEFF(N) = - E E F F ( N ) 
1270 20 CONTINUE 
1271 RETURN 
1272 END 
1273 C CALCULATE VON MISES EFFECTIVE PLASTIC STRAIN FROM 3 COMPONENTS 
1274 C * * * NO THERMAL EFFECTS * * * 
1275 C 
1276 SUBROUTINE E F F P ( N N , I Z , E V P . E V P E F F ) 
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1277 IMPLICIT R E A L * 8 ( A - H . O-Z) 
1278 REAL*8 E V P ( 3 , N N ) , E V P E F F(NN) 
1279 PNU=0.5D0 
1280 CON = - P N U / ( 1 . D O - P N U ) 
1281 C = 2 . D O / 3 . D O 
1282 1 DO 20 N=1,NN 
1283 EX = E V P ( 1 , N ) 
1284 EY = E V P ( 2 , N ) 
1285 EZ = O.DO 
1286 I F ( I Z . E O . 2) EZ = CON*(EX+EY) 
1287 GXY2 = 3 . D O * E V P ( 3 , N ) * E V P ( 3 , N ) 
1288 EVPEFF(N) = C * D S Q R T ( E X * E X + E Y * E Y + E Z * E Z - E X * E Y - E Y * E Z -
1289 IF( (EX+EY) . L T . O.DO) EVPEFF(N) = - E V P E F F ( N ) 
1290 20 CONTINUE 
1291 RETURN 
1292 END 
1293 C CALCULATE TOTAL EFFECTIVE (+) PLASTIC STRAIN 
1294 C 
1295 SUBROUTINE E F F P T ( N N , E P D O T , D T , E P E F F T ) 
1296 IMPLICIT REAL*8 ( A - H . O - Z ) 
1297 REAL*8 EPDOT(NN) ,EPEFFT(NN) 
1298 DO 10 I=1,NN 
1299 E P E F F T ( I ) = E P E F F T ( I ) + DABS(EPDOT( I ) *DT ) 
1300 10 CONTINUE 
1301 RETURN 
1302 END 
1303 C DRIVER TO PLOT STRESS CROSSES FROM 2 PRINCIPLE STRESSES 0 
1304 C 
1305 C R * F T N SCARDS=DR.CROSS+PSUB.CROSS+PSUB.BORDER 
1306 C R -LOAD 3=STRESSFILE 4=MESHFILE 9 = - P L 0 T F I L E 
1307 C ( S T R E S S F I L E CONTAINS 3XNN STRESSES AT EACH TIME 
1308 C 
1309 IMPLICIT REAL*8 ( A - H . O - Z ) 
1310 REAL*8 S IGMA(3 ,1500) ,XCOORD(1500) ,YCOORD(1500) 
1311 INTEGER*4 N O D E ( 3 , 2 0 0 0 ) , N B N C ( 4 , 2 5 0 ) 
1312 L0GICAL*1 T I T L E ( 8 0 ) , T I T L E 2 ( 8 0 ) 
1313 WRITE(6 ,200) 
1314 200 FORMAT( ' INPUT T I T L E ' ) 
1315 READ(5 ,10O) ( T I T L E ( I ) , 1 - 1 . 8 0 ) 
1316 100 FORMAT(80A1) 
.1317 CALL P S Y M ( - 0 . 5 , - 0 . 5 , 0 . 1 4 . T I T L E . 9 0 . . 8 0 ) 
1318 WRITE(6 ,201) 
1319 201 FORMAT( ' INPUT PLOT INTERVAL ( S ) , MAX tf OF ITERATIONS 
1320 READ(5 ,101 ) FREO,IMAX 
1321 101 F 0 R M A T ( F 1 5 . 6 , 1 2 ) 
1322 C 
1323 READ(4 ,111 ) ( T I T L E ( I ) , 1 = 1 , 8 0 ) 
1324 1 1 1 FORMAT(80A1) 
1325 READ(4 ,112 ) NN,NE,NBW,NBE,YMAX 
1326 112 F 0 R M A T ( 4 I 5 , F 1 5 . 6 ) 
1327 DO 10 1=1,NN 
1328 10 READ(4 ,113 ) J , X C O O R D ( J ) , Y C O O R D ( J ) 
1329 113 F 0 R M A T ( I 5 , 2 F 1 0 . 4 ) 
1330 DO 20 1=1,NE 
1331 20 READ(4 ,114 ) d , N O D E ( 1 . d ) , N O D E ( 2 , d ) , N O D E ( 3 , d ) 
1332 1 14 F0RMAT(4I5) 
1333 DO 30 1=1,NBE 
1334 30 R E A D ( 4 , 1 1 5 ) d , (NBNC( I 1 , d ) , 1 1 = 1,4) 
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1335 115 F0RMAT(5I5) 
1336 R E A D ( 3 , 1 1 1 ) ( T I T L E ( I ) , I = 1 , 8 0 ) 
1337 R E A D ( 3 . 1 1 1 ) ( T I T L E 2 ( I ) , I = 1 , 8 0 ) 
1338 READ(3 .111 ) ( T I T L E ( I ) , I = 1 , 8 0 ) 
1339 READ(3 ,111 ) ( T I T L E 2 ( I ) , I = 1 , 8 0 ) 
1340 C 
1341 C SCALE = 1:4 FOR SCALE = 9 .84M/ IN = 9 . 6 5 4 / . 9 8 1 1 
1342 C SCALEC = T IC LENGTH ( INCHES) PER STRESS (MPA) = 50 MPA/ IN CURRENTLY 
1343 C 
1344 SCALE = 9 .654 / YMAX 
1345 SCALEC = O.02D0 
1346 YM = YMAX 
1347 XM = YMAX * 2.DO 
1348 C 
1349 DO 98 1=1,IMAX 
1350 40 READ(3,102,END=99) CTIME 
1351 READ(3 ,102 ) ( ( SIGMA (11,<J),11 = 1 ,3 ) , 0=1 , NN) 
1352 102 F O R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
1353 IF (I . E Q . 1) CPLOT = CTIME 
1354 IF (CPLOT . G T . CTIME) GO TO 40 
1355 CALL N U M B E R ( 2 . 0 , 9 . 8 , 0 . 5 6 , C T I M E , 0 . 0 , 0 ) 
1356 CALL BORDER(NN,NBE.NBNC,SCALE,XM.YM,XCOORD,YCOORD) 
1357 DO 50 d=1,NN 
1358 ST = S I G M A ( l . d ) 
1359 SC = S I G M A ( 2 , J ) 
1360 THETA = S IGMA(3 ,d ) 
1361 X = XCOORD(J) * SCALE 
1362 Y = YCOORD(d) * SCALE 
1363 50 CALL C R 0 S S ( S C A L E C , S T . S C , T H E T A , X , Y) 
1364 CALL P L 0 T ( 8 . 6 . 0 . 0 , - 3 ) 
1365 CPLOT = CPLOT + FREQ 
1366 98 CONTINUE 
1367 99 STOP 
1368 END 
1369 C SUBROUTINE TO PLOT PRINCIPLE TENSILE & COMPRESSIVE STRESS CROSS 
1370 C 
1371 SUBROUTINE CROSS ( S C A L E , S T , S C , T H E T A , X , Y ) 
1372 IMPLICIT R E A L M ( A - H . O - Z ) 
1373 R E A L * 8 S C A L E , S ( 2 ) , S T , S C , T H E T A , X , Y 
1374 C ST = PRINCIPLE TENSILE STRESS 
1375 C SC = PRINCIPLE COMPRESSIVE STRESS 
1376 C SCALE = T I C LENGTH ( INCHES) PER STRESS (MPA) 
1377 S ( 1 ) = ST 
1378 S ( 2 ) = SC 
1379 DO 99 1=1,2 
1380 SMAG = D A B S ( S ( I ) * S C A L E / 2 . D O ) 
1381 IF (I . E Q . 2) GO TO 10 
1382 DX = SMAG*DCOS(THETA*3 .1415926D0/1SO.DO) 
1383 DY = SMAG*DSIN(THETA*3 .1415926DO/180 .DO) 
1384 GO TO 20 
1385 10 DX = -SMAG*DSIN(THETA*3 .1415926D0 /180 .DO) 
1386 DY = SMAG*DCOS(THETA*3 .1415926D0/180 .DO) 
1387 20 XI = X - DX I 
1388 YI = Y - DY 
1389 XF = X + DX 
1390 YF = Y + DY 
1391 IF ( S ( I ) . L T . O.DO ) GO TO 30 
1392 C 
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1393 C TENSION LINE 
1394 C 
1395 CALL P L O T ( X I , Y I , 3 ) 
1396 CALL P L 0 T ( X F , Y F , 2 ) 
1397 GO TO 99 
1398 C 
1399 C COMPRESSION LINE WITH TICS 
1400 C 
1401 30 DXT = -DY / 5 . 0 
1402 DYT = DX / 5 . 0 
1403 XIT = XI - DXT 
1404 YIT = YI - DYT 
1405 -i XFT = XI + DXT 
1406 . YFT = YI + DYT 
1407 CALL P L O T ( X I T , Y I T , 3 ) 
1408 CALL P L 0 T ( X F T , Y F T , 2 ) 
1409 CALL P L O T ( X I , Y I , 3 ) 
1410 CALL P L O T ( X F , Y F . 2 ) 
1411 XIT = XF - DXT 
1412 YIT = YF - DYT 
1413 XFT = XF + DXT 
1414 YFT = YF + DYT 
1415 CALL P L 0 T ( X I T . Y I T , 3 ) 
1416 CALL P L O T ( X F T , Y F T , 2 ) 
1417 99 CONTINUE 
1418 RETURN 
1419 END 
1420 C SUBROUTINE TO PLOT INGOT AND MOULD BORDERS 
1421 C 
1422 SUBROUTINE BORDER(NN,NBE,NBNC,SCAL8,XM8,YM8.XCOORD,YCOORD) 
1423 INTEGER*4 NN,NBE,NBEB,NBNC(4 ,NBE) 
1424 R E A L * 8 XCOORD(NN),YCOORD(NN),XM8,YM8,SCAL8 
1425 R E A L * 4 S C A L E , X M , Y M , X 1 , Y 1 , X 2 , Y 2 
1426 SCALE = SCAL8 
1427 NBEB = NBE 
1428 IF ((NN . E O . 125) .AND. (NBE . E O . 27) ) NBEB = 47 
1429 IF ((NN . E Q . 330) .AND. (NBE . E Q . 47 ) ) NBEB = 83 
1430 XM = XM8 * SCALE 
1431 YM = YM8 * SCALE 
1432 C CALL P L O T ( X M , 0 . , 3 ) 
1433 C CALL P L 0 T ( O . , 0 . , 2 ) 
1434 C CALL P L O T ( 0 . , Y M , 2 ) 
1435 DO 10 1=1.NBEB 
1436 X1 = XCOORD(NBNC(1,1) ) * SCALE 
1437 Y1 = YCOORD(NBNC(1,1)) * SCALE 
1438 X2 = XCOORD(NBNC(2, I ) ) * SCALE 
1439 Y2 = YCOORD(NBNC(2, I ) ) * SCALE 
1440 CALL P L 0 T ( X 1 , Y 1 . 3 ) 
1441 CALL P L 0 T ( X 2 , Y 2 . 2 ) 
1442 10 CONTINUE 
1443 RETURN 
1444 END 
1445 C THIS PROGRAM READS IN ELEMENT NODE NUMBERS AND CALCULATES 
1446 C THE MAXIMUM BANDWIDTH OF AN ELEMENT MESH 
1447 C R -LOAD 5=MESH.DATA 6=0UTPUT 
1448 C 
1449 IMPLICIT I N T E G E R * 4 ( A - Z ) 
1450 DIMENSION E L ( 9 0 0 0 . 3 ) , A ( 2 0 0 ) , A M I N ( 9 0 0 0 ) , A M A X ( 9 0 0 0 ) , B W ( 9 0 0 0 ) , 
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1451 1 BWA(90OO) .T ITLE(80 ) 
1452 READ(5 ,1000) ( T I T L E ( I ) , I = 1 , B 0 ) 
1453 WRITE(6 ,1000) ( T I T L E ( I ) , I = 1 . 8 0 ) 
1454 10OO F0RMAT(80A1) 
1455 READ(5 ,100 ) NN.NEL 
1456 WRITE(6,2001) NN.NEL 
1457 2001 FORMATC1 NUMBER OF NODES = ' . 1 5 , / , 
1458 1 ' NUMBER OF ELEMENTS = ' , I 5 ) 
1459 100 F0RMAT(2I5) 
1460 DO 5 I=1,NN 
1461 READ(5 .1002) DUM 
1462 1002 FORMAT(15) 
1463 5 CONTINUE 
1464 DO 10 1=1.NEL 
1465 10 READ(5,101,END=11) I d , E L ( I . 1 ) , E L ( I , 2 ) , E L ( I , 3 ) 
1466 101 F0RMAT(4I5) 
1467 11 DO 99 L =1,NN 
1468 INDEX = 0 
1469 DO 15 LI = 1 . 10 
1470 15 A ( L I ) = 0 . 0 
1471 DO 98 M=1,NEL 
1472 IF ( E L ( M , 1 ) . N E . L) GO TO 21 
1473 INDEX = INDEX + 1 
1474 A(INDEX) = E L ( M , 2 ) 
1475 INDEX = INDEX + 1 
1476 A(INDEX) = E L ( M . 3 ) 
1477 ERROR = M 
1478 21 IF ( E L ( M , 2 ) . N E . L ) GO TO 22 
1479 IF (ERROR . N E . 0 ) GO TO 60 
1480 INDEX = INDEX + 1 
1481 A(INDEX) = E L ( M , 1 ) 
1482 INDEX = INDEX + 1 
1483 A(INDEX) = E L ( M , 3 ) 
1484 ERROR = M 
1485 22 IF ( E L ( M , 3 ) . N E . L) GO TO 98 
1486 IF (ERROR . N E . 0) GO TO 60 
1487 INDEX = INDEX + 1 
1488 A(INDEX) = EL(M,1 ) 
1489 INDEX = INDEX + 1 
1490 A(INDEX) = E L ( M , 2 ) 
1491 98 ERROR = 0 
1492 CALL MINMAX(A, INDEX,AMIN(L) .AMAX(L) ,BW(L) ) 
1493 BWAMIN = I A B S U - AMIN(L) ) + 1 
1494 BWAMAX = IABS(AMAX(L) - L ) + 1 
1495 IF (BWAMIN . G E . BWAMAX) BWA(L) = BWAMIN 
1496 IF (BWAMIN . L T . BWAMAX) BWA(L) = BWAMAX 
1497 99 CONTINUE 
1498 DO 50 I=1,NN 
1499 50 WRITE(6 ,201) I , A M I N ( I ) , A M A X ( I ) . B W ( I ) , B W A ( I ) 
1500 201 F0RMAT(5I9) 
1501 CALL MINMAX(BW,NN,BWMIN.BWMAX,DUM) 
1502 CALL MINMAX(BWA.NN,HBWMIN,HBWMAX,DUM2) 
1503 WRITE(6 ,200) BWMAX, BWMIN, HBWMAX, HBWMIN 
1504 200 FORMATC MAX BANDWIDTH = ' , 1 9 , 3 X , 'MIN BANDWIDTH 
1505 1 ' MAX HALF BANDWIDTH = ' , I 9 , 3 X , 
1506 2 'MIN HALF BANDWIDTH = ' . I 9 ) 
1507 GO TO 999 
1508 60 WRITE(6 ,202) ERROR 
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1509 202 FORMAT('ERROR IN ELEMENT # ' . I 5 ) 
1510 999 STOP 
1511 END 
1512 SUBROUTINE MINMAX(A, INDEX,AMI,AMA,BWA) 
1513 IMPLICIT I N T E G E R * 4 ( A - Z ) 
1514 DIMENSION A(INDEX) 
1515 IM1 = INDEX-1 
151G DO 10 1=1,IM1 
1517 11 = 1+1 
1518 DO 5 J=I1, INDEX 
1519 IF (A ( I ) . L E . A ( d ) ) GO TO 5 
1520 AA = A ( I ) 
1521 A ( I ) = A ( J ) 
1522 A(<J) = AA 
1523 5 CONTINUE 
1524 10 CONTINUE 
1525 AMI = A(1) 
1526 AMA = A(INDEX) 
1527 BWA = AMA - AMI +1 
1528 RETURN 
1529 END 
1530 C PROGRAM TO READ INGOT TEMPERATURES AND 
1531 C PLOT TEMP PROFILES ALONG AN INGOT SECTION 
1532 C C R -LOAD 3=TEMP.DATA 4=MESHFILE IPR=PLOTFILE. (T IME 
1533 C 
1534 REAL*4 T (1500) ,XCOORD(15CO) ,YCOORD(1500) 
1535 L0GICAL*1 T I T L E ( 8 0 ) 
1536 INTEGER*4 MPOS(12) 
1537 IMAX = 12 
1538 DATA M P 0 S / 2 O 5 , 2 O 6 , 2 O 7 , 2 O 8 , 2 O 9 , 2 1 O , 2 1 1 , 2 1 2 , 
1539 1 2 1 3 , 2 1 4 , 2 1 5 , 2 1 6 / 
1540 READ(4 .101 ) ( T I T L E ( I ) , 1 = 1 , 8 0 ) 
1541 101 FORMAT(80A1) 
1542 READ(4 ,102 ) NN,NE 
1543 102 F0RMAT(2I5) 
1544 DO 1 I=1,NN 
1545 1 READ(4 ,103 ) d ,XCOORD(J ) ,YCOORD(J ) 
1546 103 F 0 R M A T ( I 5 , 2 F 1 0 . 4 ) 
1547 READ(3 ,101 ) ( T I T L E ( I ) , 1 = 1 , 8 0 ) 
1548 READ(3 ,101 ) ( T I T L E ( I ) , 1 = 1 , 8 0 ) 
1549 10 WRITE(6 ,201) 
1550 201 FORMAT(' INPUT TIME (S ) AND UNIT # FOR OUTPUT' ) 
1551 READ(5,104,END=99) TT IME, IPR 
1552 104 F 0 R M A T ( F 1 0 . 4 , 1 5 ) 
1553 20 READ(3,105,END=99) CTIME 
1554 READ(3 ,105 ) ( T ( I ) , 1 = 1 , N N ) 
1555 105 F 0 R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
1556 IF (CTIME . L T . TTIME) GO TO 20 
1557 IF (CTIME . G T . TTIME) STOP 
1558 WRITE(6 ,211) 
1559 211 FORMAT( '" INPUT T I T L E ' ) 
1560 READ(5 ,101 ) ( T I T L E ( I ) , I = 1 , 8 0 ) 
1561 WRITE( IPR,101) ( T I T L E ( I ) , 1 = 1 , 8 0 ) 
1562 DO 30 1=1,IMAX 
1563 X = XCOORD(MPOS(I) ) 
1564 TEMP = T (MPOS( I ) ) 
1565 WRITE( IPR.202) X.TEMP 
1566 202 F0RMAT(2F10 .4 ) 
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1567 30 CONTINUE 
1568 GO TO 10 
1569 99 STOP 
1570 END 
1571 C PROGRAM TO OUTPUT PARTICULAR TEMPS FROM PREVIOUSLY GENERATED F ILE 
1572 C 
1573 C R -LOAD 3=0LDTEMPFILE 5=N0DE.NUMBER 6=TEMP.OF.NODE.NUMBER 
1574 C 
1575 REAL T(1000) 
1576 L0GICAL*1 T I T L E ( 8 0 ) , T I T L E 2 ( 8 0 ) 
1577 WRITE(6 ,211) 
1578 211 FORMAT(1X, 'ENTER NUMBER OF NODES, NN ( 7 7 , 1 5 5 , 3 3 0 , 6 7 2 ) ' ) 
1579 READ(5 ,212 ) NN 
1580 212 FORMAT(15) 
1581 WRITE(6 ,213) 
1582 213 FORMAT(1X, 'ENTER C T I M E ' ) 
1583 READ(5 ,214 ) CTIMER 
1584 214 FORMAT(F9.3) 
1585 READ(3 ,10O) (TI TLE ( I )-, I = 1 , 80) 
1586 READ(3 ,100 ) ( T I T L E 2 ( I ) , I = 1 , 8 0 ) 
1587 10 READ(3 ,101 ) CTIME 
1588 READ(3 .101 ) ( T ( I ) , I = 1 . N N ) 
1589 IF (CTIME . L T . CTIMER) GO TO 10 
1590 IF (CTIME . G T . CTIMER) STOP 
1591 20 R E A D ( 5 , 1 0 2 ) J 
1592 IF ( J . E O . -99 ) GO TO 5 
1593 IF (0 . L E . O) GO TO 99 
1594 WRITE(6 ,101) T ( J ) 
1595 GO TO 20 
1596 99 STOP 
1597 5 WRITE(6 ,213) 
1598 READ(5 ,214 ) CTIMER 
1599 GO TO 10 
1600 1O0 FORMAT(80A1) 
1601 101 F O R M A T ( 1 0 ( 1 X , F 9 . 3 ) ) 
1602 102 FORMAT(13) 
1603 END 
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APPENDIX XII The E f f e c t of Carbon Content on the Linear Expansion 

Accompanying the y •» a Phase Transformation In S t e e l 

F i r s t , f i n d the percent l i n e a r expansion for the y •*• a transformation 

using both c a l c u l a t i o n s from l a t t i c e parameter measurements and experimental 

data averaged from several sources for pure i r o n at 900 °C: 

1) T a y l o r 2 < ; b - pure Fe 

atomic volume a (900) 

Y (900) 

a (0) 

volumetric % d i f f . 

l i n e a r % d i f f . 

- 12.05 A3 

= 12.17 

= 11.7 

= (12.17-12.05)/11.7 = 1.026% 

= 1.026 * 3 = 0.342% 

2) alternate calculation 

l a t t i c e parameter a, a (900) = 2.90 A 

Y (900) - 3.64 A 

a 3 3 atomic volume bcc = = 12.20 A , a 

3 » atomic volume fee = = 12.06 A , Y 

% d i f f . = 0.398% 
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3) Flynn & T r o j a n 2 2 6 

atomic volume a (900) - 12.05 A 

Y (900) - 12.17 

l i n e a r % d i f f . = 0.342% 

4) T o u l o u k i a n 2 2 7 - average expansion data from several referenc 

- 0.377% 

es 

5) Wray 8 2 - best value from several sources 

- 0.342% 

Conclusion: best minimum value i s 0.342% 

oOo 

di g r e s s i o n : 

Why does s t e e l expand from fee to bec by 0.34%? 

Structure of bee 

2 atoms per unit c e l l 

packing density = — ^ — = 68% 
o 

coordination number = 8 nearest neighbours 

Structure of fee 

4 atoms per unit c e l l 

packing density = — \ — = 74% 
D 

coordination number = 12 
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The change from fee to bee would therefore be accompanied by a linear 
1_ 

7 A 3 
expansion of (-ĝ-) - 1 • 2.9% ( i f atomic radius did not change) 

However, T a y l o r 2 2 5 p. 329 states that a contraction in atomic radius occurs 

in changing coordination number from: 

12 -»• 8 ( 3%) 

12 6 ( 4%) 

1 2 + 4 (12%) 

The linear change of almost 3% almost cancels the 2.9% increase so that the 

resultant increase i s only ~ 0.34% 

oOo 

Now, determine the relative percentage expansion for pure pearlite (0.8% 

carbon) at room temperature by calculating atomic volumes from l a t t i c e 

parameter data. 

From T a y l o r 2 2 5 , the lattice parameter (or unit c e l l length) for retained  

austenite at room temperature i s : 

la t t i c e parameter, a^ = 3.5749 + .045 (%C - .44) A 
3 

a 
Calculating atomic volume for austenite (fee) using V = —r— yields: 
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%c L a t t i c e Parameter (A) 
3 

Atomic Volume (A) 

0 3.555 - 3.561 11.26 

0.4 3.5731 11.40 

0.8 3.5911 11.58 

The corresponding data for pure f e r r i t e at room temperature a r e 2 2 5 ' 2 2 6 : 

l a t t i c e parameter = 2.86 A 

3 
atomic volume = 11.7 A 

3 
a 

where atomic volume for f e r r i t e (bcc) = 
Z . 

The 3 l a t i c e parameters for Fe^C at room temperature are: 

a = 5.0888 

b - 6.7431 

c = 4.5248 

S i n c e Fe^C i s orthorhombic, i t contains 4 molecules per u n i t c e l l so atomic 

volume i s given by: 

c i fo c 3 atomic volume = - j — y ^ - r - = 12.94 A 4 (3) 

S i n c e p e a r l i t e i s r o u g h l y 12% Fe^C and 88% f e r r i t e , i t s values are simply 

weighted averages of f e r r i t e and Fe^C: 
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atomic volume = 11.85 A 

Now, determine the linear expansions occurring from y f e r r i t e and y 

pearlite reactions at room temperature: 

3 

y •» fe r r i t e volume rises from 11.26 to 11.7 A 

= 3.76% by volume 

or 1.25% by length 

3 

y -» pearlite volume rises from 11.58 to 11.85 A 

= 2.28% by volume 

or 0.76% by length 

The ratio of these 2 expansion percentages i s : 
.76 
1.25 61% 

Assuming this same ratio holds at the actual transformation temperature of 

700 - 900 °C, the percent linear expansion for .8% C steel at 900 °C would 

be: 

.61 (.342) .21% 

Thus, the expansion due to phase transformation is expected to decrease with 

increasing carbon content by the function: 

TLE at 900 °C = .342 - .178 (%C) 
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Finally, compare the calculated ratio of 61% against experimental 

measurements of thermal expansion in alloy steels: 

1) Briggs 2 2 8 . 

pure Fe 0.19% @ 900 °C 

.25% C 0.18% @ 700 - 800 °C 

.80% C 0.13% @ 700 °C 

ratio v, = - 68% 
pure Fe .19 

2) ASM Metals Progress Data Sheet 2 2 9 

.23% C 0.37% @ 760 cool 

0.30% <? 820 heat 

.60% C 0.13% @ 680 cool 

•»> 0.17% @ 720 heat 

. . • 6% C • 1 7 era/ 
r a t i o 723%-C- = 730 = I E 

3) UBC dilatometry studies (from Appendix XIII Figures A12.2 and A12.4) 

for 0.14% C = 0.30% @ 720 °C, 1° C/s cool and heat 

0.80% C = 0.20% t? 700 °C, average cooling/heating 
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The experimental r a t i o s f o r the d i f f e r e n c e i n percent l i n e a r expansion 

between high and low carbon s t e e l s are i n close agreement with the previous 

t h e o r e t i c a l c a l c u l a t i o n s . 
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APPENDIX XIII Dilatometer Study to Determine Transformation 

Temperatures f or Off-corner Panel-cracked S t e e l 

The experimental apparatus used i n t h i s study i s described e l s e 

w h e r e . 2 2 3 ' 2 3 2 The specimens were machined from off-corner panel-cracked 

s t e e l whose composition i s given i n Table 9.1. The equ i l i b r i u m transforma

ti o n temperatures c a l c u l a t e d for this s t e e l using Eqs. (7.38) and (7.39) are 

Ae = 815 °C and Ae 1 = 695 °C. I n i t i a l experiments were performed at c o o l -
3 

ing and heating rates of 0.05 °C Is. This value was chosen both because I t 

represents the maximum rate experienced by an average l o c a t i o n i n the 

i n t e r i o r of the ingot and to determine the e f f e c t s of creep during the 

t e s t . 

Since creep proved to be very s i g n i f i c a n t , as evidenced by the curves 

i n Figures A13.1 the r e s u l t s could only be used to estimate transformation 

temperatures. The thermal l i n e a r expansion plots calculated from the 

dilatometer curves could not be used d i r e c t l y . 

The e f f e c t s of creep are l e s s s i g n i f i c a n t for the high carbon s t e e l and 

at high cooling rates, as seen i n Figure A13.2 f o r a 0.8 carbon s t e e l . This 

f i g u r e also demonstrates that the TLE curves f o r austenite and f e r r i t e / 

p e a r l i t e are independent of the path taken between them. This agrees with 

the data of A t k i n s 2 3 0 shown i n Figure A13.3. 
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Figure A13.1 Dilatometer data for slow cooling and heating 
tests f or off-corner panel-cracked s t e e l 
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A sample of the data generated from tests on the low-carbon, 

panel-cracked s t e e l are presented In Figures A13.4. Despite the s i g n i f i c a n t 

influence of creep even at the fas t e r heating rates of l°C/s, s u f f i c i e n t l y 

accurate estimates of transformation temperatures were obtained. 
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Figure A13.2 Length change curves for 0.8% C p l a i n carbon s t e e l 
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500 700 900 
Temperature (°C) 

Figure A13.A Dilatometer curves generated f or off-corner panel-
cracked low-carbon s t e e l specimen subjected to a 
series of l°C/s heating and cooling sequences 



Substituting for a = -Ee: 

a - -E a T exp (-AEt) 

and solving for p l a s t i c s t r a i n y i e l d s : 

e p = e - e Q = aT [ l - exp (-AEt)] 

Inserting the s p e c i f i c data f o r t h i s problem, 

E = 100,000 MPa 

A = 4 x 10~ 8 s " 1 MPa"1 

a = 2 x 10~ 5 °C~ 1 

T = -25 + 208.3" x 2 °C 

y i e l d s the s o l u t i o n : 

e = (0.0005 - 0.00416" x 2) exp (-0.004t) 

E p = (0.0005 - 0.00416 x 2 ) [ l - exp (-0.004t 

a = (50 - 416."6 x 2) exp (-0.004 t) 



S u b s t i t u t i n g f o r a • -Ee: 

a = -E a T exp (-AEt) 

and so l v i n g for p l a s t i c s t r a i n y i e l d s : 

e = e - e = ocT [ l - exp (-AEt) 1 p o L 

I n s e r t i n g the s p e c i f i c data for this problem, 

E = 100,000 MPa 

A = 4 x 10~ 8 s - 1 MPa"1 

a = 2 x 10~ 5 ° C - 1 

T = -25 + 208.T x 2 °C 

y i e l d s the s o l u t i o n : 

e = (0.0005 + 0.00416 x 2) exp (-0.004t) 

e p = (0.0005 + 0.00416" x 2) [ l - exp (-0.004 

a = (50 - 416.6" x 2) exp (-0.004 t) 


