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ABSTRACT

With the ultimate objective of quantitatively predicting
the mechanical properties of steels, a mathematical model has
been developed to compute the transient temperature distri-
bution and austenite-pearlite transformation in an eutectoid
steel rod during controlled cooling. The model is based on
one-dimehsiona], unsteady-state heat conduction and incor-
porates empirical TTT data in the form of the parameters n
and b(T) from the Avrami equation and the CCT start time,
tav-ceT: This data was obtained:using 2 diametral dilato-
meter for an eutectoid steel of composition 0.82% C -

0.82% Mn - 0.26%.Si1 and a grain size of 5-7 ASTM. CCT kinetics
are predicted from the TTT data by_the additiVity principle

originally proposed by Scheil.

The adequacy of the model was checked by comparing model*
predictions of the centre-l1ine temperature of 9 and 10 mm
diameter rods to measurements made during air cooling from an
inftia] temperature between 840 ‘and 870?C. The agreement
obtained was good. Also the conditions determined by Avrami
and Cahn for the additivity princip]é to hold were checked.
| Eyén though model predictions of CCT from:TTT data generally
" were good, the application restrictions were not satisfied.

Thus.a new sufficient condition has been proposed which holds
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for the steel under study and establishes a firm theoretical
foundation for model ca]cu]ations. The condition, “termed
"effective site.saturationf, indicates ‘that for growth
dominated reactions, wherein the rate_of'reaction is governed
by the growth of nuclei nucleated very ear1y in the reatfion,
the kinetics can be considered additive due to the relative
unimportance of subsequent.huc1eation.v This condition sug-
gests that the additivity'ru1e may have a much broader‘range

of applicability than was originally supposed.

The calculation of TTT from CCT has been studied and a
new method, invelving an interative brocedure using the addi-
tivity rule, has been derived. Agreement between calculated

and measured TTT data is good.

Finally thé model has been employed to study the effect
of éenﬁre segregation of manganese on the transformation be-
haviouf'of eutectoid steel rods and also to prédict the
mechanical properties of the same steel. Calculations indi-
cate that segregation can lead to the formation of martensite
at the centre of the rods with faster cooling rates. The
calculation of mechanical properties is based on published
relationships between pearlite sbacing, uﬁdercoo]ing and

mechanical properties.
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Chapter 1

1.1 INTRODUCTION

The mechanical properties of steels depend on their
composition, grain size and structure. Thé']atter is
normally controlled by applying specific cooling conditions
in the last stage of processing. An example is the pro-
duction of steel rods in which after the lTast rolling
pass, the rods are control cooled from,about.900°c by
forced air on a Stelmor line. By adjusting the residence
time of rods and the air velocity in individual cooling
zones, the desired structure, e.g. fraction pearlite and
ferrite, can be obtained. Because the structure has a
strong influence on the mechanical properties, it is imf
portant that the link between structure -‘for each steel
and process variables such as, in -the case of the Stelmor
procéss,_rod diameter, air velocity and line speed is
well established. Up to the present.time,"such links
have been determined empirically. Practices have been
developed in this way, for example, to control rod cooling
and achieve specific pearlite spacings which govern the

1-10

mechanical propefties. -However this approach, on a

plant scale, is time consuming.and expensive. There is
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considerable incentive, therefore, for the development of a
predictive capability, such as a mathematical medel, which
can predict mechanical properties of a given steel as a
function of process variables. ‘This is the subject of

the present study.

Development of a mathematical model to predict mechani-
cal properties, however, is a difficult task owing to the
complexity of ‘the processes which determine structure in}
steels. One major problem is that heat flow and phase
transformation kinetics ére~coup]ed.. In . a controlled éoo]ing
process, the steel undergpes a-continuous change.of tempera-
ture, the '‘rate qf which~dépend510ngthe'1ocatjon within the
steel. At the same time, as.phase transformation takes
place heat is evolved which frequently causes,reéalescence.
Thus the changing temperature field is affected by heat
extraction from, and cenductien.within, the rod as well as
heat generation which depends on the kinetics of the phase
transformation. The transformation kinetics, in turn are

dependent on temperature.

A second problem is that the transformation kinetics
have been characterized empirically in isothermal tests
(TTT) and experiments in which the coolingvrate is constant
(CCT). But neither condition holds at a given location

within the steel shape during cooling. Thus the question



becomes how data obtained in the laboratory can be applied

to the complex.non-isothermal situation of controlled cooling.

Thus'the'mathematica1=mode1'must‘incorpOrate heat
conduction within the steel, heat extraction ffom the sur-
face of the steel and recalescence which: is dependent on |
the coupled phase;transfofmation<kinetics.  The heat-extrac-
tion part of the moedel .is relatively straightforward com-
pared to the transformation kinetics; the latter must be
determined empirically for-each steel composition and austen-
ite grain size. Moreover, as mentioned. above, once the |
transformation data have been measured, usually-under iso-
thermal conditions, a valid procedure must be developéd to
apply the data in the prediction of non+1sothérma1 trans-
formation. The fundamental inter-relationships between the
process variables and the cooling rate arebdeveloped in

Chapter 3.

In the present study it was decided to model the
austenite-pear]ite'reaction'in a  plain-carbon eutectoid
steel. This material transfoerms from austenite to pearlite

at the AC, temperature under equilibrium conditions and

1
does not exhibit any other phases, like ferrite or cement@te,
and hence is simplest to medel. The model, which s de-

scribed in Chapter 4, has . ‘been written to predict the



temperature response of a eylindrical rod, since the heat
transfer and boundary conditions are well defined for such
a shape. Such a shape also has wide industrial applicability
and -is simple to use in experiments under-controlled con-
ditions. The model integrates CCT-and TTT data for the steel
| as measured in experiments described in Chapter 5 and easily
measurab1e process variables such aé initial temperature
and cooling parameters. The model has been validated by
comparing predictions of centreline temperature to measure-
ments described in Chapter 6. ‘The effect of centre segrega-
tion on transformation. has been studied by modifying the
model. Calculations were done to predict the}effect of
centre segregation (of composition 0.80%.C. - 1188%-Mn in a
matrix of composition 0.82% C - 0.82% Mn) in an air cooled
rod, described in Chapter 6. Finally, calculations were
done to derive mechanical properties of-steel rods under
different cooling conditions usﬁng thexmodeiygenerated data

and are described in Chapter 6.



Chapter 2

LITERATURE SURVEY

2.1 Kinetics. of the Austenite-Pearlite Reaction.

A»systematic.study of the austenite-pearlite reaction
was made by Bain.]] - Subsequently several .other studies,
based on measurements of temperature, dilation and hardness

as well as metallographic techniques, were conducted.]z'T8

The most important works, which advanced the under-

standing of reaction kinetics, are those of’JohnSOn—Mehl,]g

20-22 and Scheﬂ.]7

Avrami Johnson-Mehl. gave.a .comprehensive
mathematical treatment of the austenite-peartlite reaction
kinetics. They derived an:equation for kinetics of nuclea-
tion and growth reactions under the following assumptions:

i) Constant nucleation.and growth rates.

it) Random nucleation

ii1) The»reaction.producf forms true spheres except

when during growth, impfngementnon other growing

spheres occur.

With the above assumptions the volume fraction trans-

formed, X, is related to the nucleation rate, N, and the



growth rate, G, by the following relationship:
X = 1-exp (- Eneth) (2.1)

However there is some question: that the,a$sumptions
are valid. Even for an isothermal reaction it is doubtful
that the nucleation rate:remains constant. ‘Undercooling is
the driving force for the nucleation process, and for an
isothermal reaétion,-it may seem possib]e.that'N'may re-
main constant. But this is too simplistic..a view which
neglects the effect of composition,‘structuke“and the trans-
formation product on the phenomenbn.of nuclteation. Brown

36 have'shown”that~1t-is'possib1e=to have a de-

and Ridley
creasing nucleation rate after-about,Zo%mtranSFOrmation.
Other evidence a]so.existS”to suggestithat~nucleation'may
decrease as:the reaction pr'o'c’e'eds.]9 Howewer,”the'growth
rate of pearlite is constant .at avgivenﬁtemperature.36 The
assumption of random nucleation is a]souqueStibnable,
especially in commercial steels which are prone'to some
degree of segregation of elements 1like Mn and P. Also non-
uniformity in grain-size may have an effect.  The assumption
of completely spherical_growth.is, 1ikewi$e; questionable

in the light of micregraphic studies conducted by Kub'an.37
A further difficulty in using Eq. (2.1) iSrfheﬂréquired
determination of N.and G byjconductingvcontroiled experi-

ments. Moreever, reactions of industrial importance are -



usually non-isothermal. Since Eq. (2.1) cannot be used

for non-isothermal reactions, its use is very restricted.

Avrami's formulation is more useful in this regard.
Like Johnson-Mehl, Avrami derived an equation for austenite-

pearlite reactions as:

X = 1-exp (- bt") - (2.2)

where n is a constant and b ‘is - a temperature dependent para-

meter.

Clearly Eq. (2.2) is a more: general form of Eq. (2.1).
Though b and n are empirical constants, Avrami used sound
theoretical principles to ‘derive Eq. (2.2). His treatment
of nucleation rate is superior to that of Johnsoen and Mehl
and:rher: derived a simpler formula for dincluding the effect
of impingement. during growth inithe-vo]umelcaiculation.
Avrami- also showed that his equation included those of pre-

vious authors, like ‘Austin and Ri'c:ke-,tt,]8 Zener,]4'Johnson

19

and Mehl ~ as special cases.

2.2 The Additivity Rule

scheil!’ first enunciated the additivity rule, which

Tinks the isothermal kineties to non-isethermal reactions.

This rule simplified the problem of studying non-isothermal



reaction kinetics. Chrisﬁianzsigave an up-to-date version

of this rule, which states that

t\
fﬂ—:ﬁy =1 (2.3)
0

(See Appendix 1 for derivation.)
where:
t-+ = time for a non-isothermal reaction to reach
a specific amount of transformation;
ta(T) = time to reach the same transformation iso-

thermally at temperature T.

This rule holds true for reactions for-which the in-
stantaneous reaction rate is - only a function of the tempera-
ture and the amount transformed, irrespective df.the previous
thermal histoky.' Avrami's derivation is.very important in
this regard. He showed that Eq. (2.2) describes the kinetics
of additive:. reactions provided the ratiof%“remains constant
over the temperature range of the reaction. He defined this
temperature rangé as the fIsokinetic Rangef,‘ However, be-
cause the change in N with temperature is much more rapid
than that of G for many austenite-pearlite transformations
in steel, the existence of such a range'is.doubtfu].36’37

The. advantage of Eq., (2.2) ever Eq. (2.1) 1is that Avrami

directly addressed the problem of additivity and provided



at least one sufficient condition for additivity to hold.

Despite the questionability of the isokinetic range,
the Avrami Equation, (2.2) with empiriéa11y determined
values of b and n, predicts the nature of the austenite-
pearlite reaction kinetics quite accurately.  The difficulty

lies .in determining the appropriate values of b and n.

2.3 Formulation of Nucleation and Growth

In order to derive ways of finding.b and n, and to
describe the theoretical importance and basis of these,
several attempts have been made to formulate the nuclea-
tion and growth phenomena in fundamental terms. Equations
have been derived for plate-like groewth, need]eg1ike growth,
grain-broundary nucleated growth etc. by several_ﬁorkers;

a comprehénsive'treatment of all of these can be found in
reference (35). The resulting equations,wegsentiale, are
extensions of the Johnson-Mehl  type of*cé]culations and

are subject to similar assumptions. These methoeds ulti-
mately result in the formu]ation"df an equation-like Eq. (2.2)
with different values for the constant n..  Since the vali-
dity of the assumptions made are quéstionabTe, a closer

examination of the reaction kinetics is in order.

2.4 Kinetics of Additive Reactions

In 1956, Cahn.23’24 proposed that reaction kinetics which
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can be described by:

dX _ h(T
s (2.4)

where:
X = volume fraction transformed
t = time
h(T) = a function of temperature
g{X) = a function of volume fraction transformed.

can be expected to be additive. It can be shown that the
Avrami equation can be modified to be of the-same form as
Eq. (2.4) (provided 'n' s a constant ‘independent of T and

X) such that
1
n(-b)" (2.5)

h(T)
and. n-1.

1 (1 n
g(X) =% {109 (1-x)} , | (2.6)

(See Appendix 2 for derivation.)

Hence the Avrami equation describes the -kinetics of
additive reactions. Several authors have .shown -that, despite
the questionable assumptions, the additivity rule holds
true for austenite-pearlite and b'a1'n1’te_reactibns.26’29’39’44
An important featufe of all these works is the assumption

that, irrespective of the reaction conditions (i.e. isothermal



11
or non-isothermal), the transformation .of austenite to
pearlite begins at the equilibrium transformation tempera-

35 in-a very recent work have derived

ture. Hawbolt et al.,
a different method for determining the:"start" of the trans-
formation under noen-equilibrium reactionaconditions. This
procedure is discussed. in -detail in Chapter 6,.andvmay con-
trast with the published TTT or CCT diagrams which show the
"start" line as 0.1% or 1% .transformed.  In .the new pro-
cedure, for assessing the kinetic data, the incubation time
is neglected and the Avrami equation is applied only to
describe the nucleation and growth phenomenon. The start
of the transformation occurs after an inéubation-time tAV
(for'tAVRAMI)' In the present work, this time has been
used as the "start" time. This is a major departure from
the conventional methods of studying the kinétics. The re-
sults from the present work confirm that the_uée of tAV

for additivity calculations giveé“better agreement with

experimental observations.

2.5 Alternative Approaches‘to the Study,ofinnaisotherma1

Reaction Kinetics

28 described a simple and

In 1941, Grange and -Keifer
elegant method of deriving CCT from TTT datd.A This method
was empirical in nature and invelved assumptian'regarding

the kinetics. Though these were simplistic assumptions,
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and hence the reSthS“approxﬁmate;'the'méthOd*is easy to
use. But it did not employ additivity. . HoWeVer, since
this method could not be»justified‘on sound “theoretical
grounds, it has not found much*appTication.‘

16 used

Another method, émpToyed'by Mahning'and'Lorig,
the experimental determination of the “"start" of transforma-
tion during continuous. coeling by conducting controlled-
cooling experiments. These are time consuming procedures
and the results génerated do.not lend themselves useful for

general application.

A new approach to the problem of non-isothermal kinetics

23,24 41 1956. He showed that since the

was given by Cahn
isokinetic range is only a sufficient cendition for addi-
tivity, the ru]e of'additiVity eou]d.a]so.bevapplied to
reactions under a condition called "site saturation". " He
deduced this from micregraphs from*éxperiments«cn eutectoid
alloy steels having a large austenite.grain?size; -In such
steels, the reaction is initiated at grain boundaries where
the nucleation event .is so .rapid that in the very early
stages of transformation (10-20%) the grain boundaries are
saturated with the growing new phase. Nucleation is there-
fore complete in the early stages of the reéetion and plays

no further role. The ensuing transformation is then con-

trolled by the growth rate. Since the growth rate is a
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temperature dependent parameter, additivity-must be expected
to hold. This was a definite new direction in-the work on
kinetics of reactions. By eliminating nucleation as a
variable, ‘Cahn simplified the process of characterising the
kineties by the growth rate alone, thereby‘eTiminating the

assumptions regarding the nucleation rate.

Though the condition of "site saturatioh" increased
the number of. transformations. for Which~the additivity
principle could be applied, this is not é*univer3a1 pheno-
menon. In the work by Kub-an',37 where a p1aiﬁ'carbon eutec-
toid steel waS‘studied,.micrographs«unambiguoqsly-revea1
the absence of grain.boundary saturation. It is possible,
however, that site saturation:.is more probable.in the case
of alloy steels due to the presence of alloying elements
which may encourage -grain boundary.nucleatﬁoh. Also the
effect of grain size on site saturaiion,_needs to .be -
examined. Intuitively, . it would appear graihlboundary site
saturation is more probable 'in larger grain size material
due to the reduced amount of grain boundary area per unit
volume. Cahn's method differs from other empirical methods
in that it has a firm theoretical basis. This isJevident

when comparing Cahn's work withSakamotoz7 andeitze]kov.B’9

26,29,30

These and other workers have employed.curve-fitting

methods, aided by computer-based calculatiaons, to derive CCT
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from TTT. Since these are not based on theoretical con-
siderations they cannoet be cansidered,as.contributions to
the understanding of the reaction kineties.  They find

their use in 'specific situations.

2.6 Mathematical Modelling of Phase Transformations

- "Calculation of CCT from .TTT by using the additivity

15,16.28  <ych calcula-

prihcip]e is complex and laborious.
tions are normally done to .plet the CCT diagram for a
material of a given: chemistry and grain size. . They can
also. be used to calculate reaction kinetics in a material
undergoing processing in industrial situations, e.g., an
infinitely long rod of circular cross-section in a wire

rod mill. To study reactions taking place in such shapes,
under different processing conditions, e.g., cooling rates,
the kinetics must be related to the thermal history, which
is in turn governed by the material prOpertieéfand process
conditions.  Developments in the fields of heat transfer,
solution. of differential equations by finite=difference
methods and rapid computeraaided»ca]cu]ations-haVe resulted
in the formulation of mathematical models to study such
phoneomena as phase transformations, stress fields,

temperature fields, e’cc.?’]"q’z’33

A mathematical model to study reaction kinetics in a

plain carbon eutectoid steel rod was first attempted by
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Agarwal and Brimacrombe.BT "They solved .the second-order
differential equation for heat transfer in an infinitely
long circular cross-section rod by using an‘imp]icit finite-
difference procedure. The kinetics of transformation were
incorporated into the model: by using published TTT data

and additivity. They compared their model-predicted re-

40-and

sd]tS'with the experimental work of Takeo et al.
found that agreement was relatively poor. It was thought
that this might have been due to the TTT. data used in the
model and also the assumption that the transformation,
under non-equilibrium conditions, began at -the equili-
brium transformation temperature. Though the agreement
with experimental results was not good, the work demon-
strated the feasibility of the use of models to study phase
transformations. Thein~study-inditated the need for the

use of appropriate transformation data for successful model

application.

2.7 Scope of Present Work

The present work was undertaken primari]ylto develop
a mathematical model of heat flow and.transformatfon in
eutectoid wire rods using carefully measqred«TTT énd CCT
data. Also, it was decided.fo conduct experiments to vali-
date model calculations. These were to be accomplished by

measuring centre-line temperature of air-cooled steel rods
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‘under controlled conditions of chemistry, grain size and

cooling rate.

Since model calculations would finvolve the use of
additivity, it was decided ‘to examine the fundamental
quantities involved, Tike the nucleation and growth rates.
This work was carried outinde-pendent‘]fy,'by“Kuban,'37 on a
material very similar to the one used in the present'work.
The results from the study{by:Kuban were'eXamined to -check
whether the conditions needed for additivity, like iso-
kinetic range, site saturation etc., did exist in the material
under. study. As mentioned earlier, from Kuban's‘Wdfk,
the follewing observations were made:

i) N and G, for isothermal reactions, are constant

upto about 20% transformation.

ii) N and G vary with temperature. An isokinetic
range, as defined by Avrami, does not exist.

ifi) There is no evidence of site saturation, as
revealed by metallographs.

iv) Calculations, .using N and G values as found
experimentally, reveal that the isothermal
reaction kinetics are much slower -than would be
predicted by the Johnson-Mehl equation.

v) Growth of grains - is not truly spherical,
espécia]]y for large grain size, nor is

nucleation random.
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Since the steels used in.the present woerk and that of
Kuban afe virtually the same: (plain carbon-eufectoid), the
same kinetic conditions apply in both cases. Since it was
found that the conditions required for the additivity
rule to hold, the isokinetic range and site saturation,

did not exist, but that the.model calculations using addi-
tivity agreed well with experimental results, it was de-
cided to re-examine the conditions needed for additivity.

In addition, alternative conditions satisfying the additivity
rule were-also investigated. As a result, a new condition
for additivity, a sufficient.condition, has been proposed

to explain the successful -application of additivity 1in.the
present context. Finally since 1tvis.experimen£a11y more
difficult to obtain TTT data than CCT, due to limitations of
the experimental apparatus, it was decided . to investigate
the possibility of devising a.simple mathematical procedure

to derive TTT from CCT.

2.8 Objectives

The objectives of this study can be . summarized as
follows:
i) To develop a procedure for quantitative pre-
diction of mechanical properties of plain carbon
steel rods control cooled in . a Stelmor-type

process.



i)

ii1)

iv)

vi)

vii)
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To develop a computer-based mathematical model
to calculate the heat flows and austenite-
pearlite reaction kinetics in a plain cérbon
eutectoid steel rod.

To test the adequacy of the mathematical model
by comparing model predictionS'with'measure-
ments of the centre-line temperéture of rods
under different cooling conditiens.

To examine the theory of additivity and explain
its applicability to ‘the kinetics of the experi-
mentally determined austenite-pearlite reaction.
To devise a procedure for calculating TTT from
CCT data.

To use the model tovexamine the effect of segre-

gatien on reaction kinetics and transfermation

.behaviour in plain carbon eutectoid steel rods.

To predict mechanical.properties by using the

information generated by the.model.
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Chapter 3
THEORY OF ADDITIVE REACTIONS

As described in Chapter 2, the conditions necessary
for additivity to hold for the austenite-pearlite reaction,
i.e. Avrami's isokinetic range and Cahn's early sitevsatura-
tion, do not obtain for the reactions observed in the pre-
sent work. However model calculations using additivity
(described in Chapters 5 and 6), show good agreement with
experimental results. Therefore it is necessary to examine
alternate conditions under which the additivity principle

will become applicable.

In this chapter, two new sufficient conditions for
additivity are examined. These are:
i) the additivity range

ii) effective site saturation.

These two conditions have been derived after a careful
theoretical analysis of the fundamental aspects of reaction
kinetics - the nucleation rate and the'growth'rate. The
additivity range, as will be shown in Section 3.1, is an
extension of the isokinetic range. The effective site
saturation criterion, described in Section 3.2, is similar

to Cahn's early site saturation principle. The derivation
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of the effective site saturation criterion has been done in

three stages:

i)

i)

iidi)

It is first derived for a homogeneous reaction
with constant N and G (section 3;2.1).

It is extended to cover homogeneous reactions
with a constant G and a variable nucleation
rate, which includes (i) as a special case
(section 3.2.2).

It is then derivéd for a heterogeneous reaction

with constant N and G. It is also indicated

that the .results for a heterogeneous reaction

with a variable nucleation rate and a constant
G would yield the same .results as obtained in

(ii) (section 3.2.3).

The applicability of the criterion to the present work

"is described and by using experimental results, it has been

shown that the reactions encountered in the present work

are additive (section 3.3).

Finally, a new method has been devised, -using additiv-

ity, to derive TTT data from CCT (section 3.4).' A short

summary of the work done in this regard is also included

in this section to describe the. context and relevance of

this procedure.
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It must be pointed out that the derivations leading
to the additivity range, effective site saturation and the
method of obtaining tAV—TTT from tAV4CCT are original and
must be considered as fresh contributions to knowledge in

this field.

3.1 Reaction Kinetics in the Additivity Range

21

As per Avrami, the extended volume fraction trans-

formed, V for a nucleation and growth reaction is:

ex?
T‘:
v, - of“'Nf“‘ 8 (r-2)% e % a2 (3.1)
0
where
o = shape factor (= %%—for spherical

particle growth)

N = number of germ nuclei at the start
of transformation
8 = G/N

T characteristic time
Since N is independent of time,
T
v =0N‘4f 83 (r-z)3 e ? dz . ‘ (3.2)
ex
0

If N and G are functions of temperature alone, then

T

v =ognN? s3f (1-2)3 7% dz (3.3)
ex /
0
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On integrating Eq. (3.3) and correcting for impingement,

Vo= 1= exp (-v, )8 (3.4)
where
V = real volume fraction transformed,
we obtain,
V = 1 - exp (—bt")Z] (3.5)
where
n = constant
b = function of temperature.

Eq. (3.5) is the Avrami -equation which has been shown in
(Appendix 1) to describe the kinetics of additive reactions.

The temperature range over which Eq. (3.5) holds is the

"additivity range".

The Johnson-Mehl1 equation (Eq. 2.1). is a specific case
of the more general Avfami equation of reaction kinetics.
For an isothermal reaction, for which there is evidence
that N and G are constant for some nucleation and growth
reactionsfathe Johnson-Mehl equation can be applied to
study the kinetics. But by using the concept of the addi--
tivity range, it can be shown that the Johnson-Mehl equa-
tion, with slight modifications, can be used to describe the

kinetics of non-isothermal reactions which are additive.
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.Consider a non-isothermal reaction (a nucleation and
~growth reaction) occurring between the temperatures T0 and

T]OO' In this temperature range, let

N(T) = nucleation rate (a function of temperature
alone)
G(T) = growth rate (a function of temperature
alone)
Vt = real volume fraction transformed at time 't'.
T =T,
v =0 T = T]00
ex 0 Tt Tt+dt v=1
| L | |
- “ dto t=t
t =1 e 100
t =1t

During the infinitesimally small time step 'dt', the

number of nuclei that nucleate = N;(T)dt.

N'(T) = temperature averaged nucleation rate over
the time interval dt
Consider the growth of one nucleus which starts its growth
during dt. The extended volume of this nucleus at time 'tioo'

is:



100 3 24
= ____._____1 - : .
Vey {T _Tf G(T)dT (t;4q t)} (3.6)
100 t
Tt
where: T100
"l »‘
G(T)dT
Tio0 = Tt Jf
Tt

is the temperature averaged growth rate betwéen times t and

t

100°
Hence the volume of all nuclei nucleating between t and
t+dt at t]OOEjs:
Ct+dt T100 3 Ti+dt
5 S R 6(T)dT(t, -t)b [ [N(T)aTd dt (3.7)
Tyag = T 100 dT
"~ 100 t ? :
T
t Tt t

Therefore, the total extended volume of growth of all nuclei

nucleating between to andvt]00 at time t100 is:
100 oo 3 ~Too
t - e |
v100 o o rf 1T LT (taa-t) f —f N(T)aTL dt: (3.8)
ex CT. =T 100 T T
1007t 10070
to To To
6.(T) = —t ‘/ﬂ G(T)dT (3.9)
] Toaq = T
100 0 |

To
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N (T) = ——]———/ N(T)dT (3.10)
T00™ To

To

N](T) and G](T) are the temperature averaged growth rates.

for the reaction. Then, Eq. (3.8) can be written as

Y100

t

Y00 307y . 3

v, —--0/' 6Y(T) - Ny (T) - (t500-1)° dt (3.11)
Y

qch)hanqu;(T) are-functions independént of time. This
is illustrated in Appendix 3. Because of this independence,

G](T) and N1(T) can be taken out of the integral in Eq.(3.11).

ti00

t
100 _ 3
Voy = = o6 301)N (T)f ti00° dt (3.12)

Considering this transformation to have occurred in a unit

volume, at any time "t" during the reaction,

T

Vo= 0-G2(T) * N(T)* J[(Tft)3 dt (3.13)
0
where TT
G (T) = ——~1———rd/. G(T) dT (3.14)
T T
K T



N (T)

I

T
Vex

For spherical

T =
VEX

t _ i 3 -4
AN mexp~{l g Nt(T) Gt(T) t }

For an isothe

t

V' = 1-exp (- T NG

4
s G3(T) N3(T) =
T t 4

particle growth,

ION(T) G3(T) <*
3 T T

el

t
- exp { 'Vex}

rmal reaction, Eq. (3.19)

3 t4)
3

which is the Johnson-Mehl equation.

same form. as

I
3
4

the Avrami equation with

3
N (T) G2(T)

Eq.

(3.20)

can be written

is of

(3.

(3.

as

(3.

the

(3.

(3.

26

.15)

16)

17)

.18)

.19)

20)

21)

22)

Hence Eq. (3.19) also describes the kinetics of additive

o7
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reactions. It holds under the following assumptions:

i) N and G are functions of temperature alone
for non-isothermal reactions.
ii) Random nucleation.

iii) Spherical particle growth until impingement.

The temperature range for which Eq. (3.19) holds is

the "additivity range®".

" 3.1.1 Definition of Additivity Range

The additivity range is the temperature range,
for a nucleation and growth reaction, 1n.which the nuclea-
tion and growth rates are dependent only on the temperature.
Reactions occurring in such a range obey Scheil's additivity

principle.

3.2 Kinetics of Nucleation and Growth Reactions and the

Criterion of Effective Site Saturation

Isothermal reactions which do not follow the Johnsoh—
Mehl equation due to the violation of any bne or all of the
assumptions made in deriving the equation can be termed non-
homogeneous reactions. Such reactions are not covered by
Eq. (3.19). Hence it is necessary to derive a sufficient

condition of additivity for such reactions. Since the
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austenite-pearlite reaction, studied in the present work,
is heterogeneous, it becomes all the more essential.” In
order to study heterogeneous .reaction kinetics, it is

important to understand the kinetics of homogeneous reactions.

3.2.1 Kinetics of Isothermal Homogeneous Nucleation

and Growth Reactions

Assumptions:

i) Constant N and G
ii) Spherical particle growth

iii) Random nucleation..

Number of nuclei formed upto time t = Nt

Number of nuclei nucleating in an
= Ndt

infinitesimally small time interval dt
Y
_@ 3
= of G(t;-t)) "Ndt
t

The;eXtended“gt0wtﬁ:voldméﬁoffa]l nucleiinucleating

The extended growth volume of these

t

1

nuclei at t 1

during the time interval 0 to t, is:
"

fo;G3N (t,-t)% dt

d

vw = 1 (3.23)
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The total number of sites consumed due to nucleation and the

volumetric growth by the end of time t = t1 is:

t] OG3N t?

SeX = ,Ntl +v—~—7r———-«,10 (3.24)
where

I0 = Initial number of available sites for

nucleation.

The rate of site consumption is (obtained by differentiating

Eq. (3.24))
P VTS B I (3.25)
ex 1 70 :

considering a unit volume of material, from Eq. (3.23),

. 3,4
ex 4
Also,
t . oyt
Sex = Nt + I0 VeX (3.27)
.t ‘¢
Séx = N + I0 'Vex (3.28)
For spherical growth (o = %;),
t _ @ 3 .4 _
VeX =3 NG™ t (3.29)
Since
t t
v =1 - exp (- Vex) (3.30)
st =1 - exp (- st) (3.31)
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We have,
V=1 - exp (- TG ey (3.32)
t_ ot |
S*=-:1 - exp (Nt + Io, Vex) (3.33)
LI LR X S
SU = NI AT NG exp -(NEHI V) (3.34)

3

Eq. (3.32) to Eq. (3.34) are the three basic equations
of homogeneous isothermal reaction_kinetics. ‘Eq. (3.32) is
the Johnson-Mehl equation, which is the volume fraction
transformed at any time t during the reaction. This volume
growth is due to the growth of nuclei nucleated throughout
the reaction. It is also possible to calculate the vo]umé4*
tric growth of nuclei nucleating during a specific time in-
terval in the reaction. It is useful teo calculate this
quantity because it will indicate the relative importance
of the growth of these nuclei to the total growth volume.
If the volume contribution due to nuclei nucleating very
early in the reaction to the total volumetric growth at a
very late stage in the reaction is significantly high, then
it can be postulated that the reaction is essentially

growth dominated.

As before, the extended volume of growth from nuclei

nucleating between times O‘and.t] at time tz_is:



t

1 31
t 3/ o3, .
) 0= oG (t,-t) N dt (3.35)
ex 2
O/t] ’
0
_ohed e (t,-t,)" (3.36)
BRI 3
Also, the total extended volume of growth at t, is:
t 3 .4
2 NG™ t
Vi 5 g 2 (3.37)
4
A more general form of Eq. (3.35) is:
t.
J
Y A ,
v = o GON(T-t)° dt (3.38)
ex
t./t.
i’ 73
t.
i
NG> 4 . 4
=0 (T—ti) - (T-tj) (3.39)
4 .

Hence, at any time t during the-reaction, the fractional
volume contributed by nuclei nucleating between the times ti

and tj to the total extended volume transformed is:

Vt
ex 4 |
t./t. (t-t.) " - (t-t.)
Vex t .
If
t. B
'l =

ty 7 Yy
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then, from Eq. (3.41)

t9o

Vexo/t t4} (£ -t )4.
. 20, = 90 v~'90; 205 . (3.41)
ex 90 -

Now if, for this reaction, the growth rate is the domin-
ant feature. (and consequent]y, the nucleation rate is re-
latively unimportant) then it can be ekpected that the frac-
jonal vo]dme contributed by the nuclei nucleating in the very
early stages of the reaction (say, up to 20% transformation)
to the volume transformed at the final stages of the reaction

(say, 90% transformation) must be close to unity.

If the ratio is close to unity, say 0.85, then the
nucleation event after 20% transformation becomes unimportant
and the reaction is growth rate dominated. Since it is known
that the growth rate is a function ofvtemperatufe only for
austenite-pearlite reactions, these reactions can be considered

additive. Hence, if

490 . .
ex ) '
0/t t - ttyn=t .
__=_£_§Q = 90 Ftg 20)':>0.85 (3.42)
90 ts -
v 90 -
ex
t,g ° 2 0.38 tgg (3.43)
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holds for the reaction, it should be additive. It should be
noted that Eq. (3.42) involves the ratio of extended volumes.

It also can be shown, as described below, that

vtgo , 90
0/t eXp
20 st
Seiol P s 4 (3.44)
tag tog
v . V
ex
Since
t . t
y 90 = 1 - exp (-V 90, (3.45)
ex
and
t t
v032 = 1 - exp ,-vezo (3.46)
20 O/t20
t t
VO?% 1 - exp 'Vego
20 0/t20
el A T Ry, (3.47)
v 1 - exp -Vex
Also,
t9o
v ' = 0.90 (3.48)
9o
1 - exp (-VeX ) = 0.90 (3.49)

t
90 B v
Vo n 10 (3.50
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From Eq. (3.43),

t t
y 20 > .85 y 20 | (3.51)
ex - ex
0/ty,

. . Eq. (3.48), combined with Eq. (3.44), can be written as:

90
Vost
20 o 1 - exp (- 0.85 1n 10)
-0, ]
v 90 0.9
> 0.95 (3.52)

The relationship between the ratios of extended volumes
and real volumes -is shown in Fig. (3.1) and Fig. (3.2). There-
fore, from Eq. (3.52), it can be concluded that the ratio of
the real volumes is greater than the ratio of the extended
volumes. Thus, Eq. (3.43), which is the "Efféctive Site
Saturation" condition for constant nucleation and growth rate
homogeneous reactions, can be used to study the applicability
of additivity to such reactions. The criterion is so called
because the nature of conclusions derived by it are essenti-
ally similar to Cahn's site saturation. But it does not
require that nucleation sites saturate physically during the
reaction. Also, the criterion requires only-a knowledge of

and t for such reactions. Hence it is very easy to

tyo 30

use.

The only restriction in using the effective site
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volumes and real volumes.
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saturation condition, as derived in Eq. (3.43), is that N and
G be constant. However, it can be extended to include re-

actions in which N varies with time.

Nucleation Rate Isothermal: Reactions .

If we consider a reaction such that,

No=o Ny (t s tN)
= N(t) (t > tN) (3.53)
As before, upto t =‘tN,
vth - oy g3d (3.54)
ex 3 0 N :
Also,
vt] = LN G3%t4-(t )8 (ty>ty) (3.55)
ex 0 1 T N 1 N '
0/ty :
t.
1
t]' 47 | 3 3
v . —-fe (t,-6)° N(t) dt
eXtN/t 3
ty
..t]
= A G3jf‘N(t) (t]—t)3 dt (3.56)
3
t

N



38

Consider a decreasing nucleation rate,

tgg - t m §
Nt) = NO{————t——-—} (3.57)
90

which is the most probable form of equation based on evidence
in the literature.. Moreover, the application of Le Chatelier's
principle points to the possibility that the nucleation rate
should decrease with time due to the "back pressure" exerted

by the transformed procuct. Eq. (3.57) also implies that

the nucleation rate is negligibly small after t90’ which

again is a reasonable assumption. 'm' is a co-efficient which
will depend on factors Tike compoesition, temperature etc.
Substituting Eq. (3.57) for N(t) in Eq. (3.56), we obﬁain

t

90
N
t t. -t
y 90 = Am oy G3f (t. -t)3 { 90 } dt (3.58)
eXy /t 3 0 90 ot
N/ tog . 90
N
4n N.G3 (t..-t,)"*4
- .0 90 "N (3.59)
2 ,
3 t90 (m+4)
Hence,
t .
90
v T 3 4 4
X0/t 3 NgG™ tgq - (tgg - ty)
_....E_______ = '_t T (3.60)
Verl Veyo 0
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tgg - (tgg - ty) L (3.61)
= m+4
LT B LY SR
fm: '”gmf4)' 90 90 N

The effective site saturation criterion is:

t
v 20
e O/tN .
——% 5 o5 (3.62)
90
v
ex
] -
ty 2 tgg [} . = ]wn (3.63)

q¢4/ ,36»uv‘f'FN3
) CED) {-{tQO} + 1

Eq...(3.63) is the general statement of the effective
site saturation criterion which includes Eq. (3.43). Eq.
(3.63) considerably expands the scope of reactions covered

by the effective site saturation condition.

However, in practice, homogeneous reactions are not
common. This is especially true of the austenite-pearlite
reaction, which is heterogeneous. Micrographic evidence also

7 In

exists to show that grain growth may not be spherica1.3
the work by Kuban,37 the reaction kinetics calculated by

using experimentally determined N and G in the Johnson-Mehl
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equation for isothermal reactions, predicted much fastef
rates of transformation. than those experimentally observed.
Thus, for the effective site saturation criterion to be use-
ful for heterogeneous reactions, it must be extended to

cover the conditions obtained in such reactions.

3.2.3 Effective Site Saturation €riterion for

Heterogeneous Isothermal Reactions

The Johnson-Mehl équation'represents the kinetics

of homogeneous reactions.

A exp (-“% NG t4)

Hom (3.64)

Due to heterogeneity, the reaction kinetics are slower
than that predicted by Eq. (3.64). These kinetics can be

represented as

t _ n
Viet = 1 - exp (- bt") (3.65)

where b and n represent the effect of heterogeneity. We:can
define a factor, called the "Inhomogeneity Co-efficient", as:

t

v
= Hom (3.66)
’ Het

It is not possible, at this stage, to speculate upon

the precise nature of I
37

. Values of It calculated from

the work of Kuban are shown in Figs. 3.3 and 3.4.
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The'inhomogeneity'co—efficient,.lt, helps to character-
ize the degree of inhomogeneity of a reaction, but compli-
~cates the derivation of a criterion of the form-of Eq. (3.43).

“Introducing It;in a slightly modified form, as H

t,‘the heter-

ogeneity co-efficient", helps. accomplish this objective.

' t
t - T -exp -V
vt - VHomj - XHom
" Het I I
t t
=T - exp - H.- vtX (3.67)
€ Hom
Since
t T wnd L4 n
H,-V"~ = H, — NG t7 = bt (3.68)
t exHom t
H, = —R -4 (3.69)
b1 yg?
3.

As for I, it is difficult to predict the nature of Hy
for different reactions. Values of Ht for the reactions
studied by.KUban'are.summarized in Table 3.1. As can be seen
from this table, the va]uev_of.Ht is constant for some reac-

tions ‘and -varying for .others.

For a heterogeneous.reaction with constant N and G,

we have,
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Table 3.1  Summary of Heterogeneity Co-efficient Calculations

Reaction Auétenitising Range of Average
Temperature - Temperature | Hy He

(°c) GO

640 800 0:04 to 0:26 0.10
640 840 0.04 to 0.48 0.15
640 950 0.07 to 0.09 0.08
640 1100 0.03 to 0.035 0.033
690 800 0.13 to 0.23 0.17
690 840 0.0018 to 0.0034 0.0024
690 900 . 0.05 to 0.027 0.17
690 - 950 1.4 tb 12.3 4.42
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¢ .
90 T 3 .4
v = H NG™ t , (3.70)
Xlet tog 3 90
t90 3 4 |
20" "90
Vt90 = H s 1\1(5.3[1;‘4 ~ftgast )4] (3.72)
ex t 90 Y90 7720 ’
Het 90 3
07ty

Since the effective site saturation condition is:

t
v 90

ex

0/t
_—'-t_ﬁ- 0.85
ex

for a heterogeneous reaction,

4 4 |
t - (tgn~ton)
30 90 ‘20 > 0.85 (3.73)
4
t90
t,n > 0.38 t (3.74)

Eq. (3.74) is the same as Eq. (3.43). The same derijva-
tions can be done for a variable nucleation rate reaction
with the same results as obtained in Eq. (3.63). Thus, the
effective site saturation criterion remains unaltered for

homogeneous, and heterogeneous reactions.
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3.3 Validation of the Effective Site Saturation

Criterion by Experimental Results

The effective site saturation criterion was applied to
experimental results to check its validity. The model pre-
dictions, using additivity, show very good agreement with
experimental results in the present work, indicating thét
additivity holds under the experimental conditions encounter-
ed. The material used and experimentai_conditions are
virtually the same 1in the present work and that of Kuban37
and hence'compahable:in terms: of kinetic behaviour. The re-
‘suTts of voTumeicontribution calculations for experiments
conducted byKuban37 aré summarized in Table 3.2 and show
very good agreement with the result expected:from,Eq}’(3.74).

t
Table 3.3 shows: the .calcutation of the ratio Egg for the
. . : ‘ 90
experiment conducted by Kuban.37 Table 3.4 shows the same
ratio calculated. for experiments conducted in the present

30,43.50 145 yalues indicate very good

study and othefs,
agreement with the effective site saturation criterion. The
above results validate the use of the effectivé site satura-
tion criterion to ensure additivity in reactions. They also
establish a firm theoretical framework for-using additivity

in the model calculations.

3.4 _AppTicationﬁof2Addﬂtivity to Derive TTT from CCT

by ‘the Additivity Method

An important application of the additivity rule is the



Table 3.2 ° Summary of Effective Site.Saturation Calculations

Reaction r Austenitising | Volume Contribution*
Temperature Temperature | -~ (%)
(°c) (°c) Extended Real
: _Volume . Volume -
640 800 86 - 95°
640 840 82 94
640 950 .9 98
640 1100 97 99
690 800 94 98
690 840 93 97
690 899 88 96
690: 950 85 95

- *Volume contributed by nuclei nucleating between 0 and 20%
transformation to the total volume transformed at 90%

transformation.



Table 3.3. Effective Site Saturation:CriteriOn Values

Steel Chemistry: 0.78 C Eutectoid (plain carbon)

Reaction Austenitising
Temperature |  Temperature 2 Yy fjgl
(°C) (°c) (s) (s) | ‘Yoo
640 800 - 3.22 8.38 0.38
(9.1 ASTM)
640 840 3.08 8.93 0.34
‘ (7.8 ASTM)
640 950 6.8 12.7 0.53
(7.3 ASTM)
640 1100 31.76 55.14 0.58.
(3 ASTM)
690 800 51.1 101.4 0.51
(9.1 ASTM) ’
690 840 119 243 0.49
(7.8 ASTM)
690 900 918 2275 0.40
(7.5 ASTM)
690 950. 847 2301 0.37
(7.3 ASTM)

(Data from Reference 37.)



Table 3.4 Effective Site Saturation Criterion Values
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Experimental Conditions Reaction ‘ the tgo tz_o Reference
Temperature i t90 No.
(°c) (s) (s) '
0.82 C Eutectoid Steel 660 32.4 72 0.45
Bustenitised at 850°C for 5 mts 650 13.5 25.9 0.52 *
5-7 ASTHM 630 5.6 9.8 0.57
615 - 3.25 5.4 ' 0.62
603 3.15 5.4 0.58
0.78 C Eutectoid Steel 500 4.20 0.76 .
Austenitised at 875°C for 30 mts 540 4.8. . 0.74 43
5.25 ASTM ' 600 6.4 10.0 0.64
0.80 C Eutectoid Steel 630 8.0 20.0 0.40
Austenitised at 875°C for 30 mts 650 23.0 42.0 0.54 43
4.25 ASTM 690 700.0 1100.0 0.63
1.10 C Eutectoid 662 4.7 6.5 0.72.
5 ASTM .
0.57 C Eutectoid 691 80.0 200.0 0.40
5 ASTM
0.93 C Eutectoid 689 35.0 46.0 0.75 43
1 ASTM
A1l Steels Austenitised at
875°C for 30 mts
SKD-6 5. 95 200 0.475 30
670 340 830 0.410 -
SKS-5 632 3 55 0.56
Austenitised at 1100°C for 15 mts 622 24 42 0.57 ,
' 612 19 34 0.56 S0
601 16.5 30 0.55

* Present work.
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determination of CCT from TTT. In the 1Titerature, several

attempts have been made. in this direction.)2*1®

The deriva-
tion of CCT from TTT is possible only after the ekperimenta]
determination of the TTT data. But the eXperimentai deter-
mination of TTT is very difficult. To determine the TTT,
the specimen must be cooled from.the austenitising’tempera—
ture (usually around -850-900- °C).to the isothermal test
temperature (usually around 650 °C) in a very short period
of time, usually a second or two. This must be done in
order to ensure that the transformation does not begin be-
fore the test temperature is reached. This calls for cool-
ing rates of the order of 100 to 150 °C/s or more which are
very difficult to achieve. In a salt pot, which has been
the medium used by several workers in the 1iteraturé to
achieve such cooling rates, it is impossible to do so. Hence
this introduces an. error in the experimental measurements.
Also it is impossible to ensure equal cooling rates at all
locations even in a thin disc-shaped specimen in a salt pot
quench. On the other hand, CCT data is much simpler to
determine experimentally and more accurate. Thus a method
for determining TTT from CCT is very much needed to check
experimentai TTT results. The present study enumerates a
simb]e iterative procedure called the "additivity method“,
for deriving the IIT from the CCT. This procedure is easy
to use and much Tess time consuming when compafed to the

lengthy calculations suggested by othevr*s..]s’]6
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z

3.5 Derivation of TTT from CCT by the ‘Additivity Method

The TTT curve can be ekpressed by a mathematical equation.

- X cX .
where
tavoTTT = TTT start time at the temperature T
a, b, ¢ = constants .
X = TA]n- T
TA] = equilibrium transformation termpera-

ture of the material
The CCT start can also be expressed in a similar form as

Tavocer = 2y bypoer (3.76)

The constants a;, b c, in Eq. (3.76) can be calculated

1° 71
by using a multiple-regression procedure by using experiment-
ally determined tAV-CCT values. By using additivity and the
iterative procedure to be described, the constants a,b,c

in Eq. (3.75) can be determined.

To start the iterative procedure, an estimate of a,b
and ¢ must be made. This can be done by using published TTT
diagrams as. a guide or can be determined on any arbitrary
basis. A proper estimation of these constants results in a

reduction of the number of iterations needed to determine
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the correct TTT start curve. Hence the estimation of these

constants is not crucial to the success of'thé.method. The

TTT start curve determined by the estimated constants a, b

and ¢ is the first approximation to thg correct tAV-TTT'

Consider a cooling rate A °C/s. The principle of

additivity states that

tav-ccT
‘/' dt )
C—
CAV-TTT
0

for a constant cooling rate, Eq.

tav-ceT

jf _dr

CavoTTT

i

| —

tAv-cer

j’ _dT -

CAV-TTT
0

] (3.77)

(3.77) can be written as:

1 (3.78)
A L§f79--

The Eq. (3.79) can be approximated by

tav-ccT

v AT
% Ty

0

= A (3.80)
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As AT +0, Eq. (3.80) becomes the same as Eq. (3.79).
For the cooling rate A, the Tay_ccT can be found from the
CCT curve. Using tAv_TTT'Calculated at each temperature,
from T,, to the TﬁV—CCT in steps of AT, by using the Eq.
(3.75), the LHS of Eq. (3.80) can be calculated. If this
is greater than the RHS, the first approximation of the
TTT upto Tpy_ce7 1S to the left of the correct tpy_177-
If the LHS value is A1, then by multiplying all the tAV-TTT

A ' . . .

values upto TAV—CCT by A]/A, the identity expressed in Eq.

(3.80) will hold true upto T Now, using these values

A AV-CCT"
of tav_ccT UPTO Toy_ccpe the constants a, b and c in Eq.
(3.75) are recalculated by using a multiple regression pro-
cedure. This equation is used in the next iteration for

calculating the LHS in Eq; (3.81). A cooling rate A, °C/s is

1
now chosen such that‘A] >A. The calculations, as done during
the first iteration, are repeated, now upto a new TAV-CCT“
This procedure is carried on until the correct:tAv_TTT is
obtained. The iterations can be stopped, when required,

depending upon the needed accuracy.

The theoretical justification for the iterative pro-
cedure is as follows. For a cooling rate A, for an additive
reaction, Eq. (3.80) must hold. If the LHS of Eq. (3.80),
calculated using the first approximation for tAV—TTT’ is

A then

'l’
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tav-ccT
S = A (3.81)
AV-TTT
0
A
tAv-cTT
© AT
" ) N (3.82)
Ay 2 CAy-TTT -
0
A
tav-ccT
AT
[N ) R (3.83)
R tav-TTT
A
tav-ccT
2 = A (3.84)
1 i
A RAviTTT

A
. . : A 1
by multiplying tAV-TTT upto TAV-CCT by-7r3 we can ensure

that Eq. (3.79) will hold. Fig. 3.5 is a pictorial representa-

tion of this procedure.

This iterative method was used to predict the t for

AV-TTT

AvV-TTT. 379 tay_cet

are, respectively, the incubation periods for isothermal and

the material used in the present work. The t

continuous cooling rransformations. . The details of the



(°C)

Temperature

°C/s

Time . (s)

Figure 3.5 Nomenclature of parameters used to

characterize isothermal and continuous

cooling reactions.
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calculations are shown in Appendix 4. The éAV—TTT values
calculated by the iterative procedure'and'that found by
experiments are compared in Table 3.5%. As can be seen

from this table, the agreement between predicted and
calculated values is quite good. B. Hawbolt e-t-a.].5 have
reported that, in their experiments, the additivity rule

did not work well in the incubation period. This is contrary
to the observations in the present work. Since the nature of
the reactions in the incubation period (growth of embryo to
nucleus) is essentially the same as in the region beyond

the incubation period, it is possible to expect the addi-
tivity rule to work in the incubation period.as well.
Calculations to find the values of the LHS of Eq. (3.80) have
been accomplished by a FORTRAN computer program. A listing

of this program .is shown in Appendix 5.



Table 3.3.

Comparison of Experimentally Determined and Calculated

(by the Additivity Method) t

AV-TTT .
Temperature tAV-TTT
(°C) (s)
Experimental Calculated .

680 43 41.3
670 5.6 12.9
660 6.2 5.7
650 3.0 3.2
630 1.8 1.8
623 1.6 1.7
615 1.5 1.6
603 1.9 1.8

57
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Chapter 4 .

- 'DEVELOPMENT OF A MATHEMATICAL MODEL.

TO STUDY PHASE TRANSFORMATION

4.1 Introduction

In this chapter, a description is given of the}mathe-
matical model developed to predict the phase transformation
of austenite to pearlite in a plain carbon eutectoid steel.
The model is based on experimentally measured TTT and CCT
data. To characterize the non-isotherma1/austénite-pearlite
reaction kinetics, the principle of additivity has been used,
the theoretical justification for which has been given in
Chapter 3. The model, in its present form, can be used to
predict the temperature response in an "infinitely" long
plain carbon eutectoid steel rod of circular cross-section

being cooled in air.

4.2 Model Formulation

For a cylindrical rod cooling in air, heat flow to the
surroundings is governed by heat conduction within the rod
and heat trqnsfer from the surface of the rod. The heat
conduction in a rod undergoing cooling in a medium is given
in quantitative terms by the following equation:

89 k.1 LK 3T L& o 9T |
Ir K Y + " p C (4.1)



where:

LOe

AP

I

n
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thermal conductivity of the rod material
radial distance from the centre of the rod

temperature of the rod

specific heat of the rdd material |

density of the rod material

time

volumetric rate of latent heat liberated due
to the austenite-pearlite transformation.

This term is zero when there is no transforma-

‘tion. taking place.

(4:1) is valid under the following assumptions:

Infinitely .1ong rod.
Negligible axiq] heat flow.
Radial symmetry of temperature
Uniform initial temperature

Uniform circular cross-section.

These conditions apply to a wire rod undergoing cooling

in a controlled cooling process such as Stelmor cooling.

The boundary conditions are:

i)

ii)

_ 8T
t>0, r —-0,. - K T 0

- T -
t>0, r=r_, - K h (Tr Ta)
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where
r = radius of the rod
h = surface heat transfef co-efficient
T = atmospheric temperature

T = surface temperature of the rod.

The initiaT’condition is:
t=0,0<cr<r,, T =T,
T. = uniform initial temperature.

i

Solution of Eq. (4.1) with the proper constants will
give the thermal history of the rod under a given cooling
condition. Incorporation of the 1atent+heat.1iberation term
in the heat-transfer equation requires . a knowledge of the
kinetics of the austenite-pearlite reaction. This term can

be calculated as:

dpp =0 H:-.'A‘Z‘i“"‘ (4.2)
where

H = enthalpy of the austenite-pearlite reaction

AFAP = volume fraction transformed during the

time At.

Calculation of AFAPvmust be done by using taveceT and
the principle of additivity, as described in Section 4.4.

Owing to the complexity and the amount of calcu]ations}



Fig.

Simplified Computer Prograz Flow Chart

Begin

Read Input Parameters
Specify Initial Conds.
No. of Nodes of Heat
Transfer Coefficient

_.<_

I

Time steps
J=1,2 ... n

N

.

Calculate Thermo-
Physical Properties

For
Each Node
1s Temp of Node

Solve Tridiagonal
System. Csalculate
New Nodal
Temperatures.

v

4.1

Write Time and
Temperature of
Centre and Surface
Nodes

v
e )

Yes

Record the
Time

For
Each Node
Has Transformation
Begun?

Calculate Fractionm
Transformed Recalculate
Thermo-Physicel Properties

!

Solve Tridiagonal
System. Recalculate
New Nodal Temperatures.

1s
No. of Iteretions
= TTMAX?

YES

Computer program flow-chart.

61



62

involved, it is appropriate to solve Eq. (4.1) subject to
the boundary and initial conditions with the aid of a

digital computer.

4.3 Computer'Progfém

Solution of Eq. (4.1) can be accomplished by using a
one-dimensional implicit finite-difference approximation.
(The diagonal system of equations .is shown in Appendix 6.)
The node arrangement, the finite difference equations and
the tri-diagonal system of equations was solved by using
the Gaussian elimination method. A flow chart of the
computer program is shown in Fig. 4.1. Some important

features of the program are:

i) Thermal conductivity and 'specific heat have

been considered as functions of température.46

i) Density is assumed.constant to keep the node
size constant.

iii) The'tAV4CCT“haS been used .as a.function of

temperature. - The relationship between

tay_cct and time can be found from the equation

- B Cx
where
A,B,C = constants
X = TA] - T
T = Temperature.
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The constants A, B and C were found by a multiple-regression

procedure.

jv)

v)

vi)

Because of the relationship between éAP.and AF pp>
Eq. (4.2), an iterative précedure was required

at each time step, after the start of transforma-
tion, to check for cohvergence.‘ It was found that
within 3 to 4 iterations, the temperature values
at the nodes converged to give a difference less
than 10'4 °C for successive temperature approxi-
mations.

The number of nodes and the time step must be
chosen carefully, depending on the rod size and
the cooling rate. The node size must be not

more than 0.25 mm. The time-step interval could
be 1.5 for slow cooling rates (1ess than 10 °C/s)
and should be approximately 0.1s for faster cool-
ing rates.

n and b in the Avrami equation, Eq. (2.2) have
been incorporated as functions of temperature.
These functions are calculated in separate sub-

routines.

The program was checked for internal consistency by

comparing the solution generated by assuming aAP = 0 and
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constant thermophysical properties for an eutectoid steel
with an analytical solution of Eq. (4.1). The results
agreed to within 2% of error and are shown in Appendix 7.

A comparison was also made for the case of - small diameter
rods with negligible internal resistance. The above

checks confirmed that the program-is free of togical and
other érrors. A complete listing of the program is given
in Appendix 8. The model calculates the temperature pro-
files at all locations inside the rod‘undergoing cooling.

The model output consists of:

i) Temperature of surface and central nodes and
the corresponding time.

ii) Start time and temperature of transformation
at surface and central nodes.

iii) Volume fraction transformed at surface and

central nodes at each time step.

By plotting the time-temperature data generated by
model, for a given cooling condition, the amount of re-
calescence can be calculated and the temperature range
over which the transformation takes place can be determined.
By plotting the volume fraction.transformed-time predictions,
the course of the reaction during the process of cooling
can be charted. Typical time-temperature plots from model
predictions for a steel rods of composition 0.82% C--

0.82% Mn - 0.26% Si (Grain size 5-7 -ASTM) and diameters
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5.5 mm, 20 mm: and 25 mm at different cooling rates are
shown in Figs. 4.2 and 4.3. Typical calculations from model
predictions for.the same material are shown in Table 4.1.

4.4 Program Logic

The rod diameter, number of nodes, initial temperature
of the rod, ambient temperature (or the temperature of the
cooling medium), the surface heat transfer co-efficient and
the time-step are input to the program. In the pre-
transformation peried, say upto. 700°C (this depends upon the
rod diameter and the cooling rate for a given material) the
tri-diagonal system of quations is solved at each time step,
in the absence of transformational heat, to determine the
new temperatures at all nodes. After these temperatures are
determined, each node is checked, against t,,_ ccy» to deter-
mine whether the transformation has begun at that node.

If the transformation “"starts" at any node, the fraction
transformed is calculated, for this node, by using the

th

principle of additivity. In general, at the j-1 time

step, for the ith node undergoing transformation,

. . . i
i -1 _ i A n(T:_4)
Fig 1-exp. b(Tj_]) o5 3 1 (4.4)
where
F;-] = volume fraction transformed at node i

during the time step j-1
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Steel: 0-82%C, 14

0-82 %Mn, 026%S|
Grain Size: 5-7 (ASTM)

4.

20 40 60 80 100

Typical mode1 pred1cted ceﬁtre 11ﬁe ‘tempera-
ture response for an air- coo]ed steel rod.
(Rod diameter = 5.5 mm) |

(Figures on the curves indicate the air

velocity in m/s.)
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Table 4.1

Typical Model Predictions of Undercooling and Recalescence at

the

Centre-line of Air Cooled Steel Rods

Steel: 0.82% C - 0.82% Mn - 0.26% Si
Grain Size: 5 - 7 ASTM
Rod Diameter ‘Air Velocity . (m/s)
(mm) 0 20 [ 40
Minimum (°C) 69 92 -
5 Maximum (°C) 83 135 -
Recalescence (°C). 14 43 -
Cooling Rate (°C/s) | 4.38 24.32 -
Minimum (°C) 60 76 81
10 Maximum (°C) 81 103 109
Recalescence (°C) 21 23 28
Cooling Rate (°C/s) | 1.9 8.5 12.6
Minimum (°C) 54 65 69
20 Minimum (°C). 72 84 86
Recalescence (°C) 18 19 17
Cooling Rate {°C/s) 0.9 3.4 5.0

Note: Minimum = Minimum undercooling (= Tay - T)
Cooling rate at TA]

89
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b(T' ) = value of co-efficient b in the Avrami
1

equation at the temperature of the ith

node at time step j-1

- %_1 = .time taken to transform the cumulative
fraction F;_z at the temperature T}-l
n(T}_]) = value of the co-efficient n in the Avrami
equation at the ith node at temperature
Tiq-
For the-jth time step,
Flo= 1 - exp -b(Tl) @ "(Ti) (4.5)
J J J ’
where . - i - ]i -
N 1 n(Tj)
in ———— |-
1 - F!
i - d-1
0 = At : (4.6)
b(T.
(71)
L .4

Then the additional fraction transformed during the time

interval j to j-1 is:

and the corresponding latent heat liberated is:

= oH 9—{- (4.8)

C.]AP j
sJ j
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Equation (4.6) is the mathematical statement of the addi-
tivity principle. This calculation, when ultimately used
in Eq. (4.8) and subsequently'as a term in the .tri-
diagonal system of equations, provided for the effect of
reaction kinetics on the time-temperature response of the
rod. Thus, the difficulties encountered in the direct
measurement of reaction kinetics by means of the nuclea-
tion and growth rates have been overcome by linking the
kinetics to a more easily and accurately measurable variable,

like the temperature.

Once the transformation is detected and the amount of
transformation calculated, the co-efficients of the tri-
diagonal system are calculated. Then the new temperatures
at all nodes are calculated for that time step, including
the effect of the latent heat of transformation. Since the
rate of the latent heat Tiberation,is of the form given in
Eq. (4.7), an iterative procedure is necessary to check
for stability of temperature. This is done and it has been
established that four iterations are needed to give stable
temperatures. This proceddre is repeated for subsequent
time steps until transformation is complete at a1]‘nodes.
The program execution is términated after a predetermined
total time value is reached, which depends on the diameter
and cooling rate. At each time step, for each node, the
temperature dependent properties (thermal conductivity and

specific heat) are calculated. Since these also depend
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upon the transformation, the properties for austenite and
pearlite for eutectoid plain carbon steel.haye»been in-
corporated into the program as temperatureffunctions.

During transformation, the program adjusts the values of
these variables at all nodes, according to the amount of

transformation and temperature.

In order to make the program efficient, several counters
have been employed. These restrict the number'of times a
loop is used, thereby reducing program execution time.
Since the tAV-CCT’ thermal conductivity and specific heat
are material specific properties, the program, in its pre-
sent form, can be used only for the 0.82% C - 0.82% Mn -

0.26% Si eutectoid steel of grain size 5 to 7 ASTM.
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Chapter 5

EXPERIMENTAL

A11 experiments.have been conducted on a plain carbon

eutectoid steel having the composition shown in Table 5.1.

5.1 O0Objectives of Experiments .

Experiments have been conducted in pursuit of the fol-

lowing objectives:

i) To determine the TTT "start" line and to
charactize the kinetics of the austenite-
pearlite reaction under isothermal conditions.

ii) To determine the.CCT “start" line for a range of
continuous cooling rates.

iii) To measure the time-temperature response at the
centre-line of air cooled steel rods under dif-

ferent cooling conditions.

5.2 Experimental Procedures

5.2.1 TTT Tests
The isothermal kinetics of a eutectoid plain car-
bon steel were obtained in a nitrogen atmosphere using a

diametral dilatometer and .a thermocouple attached to the



Table 5.1 Steel Composition

C 0.82%

Mn 0.82%

Si 0.26%

S '0.01%

P 0.016%
Cu Nil

Ni < 0.004%
Cr 0.02%

(Plain. Carbon Eutectoid)
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centre of the outside surface of the specimen. The testing
chamber was evacuated with a mechanical forepump, after which
nitrogen was introduced to obtain a positive pressure. This
was fepeated 3 times to ensure a low oxygen.content in the
atmosphere. A complete description of the apparatus used

can be found in reference 35.

The tests were conducted on tubular specimens of 8mm
0D x 6 mm ID x 75 mm long. These specimens were machined
out of rods of 10 mm 0D x 150 mm length. The solid rods
were used in the centre-line temperature tests. This was done
to ensure that the material characteristics in all the tests
(i.e. the TTT, CCT and centre-line temperature tests) were

identical.

~To ensure uniform wall thickness of the tubular speci-
mens throughout the length, a»procedure developed by Hawbolt
et a1.35 was employed. A Chromel-Alumel thermocouple was
spot-welded to the surface of -the specimen at the centre. A
quartz tipped dilatometer was also attached at this same
diametral plane on the specimen. The temperature and
dilational history of the specimens were recorded on a con-

tinuous chart recorder, during each test.

Each specimen was mounted in the apparatus (Fig. 5.71)
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and austenitised by resistance heating te 850°C and held

for 5 minutes at this temperature. . The specimen was then
cooled to 740?C and held for 1 minute. Then it was cooled

to the desired isothermal transformation temperature. A
controlled flow of nitrogen gas over the external surface and
through the internal core was used to cool the specimen to
the test temperature. The maintenance of a.nitrogen atmo-
sphere in the specimen chamber tends. to minimize the decar-
burization, though it does not eliminafe it. Metallographic
examinations revealed that decarb Was less than. 10% of the

wall thickness and hence did not seriously affect the results.

The diameter of the specimen during the test was
measured by the dilatometer. Due to. the diménsjona] changes
accompanying the austenite-pearlite transformation, the
dilatometer measurements, in conjunction with the thermal
history'récorded by’fhe thermocouple, could be used to chart
the course of transformat1on.dur1ng the tests. 1In all,

eight TTT tests were conducted between 680°C and 603°C.

5.2.2 CCT Tests
The details of heating and cooling of thé speci-
mens are the same as for thé TTT tests. .The difference is
only in the continuous cooling conditions employed. After

heating each specimen to 850°C and holding for 5 minutes,
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then cooling to 740°C and holding for an additional 1 minute,
it was then cooled down at different coeling rates (varying
frem 2°C/s to 50°C/s). The different cooling rates were
achieved by varying the amount of flow df nitrogen
passed over the inéide and the external surface of the speci-
men. As in the case of the TTT ‘tests, the temperature and
dilational history were recorded continudusly during the
tests. Sixteen CCT tests were conducted, some of which were
duplicated. The reproducibility observed in these also
reinforces the conclusion that the decarburizatipn was mini-

mal and did not seriously affect'the test results.

5.2.3‘Centrevl1ne~Temperature-Measurements-in Air-

Cooling Tests

Solid rod specimens of at least 150 mm length were
machined to 10 mm diameter. from the original hot rolled 12.5
mm diameter. rod stock obtained from a loecal supplier. A
centre hole of 3 mm diameter and 5 mm depth was drilled and
tappedjto the centre of'each.rod’a]ong»a-radiai line. A
threaded plug, of the same steel, was made, with a 1.5 mm
hole at its centre; this was screwed into the threaded hole
in the rod. The specimen assembly is shown in Fig. 5.2.
The hot junction of a 4 thou dijameter Chromel-Alumel
thermocouple was held in contact with the rod centre-line by
the plug. The thermocouple wires were encased in a ciramic

sheath. The 0D of the sheath was 1.5 mm, :thus fitting
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tightly into the hole at the centre of the plug. The cold
junction of the thermocouple was maintained in an ice-water
bath. The thermocouple leads were connected fo a chart re-
corder to record the temperature of the centre-line of the

specimen continuously during the cooling test.

The specimen, with the thermocouple firmly embedded in
place, was placed in an electrically heated‘furnacé main-
tained at a temperature of 850°C. The specimen attained
the furnace temperature, typically, within 3 -minutes. It was
held at this temperature for 5 minutes, then withdrawn from
the furnace and allowed to cool in air. In order to obtain
different cooling conditiens:air was blown across the surface
of the rod transverse to the axis. A'schematic diagrém of
this procedure is shown.in Fig. 5.3. By using different air
velocities, a range of cooling rates, from 4°C/s to 70°C/s,
was obtained. Each rod specimen was used once for a test
and then discarded, thereby preventing decafbur?zation from
affecting the test results. Some of the specimens, after
the completion of the tests, were examined under the micro-
scope for grain size measurements and structure. The grain
size measurements were done .on specimens heated to 850°C,
held for 5 minutes, and quenched .in water. This procedure
allows for some transformation of austgnite‘tO'pearTite and

the remainder transforms to martensite. On polishing and
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-— Specimen

Air Flow
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Fig. 5.3 Arrangement of ‘air source and specimen during

centre-line temperature measurement tests.
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etching, the original austenite grain boundaries become
visible. This micrograph was then compared with the stan-
dard ASTM grain size chart. The grain size so determined
vgave a range of 5 to 7 ASTM as the grain size for the
material used in the tests. This was confirmed using another

43 In this method, the number

method of measuring grain size.
of grain intersections on a circle of a specific diameter
superimposed on the micrograph are counted.: The grain size

(ASTM) dis then given by the formula:

G(ASTM) = -10.0 - 6.64 1n L3
where '

L i

3 = =
P-M

P = number of grain intersections on the cir-
cumference of the superimposed circle

M = magnification

LT = circumference of circle (cm)

The austenitising treatment and hence.the grain size,
the test conditions and the constancy of material character-
istics obtained in the TTT, CCT and;centreJJine.temperature
measurement tests ensure that the experimental conditions

were the same for all specimens.



Chapter 6

RESULTS AND DISCUSSION

During the TTT and CCT tests, the diametral response of
the specimen and the temperature were recorded continuously.
Typical results from these tests are shown in Figs. 6.1 and
6.2. Using these .results, the tAV—TTT and the tAV-CCT have
been calculated, as described in sections 6.1 and 6.2. A
comparison between model predicted and experimental time-
temperature profi]es measured at the centre-line of air-
cooled steel rods.is discussed .in. section 6.3, followed by

analysis and discussion of the experimental results.

6.1 TTT Test Results

To calculate the "start" of transformation, the data
from the diametral dilatometer recordings was used. The
fractional diameter;change_is equal to the fraction trans-.
formed. From the dilatometer response, ajgraph of
n 1n.(T%?J-versus;1n time (X = volume fraction transformed)
was plotted for each isothermal test. The empirical Avrami
equation, Eq. (2.1), was then used to find the "start" of

the transformation by the following procedure.

i) For values of X = 0.1, 0.2, 0.25, 0.30, 0.40,
0.50, 0.60, 0.70, 0.75, 0.80, and 0.90, the
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corresponding 't' values=are obtained for each
test from the dilatometer data. The 't' values
are adjusted to correspond to t = 0 at 728°C
(TAl temperature).

ii) These values of X and t are used as data for a
computer program which calculates the co-
efficients of a linear regression line fitted
to the Avrami equation, Eq. (2.2).‘ The program
uses a variable 'tAV', called "Avrami time",
which is the "start" time of the transformation
for a given test. During program execution, the
value of 't, ', starting with t,, = 0 at Ty, and
incremented in predetermined steps, is subtracted
from all values of 't'. A linear regression is
then done and . the regression coefficients printed
out along with the sum of differences. This
procedure .is repeated for each value of "tAV“.
The regression fit which gives the least sum of
differences of squares is the "best—fit" line for
the data and the corresponding value of the "t,,"
is the "start" time of transformation for the

given test. temperature.

The TTT "start" time determined by the above procedure

is different from the "start" times in conventional published
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TTT diagrams. Traditionally, TTT diagrams=were'p10tted by
conducting TTT tests using salt pots and subsequent metal-
legraphic eXaminationSwof'ihe_transformed specimens. Thése
"start" lines for either[0;1%=or-1% transformed were deter-
mined assuming that the transformation started as soon as
the temperature fell below the "TA]"btemperature; only the
lTimitations of visual observatiens and experimental dif-
ficulties prevented the eiact'determination’of“the trans-
formation product. The method. adopted . in the present work,
first developed by*HaWbothet'aT.,35 does not make this
assumption. The "best-fit". Tine gives the'“tAV" for an iso-
thermal temperature and it is assumed that the transforma-
tion starts-at the time; -the. incubation period is not in-
cluded in the determination of Avrami's co-efficients
(during the test). The plots of X versus t are shown
in Figs..6,3‘and 6;4, The tAV4TTT plot, obtéined from
calculations described above, 'is shown in Fig. 6.5. The
values of the co-efficients n andxb;from the best-fit line
are plotted in Fig.‘6.6. - In:-the model calculations, to find
the appropriate values of n and. b at Various.temperatures,
curve-fif routines are used. . These routines. calculate the

co-efficients of a polynomial of the form,

“a + bT + CT? + dT3

n(t) (6.1)

b(T) = aj + byT + ¢ T2 + dq7° (6.2)

where a, b, ¢ etc. are co-efficients. 1In using this
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procedure, a small error may be introduced in the values of

n and b as seen by comparing the polynomial calculated and

the experimentally determined values of n and b. (Table 6.1).
However, values of n(T) and b(T) calculated fromEqgs.. (6.1) and
(6.2) are within 3% of'experimentally measured values. Even
though the variation in n with temperature is small (between

2 and 3), it has been used as. a function of temperature in

model calculations.

6.2 CCT Test Results

A simple heat-transfer equation was used to find the
start" of transformation during continuous cooling, tav-ccT:
For a body with negligible internal resistance undergoing

cooling by convection,

Iﬁ = exp (-wE%%; t) (6.3)
where

Ty = T O T(t) = T(w) ' S

T, = T(0) - T(=)

T(t) = temperature of body at time 't' (°C)

T(0) = initial temperature of body (°C)

T{w) = temperature of the cooling medium (°C)

h = convective heat tranéfer;co-efficient

(w/m°c)

P = density of the body (Kg/m3)



Table 6.1

"Errors in n and b Values

93

Temperature

(oc) Inb
Experimental | Predicted | Experimental| . Predicted
680 2.125 2.102 - 9.81 - 9.83
670 1.619 1.619 - 9144 - 9.43
660 2.467 2.536 -9.47 - 9.45
650 2.946 2.885 - 8.39 - 8.48
630 3.166 3.190 - 5.73 - 5.57
623 3.148 3.131 - 4.51 - 4.48
615 2.922 2.934 - 3.14 - 3.32
603 2.346 2.341 - 2.04 - 1.98
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v = volume of the body (m3)
Cp = specific heat of the body (W/Kg°C Sec)
t = time (Sec)

From Eq. (6.3), taking the natural log of both sides,

T
1n (T_) = =Ht (6.4)
0 .
where
Ho= DR (6.5)
p
1 Tt
- n__.
Ty
H = — 0 (6.6)
t

Since the cooling tests were conducted in a uniform
nitrogen flow, the convective heat-transfer co-efficient can
be expected to be nearly constant. At the time the trans-
formation begins, the value of 'H' should change markedly,
primarily due to the recaléscence caused by the release of
latent heat of transformation. For any given CCT test, the
values 6f H were calculated for progressively increasing
values of t. The time at which there is a sudden change in

the value of H is then the t,, _(.y- These values were also

checked with the dilatometer data. The t thus

AV-CCT
calculated from experimental data are shown .in Table 6.2.
By using a multiple regression procedure, a.curve for

determining tAV-CCT at various temperatures, for use in



Table 6.2 - Continuous:Cooling Data (tAV—CCT)

Experimenf tAV TAV
# (s). (°C)
1 3.2 585.50
2 3.7 606.75
3 4.1 605.50
4 4.6 607.50
5 4.9 611.50
6 5.1 612.75
7 3.1 589.50
8 4.0 594.00
9 5.1 613.75

10 3.8 570.50
11 3.3 591.50
12 4.3 607.00
13 12.0 629.00
14 14.0 636.00
15 19.8 642.00
16 38.0 649.50
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model calculations, was obtained. The equation of the curve

so obtained 1is

-15.4

In (t ) = (62.7)«(72891) Teexp 0.1.(728-T) . (6.7)

AV-CCT

The tav-ceT calculated by Eq. (6.7) fits the experimental
data quite well. A plot of tyy_ oy is shown in Fig. 6.7.

In order to check for consistency in the CCT tests,
some of the tests were repeated. The consistency was found
to be good as determined from the tAV;CCT}calculat1ons and

the dilatometer responses (Fig. 6.8)

6.3 Comparison of Model Predicted and Experimental Results

of Centre-line. Temperature Measurements

For a rod of a specific diameter .undergoing air-cooling,
the temperature-time response can'be calculated from the
model by inputting the initial temperature of the rod and
the heat-transfer co-efficient which depends on the cooling
conditions. In the present study, the appropriate heat-
transfer co-efficient has been calculated by the following

procedure.

For a given rod diameter and initial temperature, dif-
ferent cooling profiles were generated with the model by
using different heat-transfer co-efficients.. The time-

temperature profile from an experiment was then compared with
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fhe mode];genérated-time-temperature profiles to find the
value of the heat-transfer co-efficient prior to trans-
formation that best fits the experimental result. Using
this value of the heat-transfer co-efficient as the first
approximation, the model calcultions were repeated until
the model-predicted values agreed with the experimental
result for a given value of the heat-transfer co-efficient.
The results of the model-predicted and exberimenta] time-
temperature profiles are shown in Figs. 6.9 to 6.19 énd
Table 6.3. As can be seen from these, the model predicted

values agree very well with the experimental results.

6.4 Model Prediction and Validation with Measured

Temperature Data

From the comparison of model-predicted and éxperi-
mental . results of centre-line temperature méasurements
during air cooling of a steel rod, it is evident that
~the model calculations are sufficiently accurate for the
experimental situations in the present work, particularly
so, in thellightvof the number of different inputs. The
accuracy of model calculations is governed by the accuracy
of the inputs. In this regard, the heat-transfer co-
efficient, h, which has been assumed constant during cooling,
merits special consideration. This assumption seehs reason-
able in.the time period prior to transformation because

a good fit between predicted and measured temperatures was



Table 6.3

Model Predicted Time-temperature Response at Centre-line of Air-cooled Steel Rods

Cooling Rate Amount of

at TA] min max tmin. Recalescence

Tmax ~ Tmin
(°C/s) (°C) (°C) (s) (°C)
4.3 636 660 57 24
5.0 638 660 53 22
5.5 636 660 53. 24
5.0 637 660 49 23
6.2 631 656 25 25
10.5 624 652 26 - 28
10.0 624 651 25 27
624 652 27 28

10.6

0oL

X 7/4
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obtained, Figs. 6.9 to 6.19. This is not surprising since
the dominant mode of heat transfer is temperature indepen-.
~dent convection, especially at higher cooling rates. The
temperature dependent term, the radiative heat transfer,
is a small portion of the total heat transfer (usually
less than 5-10% at higher cooling rates). Hence it is to
be expected that 'h' will be roughly constant in the pre-
transformation period and the use of a conStant 'h' is

thus justified.

6.5 Discussion

The good agreement of the model predictions with the
experimental results is primarily due to the following

factors:

i) ‘Accurate inputs, like thermal conductivity,
specific heat etc.

ii) Use of tpy_ 177 and tay_cet

iii) Validity of the additivity principle for the

experimental conditions.

As mentioned earlier, the transformation is assumed
i} Al : ) o . 35
to "start® at t,y_cc7 during continuous cqollng. The
conventiona1'approach5is to assume that the trénsformation
starts at T,,, even during continuous cooling. 1In the

present work, if n and b are calculated USing t =0 at Tpys
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the variation in n with temperature is much higher than
for the case of t = 0 at TAV (see Table 6.4). The range of
values of n (1.9 to 4.8) is in contrast with the work of

29'and others,'who_propose_a value of 4 for

Tamura et al.
the austenite-pearlite reaction. Also the range is too
wide. to expect a constant n, as required by additivity.
In addition, model calculations using_t = 0 at TA] are not
in agreement with the time-temperature response of the
steel rods measured experimentally, as shown in Table 6.5

and Fig. 6.21. (Nomenclature of terms used in Table 6.5 is shown in Fig. 6.20.)

The value of n calculated by using t = 0 at tAV varies
within a narrow range (1.7 to 3), with an average close
to 2.5. This is Tower than the value expected by Tamura
et a].zg This discrepancy can be partly explained by the
effect of inhomogeneity of the reaction in the experi-
mental situations encountered in this work. Due to in-
homogeneity, the volumetric. growth of the transformed pro-
duct does not follow the Johnson-Mehl equation_(which would
mean n = 4). The value of n and b would be determined by
the degree of inhomogeneity present in the reaction. Further

work is needed to study.the nature of this inhomogeneity

and its effect on the reaction kinetics.

The model calculations also demonstrate the validity



Table 6.4 Values of n and b for t = 0 at T

Al

Temperature X

' n In b
(°C) |
680 1.94 - 11.57
670 2.29. - 10.72
660 - 2.91 - 11.54
650 3.60 - 10.83
630 4.32 - 8.96
623 4.63 - 8.16
615 4.79 - 7.16
603 4.76 - 6.98
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Table 6.5 -Comparison of Model Pfédicted Time-temperature Profiles at Centre-line of

Air-cooled Steel Rods Using t = 0 at'tA” and t = 0 at Tﬁ] with Experimental Results.

5 - - N _" £ =
Tmin (°C) | Thax (°C) toin (S)
Expt. Model 1 | Model 2 _ Expt. Model 1 Model 2 - Expt. _ Model 1 Model 2
633 | 637 645 668 661 661 57 57 56
629 638 645 660 661 661 53 | 53 53
633 636 646 670 661 661 54 53.5 54
629 637 644 660 660 660 49 49 46
635 631 637 663 656 655 25 25 26
620 624 630 646 652 651 26.5 25.6 | 26
614 624 629 640 651 649 25 25 24
614 624 631 640 652 650 - 27 27 26
Model 1: t = 0 at t,,

Model 2: t = 0 at TA]

9Ll
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‘ Grain Size: 5-7 (ASTM) '
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Time (s) |
Fig. 6.21° Comparison of typical mode1_predicted (with

t =0 at IA]) and experimental results of

centre-line temperatures of air-cooled steel

~ rods. (Rod diameter = 10 mm)
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of the additivity principle. This principle is derived
from a consideration of the fundamental éspects of the
nucleation and growth reacfions,vcharacterized by nuclea-
tion and‘growth rates. It is important to realise that the
concept of nucleation envisioned by Avrami. in deriving his
equation is different‘from.that of Johnson.and Mehl. Avrami

treated nucleation in two steps:

i) a probabi]ity-’P"ofva‘germ nucleus becoming a
growth nucleus
ii) a germ nucleus becoming unavailable for growth

due to consumption by the growing phase.

In contrast, Johnson and Mehl defined the nucleation
rate, N (a constant) as the number of nuclei nucleating
and growing. Evidently Avrami's concept of nucleation is
closer to the real situation.. Avrami then stated that P/G
be constant in the isokinetic range. The Avrami P is the
equivalent of the Johnson-Mehl N. Avrami Started his
derivation by assuming that.there aré Nigerm nué]ei pre-
sent before the transformation begaﬁ.'(Hence, PN = N.)
This assumption is equivalent to stating that'thefe is an
incubation time for each reaction, before the transforma-
tion starts, which corresponds to tay-rrT @nd tAV?CCT used
in the present work. The nucleation rate N, used in deriv-

ing the effective site saturation condition, is PN. In
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terms of Cahn's site saturation principle, 'P' is very close
to unity. The behaviour of 'P' is, indeed, difficult to
determine. It is affected by the thermodynamics of the
austenite-pearlite reaction, the grain size, the site

energy etc.. It is closely related to the forces gdverning
atomic behaviour. But the principle of effective site
saturation is easier to deal with, and since it is based

on the fundamental aspects of reaction mechanism becomes

a useful tool to study the effect of these variables on

the more easily measurable and important .process parameters

such as temperature, coo]ing rate etc.

6.6 Scope of Application of the Mathematical Model

By slightly modifying the model in its present form,
it is possible to . study the effect of segregation on the
transformation behaviour of wire rods undergoing cooling in
a Stelmor-like process. Due to the segregation of elements
like manganese and phosphorus in cast ingots or billets
the final product may contain segregated regions at the
centre. Due to the higher hardenability associated with
the high Mn (and P) contents, the central region in the
finished product may have .transformed to martensite if the
post-rolling controlled cooling parameters are designed
for the matrix material. The brittle martensite-may

fracture during subsequent processing, e.g. when wire rods
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are drawn into wires. An example of Mn segregation in a
wire:rodand the effect on transformation is described in

section 6.7.

Finally, but most importantliy, the model calculations
can be used for evaluating the average mechanical pro-
perties of finished steel rods. An exampie of such calcu-

lations is shown in section 6.8.

6.7 Effect of Segregation on.Phase=Transformation

To study the effect of segregation on phase trans-
formation, a plain carbon eutectoid steel of 0.8% C - 1.88%
Mn (Grain Size = 5 to 8 ASTM) was chosen.as the composi-
tion in the segregated region in a matrix composition of
0.82% C - 0.82% Mn (Grain Size = 5 to 7VASTM). Normally
the range of segregation for manganese is about'1.2 to 1.3
times the matrix composition. But no published TTT dia-
gram of a steel with 0.8% C: and aboutll% Mn could be
obtained from the literature. Hence, though the manganese
content of 1.88% is too high, the calculations were done
with the aim of demonstrating the trends. that could be

expected in the transformation behaviour due. to segregation.

The TAV—TTT for the segregated region has been calcu-

45

lated from published data and is shown in Tab]é 6.6. The
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Table 6.6 TTT Data for Segregated Steel

Temperature - _ tAV"
(°c) - (s)
675 93
650 29
625 13
600 6.2
575 5.4
550 . 3.5
525 3.4
500 ' 2.9
475 : 1.9
450 2.5
425 | 4.2
400 | 7.5
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n and b values in the Avrami equation have been calculated
from the t,, ;77 and are shown in Table 6.7. The tav-ceT
has: been calculated from tAV-TTT'by usihg additivity

(Table 6.8). The thermal conductivity, specific heat and
density have been assumed to be the same as that of the
matrix material since the carbon contents are the same. The

'MS temperature for the segregated steel is 1809C.45

The program, used for calculations on. the 0.82%C_stee1,
has been modified to include the parameters for the segre-
gated composition. The program listing is shown in the
Appendix 9. The program logic is the same as before. The
only changes are in the‘tAv;CCT‘and the n and b values used
for calculating the start of transformation and its further
course in the segregated regions. - Normally, the segregated
region at the. centre occupies less than 5% bf the cross-
sectional area of the wire rod. For modelling purposes,
two situations have been considered, 1% and 4% of cross-
sectional area occupied by segregated material. Due to the
preéence of the high hardenability material at the core;
martensite may be expected to form at the core, depending
on the cooling conditions and rod size. ﬁThe effect of
segregation has been investigated for three different rod
diameters - 5, 10 and 15 mm. The results of the model
‘calculations are shown in Tables 6.9 to 6.14. The amount
of martensite that can be expected to form at the core for

the different rod sizes at different cooling rates are



Table 6.7

n and b Values for Segregated Steel

Temperature n Inb

(°c)

675 0.77 - 6.09
650 0.83 - 4.60
624 ].28 - 5.08
600 1.65 - 5.57
575 1.21 - 4.00
550 1.10 - 4.02
525 0.74 - 2.92
500 0.72 - 2.98
475 0.85 - 3.78
450 0.91 - 3.97
425 0.99 - 4.38
400 1.06 - 5.03
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Tab]é 6.8 CCT:Data for Segregated Steel

Temperature tavoceT
(o) (s)
696 3060
675 473
667 286
641 86
591 23
545 11.4
512 8.3
458 5.9
443 5.6
423 5.4
383 5.6
364 5.9
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Table 6.9 Effect of Cooling Rate on Martensite Formation at Centre

of Rod
. ‘
Initial Temperature = 850°C§
Rod Diameter = 5mm -
Amount of Segregated Area = 1. %
Cooling ‘ % _
Ra%e at Tmin Tmax toin Ma¥§$g:;te
Al
(°C/s) _(°C)- (°C). (8).
6 629 654 36 <34
9 620 650 25 <53
13 614 646 20 <62
61 - - - 100
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Table 6.10 Effect of.Cooling Rate on Martensite Formation at:Centre

of Rod
Initial Temperature = 805°C
Rod Diameter = 5 mm
Amount of Segregated Area = 4 %
Cooling | %
Ra%e at Tmin max tmin Ma¥§$;:;te
Al
(°C/s) (°c) (°c) (s) -
6 628 656 36 <33
9 622 646 25 <52
13 613 642 20 <62
61 - - - 100




Table 6.11
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Effect of Cooling Rate on Martensite Formation at' Centre

of Rod
Initial Temperature = 850°C
Rod Diameter ' =10 mm
Amount of Segregated Area = 1 %
Cooling Y
Rate at T . T t . Martensite
TA] min ‘max | min formed
(°C/s) (°c) (°c) (s)
3 640 662 78 < 5
4.5 631. 656 38 <30
61 - - - 100
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Table 6.12 Effect of Cooling Rate.on Martensite Formation-at Centre

of Rod
Initial Temperature = 850°C
Rod Diameter = 10 mm
Amount of Segregated Area = 16 % -
Cooling : : %
Rate at T. T t . Martensite
TA] | min max min Formed
(°c/s) | (°c) | (°c) (s)
2.5 639 662 85" <5
4.0 634 657 57 - : <16
6.0 631 655 45 <30
58.0 - 1 - - 100
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Table 6.13 Effect of Cooling Rate on:Martensite Formation-at Centre

of Rod
Initial Temperature = 850°C
Rod Diameter = 15 mm
Amount of Segregated Area = 1 %
Cooling | . | 5
Ra%e at Tmin Tmax tmin Ma;giazéte
Al '
(°c/s) | (°C) (°C) (s)
2.0 646 666 99 <1
3.0 642 663 69 < 4
4.5 638 660 53 <12
52.0 - - - 100




Table 6.14
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Effect of Cooling . Rate on Martensite Formation at Centre

of Rod
Initial Temperature = 850°C
Rod Diameter = 15 mm
Amount of Segregated Area = 16 %
Cooling %
Rate at T . T t . Martensite
TA] min max‘ min Formed
(°C/s) (°c) (°c) (s)
1.5 646 664 100 < 0.1
2.5 641 660 - 69 <1
4.0 638 657 53 < 5
48.0 - - - 100
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shown in Fig. 6.22. As expected, the percentage martensite
formed in the segregated region .is higher:for smaller rod

diameter and faster cooling rates.

The prob]em‘of‘segregation is not unusual in a wire
rod mill. An example of ségregation is shown in Fig. 6.23.
Many methods have been studied to minimise or eliminate the
martensite formation at the centre. One such method, which
has been tried in an industrial situation, is described by
Van Vuuren.47 He reports.that the cooling rate was reduced
to ensure transformation ‘to pearlite at the segregated centre
region. But this resulted in a wide . scatter in the tensile
values and hence the procedure ' was unacceptable. The pro-
ceduré which worked successfully was to have a high cooling
rate initially followed by .slower cooling. This resulted
in an initial sharp drop. in temperature, but later, the
drop was very slow. This procedure allows time for homo-
genisation of temperature. It is claimed that this pro-
cedure helped hold the scatter in the tensile strength
values to. a minimum while .avoiding the formation of marten-
site. Obviously, this procedure requires good control over

the process cooling conditions.

The model calculations can be used to study the effect

of such changes in cooling conditions and ‘their effect on
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formation due to segregation.
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Longitudinal section through a cold drawn rod
showing a white centre Tine martensitic phase

fractured during subsequent cold drawing.
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the transformation.. These then can be used as a guide for

designing the process parameters.

6.8 Calculation of Mechanical Properties of a Wire Rod

The mechanical properties of plain carbon steel rods

depend primarily on:

i) composition (esp. N, Si, Mn and C)
ii) amount of the ferrite phase

iii) pearlite spacing.

For a given steel composition, the amount.of ferrite, and
more importantly, the pearlite spacing depends on the
undercooling during transformation. Frequently, and
especially during slow cooling, the steel undergoes re-
calescence after the start.of the austenite-pearlite trans-
formation in the case of a eutectoid steel. This implies
that the transformation takes place over a range of tempera-
ture. If this range is narrow, then the reaction can be
considered isothermal from a practical standpeint. If the
rod size and cooling conditions are such that the tempera-
tures at different Tocations are . significantly different,
then it is possible that transformations at these locations
take place over different temperature ranges. This intro-
duces another difficulty in calculating an average peak]ite‘

spacing value for the rod. At this stage, it is not possible
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to calculate accurately the effect of such a temperature
range on pearlite spacing. However, for i]iustrative
purposes, we can assume that the average undercooling at
the centre of the rod determines the pearlite spacing in

the rod.

The model calculations are very useful in this regard.
The model prediction of the time-temperature response at
the centre-line of a rod being cooled can be used to deter-
mine the average undercoolfng. Since the model calculates
the temperature and the fraction transformed, it is pos-
sible to determine the start and end transformation tempera-
tures as well as the m&Ximumvandxminimummundercooling values.
Using these values, the pearlite spacing for the steel can

be determined from published empirical re'lationships.s4

The mechanical properties are related to the pearlite

spacing and steel .chemistry as_,foHows:S4
L | L
i) °YS’('MPa.) = 15.40@3-{2.3 + 3.8 (3Mn)+1.13 d 2}+

1

{6-0?{:1.5 +0.255 sPE}}« .1 (257) +27.6(20)] (6.8)

1
ii) UTS(MPa) = 15.4 [ajﬁs.o +74.2 BN ) +1.18 d E}+
| 1 1.
o N .2 o :
(1=, {16.7 +0.235 }+ 6.3 (% 31] (6.9)
o = volume fraction of ferrite
s, = pearlite spacing (mm)
d = grain diameter (mm)
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For illustrative purposes, the mechanical properties
for the steel used in the present study have been calcula-
ted, for two different rod sizes and -two.cooling conditions.
Pearlite spacings have been calculated by using the pro-
cedure mentioned abeve.and_are'shdwn'in Tables 6.17 and 6.18.
For a eutectoid steel;_Eq.“(618).and (6.9) can be re-

written as:

15.4{’]1.6 +.-O.,255'Sp2 +4.1:(% Si)+27.6 (% N)} (6.10)

i) GYS_(MPa)
1
2

ii) UTS. (MPa) ;15.4{46.7+0.23sp +-6.3«(%v31)} (6.11)

The mechanical properties calculated using Eq. (6.70) and
(6.11) are shown in Tables 6.15 .te 6.17. This example illus-
trates applicability of the model teo calculating the mechani-
cal properties of the wire rods_for different cooling rates.
This application can be extended to other materials by
suitab]y modifying the model. It is thus demonstrated that
the mechanical prbperties‘can be calculatedfrom a knowledge
of thé feactionvkinetics of thértransformation. ‘Admittedly,
the calculations have been done with simplified assumptions.
For example, the effect of the different temperature kange§
of transformation at different locations in the rod on the
pearlite spacing needs to be studied further. -Also the
time taken for the transformation at different locations in

the rod may also affect pearlite spacing. Nevertheless,



Table 6.15

Pearlite Spacing Calculations-
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Rod Diameter

=5 mm
- Initial Temperature of Rod = 850°C
Air Velocity (m/s) ) 10
Cooling rate at TA]-(°C/S) 4.4 18.1}
Maximum undercooling (°C) 83 127
Minimum undercooling (°C) 69 82
Average undercooling (°C) 76 104.5
Minimum interlamellar -
1000 675

pearlite spacing (A)




Table 6.16 Pearlite Spacing: Calculations
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pearlite spacing (A)

Rod Diameter. = 15 mm
Initial Temperature of Rod = 850°C ,
Air Velocity (m/s) | 0 10 |
Cooling rate at TA] (°C/s) 1.2 3.7
Maximum undercooling (°C) .76 | 88
Minimum undercooling (°C) 57 66
Average undercooling (°C). 67.5 77
Minimum interlamellar
1050 1000




Table 6.17 Mechanical Properties:
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Cooling Oys uTsS RA
Rod dia = 5 mm
CRT = 4,38 °C/s 599 1098 37
Al
Air-Velocity = 0 m/s
Rod dia = 5 mm
CRT' = 18.13 °C/s 675 1175 40
Al
Air Velocity = 10 m/s
Rod dia = 15 mm
CR = 1.2 °C/s 580 1090 35
Ta1
Air Velocity = 0 m/s .
Rod dia = 15 mm
CRT = 3.7 °C/s 599 1098. 36
Al
Air Velocity = 10 m/s
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these considerations only imply that the ta]cu]ations need
to be more sophisticated than the one attempted in the pre-
sent study. But they do not in any way bring.ﬁnto doubt
the validity of using the model to do such calculations. It
has been demonstrated in the present study, albeit in
principle, that the model can be used to integrate the
reaction kinetics with the macro level variables such as

temperature and mechanical. properties.
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Chapter 7

SUMMARY AND CONCLUSIONS

With the ultimate objective of calculating mechanical
properties of wire rods in the Sté]mor.process using phase-
transformation data, a mathematical model has been developed.
The predictions, made by the model, of the centre-Tine
temperature profiles have been shown to be in good agree-
ment with experimental results for a plain carbon eutectoid
steel. Calculations have also been done to derive the
mechanical properties of wire rods using model-predicted
data. However, these calculations:are only illustrative and
need to be refined further with the help of experimental

data.

The model has been modified to study the effect of
centre-segregation on transformation in: air-cooled steel
rods. Calculations have been carried out with a centre
segregation composition of 0.8% C - 1.88% Mn in a matrix
of 0.82% C - 0.82% Mn.. Though .the manganese 'in the segre-
gated region is higher than would be normally expected, the
calculations, nevertheless, give a quantitative estimate

of the amount of martensite that can be expected to form
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at the centre of the rod. Also the effect of increasing

the cooling rate, the rod-diameter-andvthe‘amount‘of segreA
~gation on the amount of martensite formed at the centre

can be predicted quantitatively by the model. Experiments
are needed to validate the model predictions. However the
capability of the model to perform the caleculations and

give meaningful predictions has been demonstrated. This
should help reduce the amount of empirical experiméntation
to design process parameters, such aS‘cooTing rates for

different rod sizes, in a Stelmor-line.

The success of the model is primarily due to two

factors:

i) use of tpy_ppp and tyy_ccp for calculation of
n and b in the Avrami equation and the start of
‘transformation during cooling, respectively.

ii) additivity.

The use of tAV—TTT and tAV-CCT was proposed by B.
Hawbolt et a1.35 and has worked We]] in the present study.
The conditions for additivity preposed by Avrami and Cahn
were not obtained.in the preseﬁt work, thereby necessita-
ting further exploration into the mechanics of additive

reactions. As a result, two new sufficient conditions for

additivity have been derived. These are:
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i) additivity range

ii) effective site saturation.

These two_sufficient'conditions:1ncrease;the Scope of
reactions.to which the .additivity rule becomes applic-." :
able (see Téb]e 7.1).. The effective site.saturation ratio
is a simple but effective method of determining additivity
for nucleation and growth reactions and can be used for
homogeneous and heterogeneous reactions. The reasons for
the heterogeneity encountered in the'reactidhs in the
present study need to be studied further. Thé-effectiVe]y
site saturated reactions are growth:dominated. To study
the deviat%ons of heterogeneous reaction kinetics from the
homogeneous, the Inhomogeneity Co-efficient (It) and the
Heterogeneity Co-efficient (Ht) have been“prop0sed. Further
experiments are needed to study the nature of the hetero-
geneity and its effect on the co-efficients b and n in the

Avrami equation.

Using the_additiyity rule, a new iterative procedure,
called the "additivity method", has been derived to calcu-
late TTT data from CCT. The method has been shown to work

successfully for the data in the present study.



Table 7.1

Scope_of Reactions Covered by Différent Additivity Criteria

Criterion

. Remafks

Avrami's
Isokinetic
Range

% must be constant in the temperature range. Also
implies that N and G must be constant for an isothermal
reaction.

. Normally not encountered for austenite-pearlite

reactions in steel.

Cahn's
‘Site
Saturation

The nucleation event is nearly complete in the early
stages of the reaction. The growth rate must be a
function of temperature alone (thereby implying that

it be constant for an isothermal reaction). ‘
May.hold true for reactions in alloy steels, especially
grain-boundary.nucleated reactions.

Additivity
Range

N and G are functions of temperature alone.

Does not require that %-be constant. Thus it is less
restrictive than the'Avrami criterion.’ fmp]ies that
N and 6 be constant for an isothermal reaction.

There is evidence in.the literature to support N and
G are functions of temperature-alone. Also, the
criterion does not call for physical saturation of
nucleation sites. Thus it is less restrictive than
Cahn's criterion and includes reactions which are

" not covered-by_the Avrami criterion. Applicable to

all steels.

Effective
Site

Saturation . ..

-G is a function of temperature alone, and hence

constant for:an isothermal reaction.

Includes all reactions covered by the Avrami, Cahn
and Additivity Range criteria for austenite-pearlite
reactions in steel for growth dominated reactions,
which is usually the case.

Also includes reactions with decreasing nucleation .
rates and heterogeneous reactions. .

The most flexible and practically useful criterion.
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Appendix 1

" THE PRINCIPLE OF ADDITIVITY

[Reference: "The Theeory:of TransformatiQnSNin Metals
and Alloys", J. W. Christian, 1965,

Pergamon, -London, pp.545-546.]

Consider the simplest type -of non-isethermal trans-
formation, obtained by combiningetwo»isothermai'transforma-
tions. The assembly is ‘transformed at temperature T1,
where the kinetic law:is f.= fl(t) for ‘a-time ty (f =
volume fraction transformed) and is then suddenly: trans-
ferred to a second temperature TZ' If the reaction.is
additive, the course of the reaction at T2"1s'exact1y the
same as if the fraction transformed f](t]) had all been
formed at TZ' Thus if.t2 is the time taken at_T2 to.

produce the same amount of transformation as.is produced

at T] in a time t]’ we have
f](t]) = f2(t2)

and the course of the whole reaction 1is

—h
n

f](t) . t<t,

foltt,-ty) t>t,
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Suppose that'ta1 is the time taken to produce a fixed

amount of transformation f at T, and t_, is the correspond-
ing time to produce the same amount of transformation at‘Tz.
Then in the composite process above, an amount fa of trans-

formation will be produced in a time

t = ta2_ t, + t

t_tl * t2 - ta2
t-t t

- 1 + Eg--: 1
taz a2

t t

If {l— = fg— then

al az2

t-t t

] 1

- + — =] (A1.1)
ta2 tal

For an additive reaction the total time to reach a
specified stage of transformation is obtained by adding the
fractions of the time to reach.this stage ‘isothermally

until the sum becomes

Equation Al1.1 can be written in the more generalised

form as
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. /’ ;g%fy =1 (A1.2)

Where ta(T)-are’the isothermal transformation. times
for a:fraction,transformedn'a‘-atia temperature T .and 't
is the time taken to reach a fraction transfomred 'a' for an

a isothermal reaction path.

The derivatien of Eq. Al.2 is based on the relation-
ship that, for an additive reaction,
t ‘
t, = AT (A1.3)
az2 ‘
The above relationship holds . if, for a reaction, the
reaction rate depends only on the fraction transformed and

temperature.

Consider a transformation for which the instantaneous

reaction rate may be written

=T _g(; - (A1.4)
where: |
X = volume fraction transformed
t = time
h(T) = function of temperature

function of velume fraction transformed.

g(Xx)
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fh-(T) dt = fg(X) dx (A1.5)

for any transformation path

Then,

X = F ‘/%(T) dt (A1.6)
and for an isothermal reaction

X = F{h(f)t} (A1.7)

According to Al.7, the volume fraction transformed at

any temperature is a function of time and temperature.

From A1.5
h(t)y = 9(%5) (A1.8)
t, (M
Also
h(T
dX = =
at g{X
dX. g(xa)
ta(T) gt g(X)
dt _ gX
O I e B
te

gt 1 [ X (A1.9)
fta(T) - g(xa)fg(X)dX ‘.g'(YiT
0
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This is the general additivity rule (Eq. A1.9). In

particular, if X = Xé’ then
t
at . 9a) 1 (A1.10)
0T T ATy '
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Appendix 2

ADDITIVITY OF THE AVRAMI EQUATION KINETICS

The Avrami equation is:

X

where

.= exp(-bt") (-nb t""

1 - exp (-bt")

log(1-X) = -bt"

log (1-X

h

n=1

= (1-X)(<-bn) [19%%l:£g n

i n-1
= (1-X)(n)(-b)" [w‘a?]-X)] "
1
n (-b)"
n
( 1 {
1-x) [109(1-x) ]
= h(T)
g(Xx)
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1
h(T) = n (-b)"
and n-1
1] N
(X) = § i |
] 1=X Log.(]—X)J’
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Appendix 3

INDEPENDENCE OF N(T) AND G(T) w.r.t. TIME

Consider the equation

t T 3 T
. T T
VZX = f{ 1 f G('T)dT} { 1 f N(Tl)d}'('[-t)3dt
TTHTO TT-TO
0 Ty T‘0 | (A3:1)

Since G(T) and N(T) are functions of. temperature aldne,

Eq. (A4.1) can be written as:

T - 3 T
Ve ={ 1 f G(T)'dT} R— fN'(T)dT -]—(T—t)s_dt
ex Ut o7 T_-T '
0 T 0 _
T, T, 0 (A3.2)

In the case of a continuous cooling reaction, since the
temperature is a function. of time (which is given by the

cooling rate), it would seem that

T = f(t) (A3.3)
LN(T) = NCR(E) = N (t) (A3.4)
G(T) = GIf(t)} = G (t) (A3.5)

But this is not true, as can be seen from Fig. A3.1. The
figure is a three-dimensional representation of t, G(T) and T.

As can be seen, the G(T) for three different reactions can be
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obtained, independent of the time. The G(T) for a reaction
depends only on the temperature path of the reaction. The
time of the reaction can then be brought in, and when multi-
plied by the temperature averaged growth rate for the re-
action, gives the total growth of one particle during the
time interval. This should.be multiplied by the number of
particles growing to give the total grewth. . Thus, it can be
demonstrated that if G is a funct10nn0f‘temperature alone,
it can be calculated, independent of time, foriény reaction

path. The same is true for N.
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Fig. A3.1 DemonStrating_the;independehce of G(T) and

N(T) with respect to time.
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Appendix 4

CALCULATION OF t; ryp FROM

The additivity method has been used to calculate the
tay-7rr for the steel used in the present work from the
experimentally determined tAV-CCT’ By using a multiple re-
gression procedure, a first appr‘oximation,for~tAv_.TTT was

determined. from the experimentally determined 't data.

AV-TTT
This is shown in Table A4.1. By successive iterations, the
best approximation for tAV-TTT to the experimental data was
calculated by the additivity method. The results of the
iterations are shown in Table A4.2. The comparison of the

tAV-TTT values predicted by the additivity method and the

experimental data is shown.in Table :3.57.



\

Table A4.1  Comparison of Experimental and First Approximation

of Tav-1r1
Temperature tAV-TTT
(s)
(°C)
Experimental Finst on
Approximation

680 43 58
670 5.6 12
660 6.2 6.3
650 3.0 4.0
630 1.8 2.1
623 1.6 2.0
615 1.5 1.9
603 1.9 1.7

160



Table A4.2 Iteration Results

161

Approximation Co-efficient in the Equation for t,, L 1*
Number log a ‘b o
1 40.00 -10.00 - 0.100
2 39.85 -10.39 : 0.087
3 45.75 -12.32 0.1174
4 43.66 -11.60 0.103
5 44.12 -11.74 0.105
6 43.86 -11.66 0.104

*109 tpy 7y = 109 @ + b log x + cx ‘

= 728-T

=
]
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Appendix 5

LISTING OF COMPUTER PROGRAM TQ CALCULATE

TTT DATA FROM CCT BY THE ADDITIVITY METHOD



N2 OWVWOITOUTE WN —

13

53
End of file

OONO0ONA0A0ONOONONON

10
50

20
10
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KK IR E R AR AR IA A A A Ak kR kA kR Ak ARk kkdkrkkk ko kkkkkdkkx

This program calculates the additivity integral value
upto a2 time t(AV-CCT)for a given cooling rate.The first
approximation for t(AV-TTT) is to be input by replacing
the values in statement no.34.The cooling rate is to be
specified by replacing the value in statement no.23 by an
appropriate temperature value.The t{AV-CCT) for the steel
must be input by replac1ng the values in statement no.24.
The time step value is specified in statement no.2% and the
T(A1) temperature is specified by statement no.30.The program
calculates the additivity 1ntegral value for the given
cooling rate and prepares the input data for the next.
iteration.These values are then used as input to the
multiple regression package available in the general MTS
system as *STRP.The *STRP program gives the next
approximation for the t(AV-TTT).Thais is input to this
program for the next run.Thus the program must be run
repetitively,along with *STRP,till the reguired t(AV-TTT)
is obtained.
(2 E X222 2SS XSS LSRR RS2SR 2sRRRsdt it s a s R X st a8 T

IMPLICIT REAL*8(A-H,0-2)

DIMENSION A(100),B(100)},C2(100)

A1=600.0D0

TAVCCT=41.4554D0+0.0698528D0*(728.0D0~-A1)-10.0961D0*

1 (DLOG(728.0D0-A1))

TAVCCT=DEXP(TAVCCT)

CR=(728.0D0-A1)}/TAVCCT

C=0.0D0

DT=0,10D0

T=727.0D0

C1=1.0D0/CR

DO 100 1=1,30000 :

IF (T.LE. A1) GO TO 500

T1=40.4817D0-10. 6052D0*DLOG(728 0DO-T)+0.088608 DO*

1(728.0D0-T)

T1=DEXP(T1)

C=C1*(DT/T1)+C
0 T=T-DT
o] T=700.0D0 -

PRINT,C ’

DO 10 1I=1,30

T2=40.478 D0-10.6132 DO*DLOG(728.0D0-T)+0.0889042 DO*

1(728.0D0-T)

T2=DEXP(T2)

IF (T.GE.A1) T2=T2*C

A(1)=DLOG(T2)

B(1)=728.0D0-T

C2(1)=DLOG(B(I)})

WRITE(6,200) A(1),B(1),C2(1)
0 FORMAT(F20.10,F20.10,F20.10)

T=T-5,0D0

STOP

END
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e Appendix 6

" DERIVATION OF IMPLICIT FINITE -

~DEFFERENCE EQUATIONS

" i) Node Arrangemeﬁt

Surfoce node

- -..Central - V SR General internal node
node £
- %_____T-RodMS—————+

. ii)  Heat Flow Equations

a) Central Node




tion

Heat flow across A'B'C'D' is:

Tiv1,n = Ti,n

AR

AR

'Ki,i+] ABe]

Rate of heat accumulation is:

T T, . 2

o0+l T g, A
°Cp = 'lt B () send
T -7 C_aR?
K. . 'i,n"'T];,v-‘ i,n _ 0 p
1ot 2 - 8at
- ¢ _aR?
Tin 1 *p’4K At - Ti+],n
i,i+1
C aRZ
- p c-T.
i,n+l1
4K 5490t

The rate of latent heat generated due to transforma-

Tyn+l

is:
2
qpp = H p%% % (%ﬁ) A8+
[ C AR2
T ]+p -T. .4 ..
i,n i+1sn
4K1’1=1AJ

c_aR? oF AR
=P BTy He BTy

aK; At 7 i,i+1

-
14,0

164
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b) - General Internal Node

Inflow across AD is:

— MV AD
2

Kictan Y K [0 ar lin ” Tit,n
‘ ' 2 AR

Outflow across BC is:

K. + K. : T. - T.
- “i+l,n .. Ti,n R +v§5; A6 i+l,n i,n
2 2 AR

Rate of accumulation is:

Tiont1 = Ti,n

P At

pC R A8 AR

Rate of outflow - Rate of Inflow

= Rate of accumulation + = v .

Rate of generation.

Rate of heat generation (due to latent heat liberation

during transformation) is:

I

/
/
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; = Hp-ﬁ—i— R A8 AR

« . DR-2R

T. 1-]»31

i-Tyn

YRR, 2R MR
Tin [{Kiﬂ,i R }’“

. 2
f chAR\] .

p
At
| AR + 2R
Ti+],n{€ Ki+1,1 'E”‘“:}
2
C_RaR
= Ti a0 +Hp & Rar?
? t At

Surface Node.

y T, - T,
- Kiqq | Ry - LLY e i,n - i-1,n
’ 2| AR

Outflow across CD is:

h[%a - Ti,{] ROAe
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Rate of heat generation due to latent heat of transforma-

tion is:

Rate of heat accumulation is:

T. - T, 5 :
i,ntl isn _ AR .1 AR
pCp X [RO 2] A 5

Ti-1,n i-1,i AB;?EQR ¥
p?CpAR (4|§0 -AR)
' 8at
= hRyT, *+ ORHp %% (4R, - 8R) +
p _EE_A_R (4R0 - AR)‘. 'Ti,n

8at



168

Appendix 7

COMPARISON OF MODEL PREDICTION.

WITH ANALYTICAL SOLUTION -OF EQ. (4.1)

For a body with negligible internal resistance, Eq. (4.1)

can be re-written as:

Voo, 4T = pA(T-T.) (A7.1)
P gt a
hA
-t
v pvsV~G..... .
e.(t) = e P (A7.2)
where
o(t) = T(t) - T
eo = TO - Too
T(t) = temperature of body at any time t
T, = temperature of body at time = *
T0 = initial temperature of the body
h = convective heat-transfer co-efficient
A = surface area
o = density
v = volume
Cp = specific heat
t = time



169

Using the above equation, the values of T, were calculated

t
for rods of dia 5.5, 8.5, 13.5 and 25 mm with a value of

h = 250 W/m2 ?C. The model predictions using the same h
value were calcultated. The values of Tt predicted by the
model for the surface of -the rod were then compared with the
analytical solution values. A sample computer output show-
ing the comparison is shown in Fig. A?.1. For a 5.5 mm dia
rod, the maximum difference between the two solutions is Tless

than 1% in the pre-transformation period, the region where

the comparison is meaningful.

Summary .of Comparison Results

(A11 comparisons made before the Start of the Trans-

formation.)

Rod diameter Maximum difference between
(mm) model predicted and analytical
solution values of temperature
(%)
5.5 1.0
8.5 0.9
13.5 | 1.4

25 | 2.6
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COﬁPARISON OF ANALYTICAL AND CALCULATED
VALUES OF TEMPERATURE FOR 0.8%C STEEL ROD

***********************************************

DIAMETER OF ROD= 5.5 MM

TIME (SECONDS) % DIFFERENCE
I TR SRR REE RIS XTSRS L8 8 L0 8 & 84
0.10 0.395115344578634
0.20 0.505964762365217
0.30 0.550808718128153
0.40 0.568784433443964
0.50 0.577463027588642
0.60 . - -0.578311603873660
0.70 ) 0.576850442366463
0.80 0.574224223074626
0.90 T i 0,569262148676523
1.00 . 0.566578789140182
1.10 ' 0.561543548630365
1.20 : 0.555303321342505
1.30 0.550182225960185
1.40 ~0.543847722637660
1.50° - 0.537470009879105
1.60 0.531036110455511
1.70 0.524558328991617
1.80 0.516841917661739
1.90 - 0.510258825212505
2.00 0.502428403952435
2.10 © 0.493338134677705
-°2.20 -7 .--0.486594560740012
-°2.30 -.+.. 0:477376003053878
2.40 o -0.468094394994059
2.50 ; 0.458737923146185
2.60 . 0.449317476984690
--2.70 - - 0.,438601864670495
--2.80 »_,*-»0.4278074866310181;-: -
-:2.90 . -1--0.418172622645464
:3.00 ©--.-0.407223576883559
-.3.10 7.7 0.396199465938024
--3.20 - ;:LTT'Q:383B43670941287
-73.30 - -0.372653719659355
=-3.40 .- .-0.360127487640224
- 3.50 S 0.348774253660875
-3.60 - 0,336070751737211
3.70 ) - 0.322008113590259
-:3,80 ~::—j<Q:39912997§974933
-:3.90 ' ~ 7-.0:296141228730804
‘4,00 o ©-0,281787557798469
© 4,10 * * 0,267331568259515
-4.20 ©0.252772762445194
:°8.30 .. 0.239407821518229:- :
©-4.40 --- i-:ﬁf-0i223347647192569~-"~
- 4,50 - -=.7:.05208479920777633
4.60 0.192199573761483
-4.70 S 0.175804568294831
- 4.80 0.160612962255957
4.90 0.1439913340989522
5.00 0.127255133286501
5.10 0.110401702580471
5.20 0.093430501054428
5.30 0.076340988754242
5.40 0.057788708355173
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5.50 0.040456893180318
5.60 0.021651172546309
5.70 © 0.002715730871076
5.80 -0.014988009592328
5.90 -0.032814230437934
6.00 ~0.052134782131489
6.10 - -0.071588859672065
6.20 -0.089795128959617
6.30 -0.109512323601988
6.40 -0.129364306579489 -
6.50 -0.149351646357633
6.60 -0.165477281640425
6.70 -0.189737319222494
6.80 -0.210137364962064
6.90 -0.229263667369554
7.00 -0.248516004430685
2.10 -0.270747834017325
7.20 -0.290273686618808
7.30 -0.309930696052692
7.20 -0.329719378572555
7.50° -0.351085040598724
7.60 -0.369699166364627
7.70 . -0.391341034071401
7.80 -0.211672822294564
7.90 -0.430674577016040
8.00 -0.451271497868586
8.10 -0.470536175234161
8.20 -0.489920365438442
8.30 -0.509438726254661
8.40 -0.529084757887836
8.50 -0.547363383483388
8.60 -0.565768740151578
8.70 -0.587287484753110
8.80 -0.607434270172263
8.90 -0.629216890304000
$.00 -0.655682838148267
9.10 -0.683823304942449
9.20 -0.718223583460949
9.30 -0.760462115160079
3.240 ~0.8B10602558175372
9.50 -0.873288200562619 )
9.60 -0.951701903403813 1it4a-4gﬁozun«an&Jr~
.70 -1.04B983651395537
§.80 -1.171394301914426 AL anks .
5.90 -1.322094747522043
10.00 -1.505746227816433
10.10 -1.723840987020306
10.20 -1.977839422006990
10. 30 -2.270624578570190
10. 20 -2.585793203077311
10.50 -2.929920405244339
10.60 -3.326696662329319
10.70 -3.722737528202555
10.80 -2.131765580017377
10.90 -4.544530137822069
11.00 -4.961002829053284
11.10 -5.375185445459516
11.20 -5.784053674520205
11.30 -6.186274204109633
11

.40 ' -6.583374875373876
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Appendix 8

LISTING OF COMPUTER PROGRAM TO CALCULATE

TEMPERATURE RESPONSE OF A STEEL ROD UNDER-

GOING COQLING. |

Steel: 0.82% C - 0.82% Mn - 0.26% Si
(Plain carbon eutectoid)

Grain Size: 5 - 7 ASTM

Austenitising Conditions: 850°C - 5 minutes
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Ik kkkkkkhkkk kb ko kkkkkkkkkkkkkkhkkhkkkhhkddhkkdhhhkkhhkkkkhhkdkk

This program calculates the temperature (in *C) inside a
cylindrical rod of 0.82%C-0.82%Mn-0.26%Si steel undergoing
cooling.It takes into account the effect of the latent heat

of transformation of austenite to pearlite generated,during
cooling,on the temperature of the rod.Calculations are

based on a 1-D Implicit Finite Difference Unsteady State

Heat Transfer Model.The model has been written for a constant

node distance.Density is considered constant.Variations of Thermal.
Conductivity and Specific Heat have been incorporated into the
model by using BISRA data.

*****************************************************t*******’

IMPLICIT REAL*8 (A-~H,0-2)
REAL*8 KK

kkkkkkkkkr Ak kk ko kk kR k ko kkkkkk kR hkkk ko khxk

Data for this program is:.
kkkdkhkkkdkhkkkkkdkkhkhkkkhkhhhkkhhkdkhkhkk

DX = Node distance,Meters

DT = Time increment,Seconds

TOTTIM = Total time counter,Seconds(Initial Value=0)

H = Convective Heat transfer coefficient at the rod
surface,W/m *C

R = Radius of rod,Meters

TATMOS = Atmospheric temperature at rod surface,*C

XX = Distance of node from the rod centre,Meters

M = Number of nodes+!

DD = Density of steel,Kg/cubic Meter

T1 = Maximum time upto which calculations are to
be done

FRMAX - = Maximum Fraction transformed after which
check for transformation at the node is
terminated. -

Tk k kA h ARk kAR TR AT IR IR A ARk kb kkkdkhhkhkkkkkhdk

dkdkkkhkkhkddhkk ko hk ko kkdkhk ok kkh kA kkkkkkkkok

DATA FOR THIS PROGRAM IS ENTERED BY INPUTTING APPROPRIATE
VALUES OF THE VARIABLES IN THE STATEMENT NO.62.IF THE
PROGRAM 1S TO BE RUN WITH A CONSTANT HEAT TRANSFER
COEFFICIENT,THEN INSERT THE FOLLOWING AFTER THE
STATEMENT NO.167:

GO TO 220

INSERT AFTER STATEMENT NO.221

H=PRESELECTED VALUE. _

BY THE ABOVE PROCEDURE THE CALCULATION OF THE HEAT
TRANSFER COEFFICIENT FOR A GIVEN AIR VELOCITY,EMISSIVITY,
ETC. 1S BYPASSED.(THE PROGRAM DOES NOT EXECUTE STATEMENT
NOS.175 TO 221)

I I I I I I I T R R P ST R T TS T E T T R
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DATA DX,DT,T1,DD,TATMOS,R,XX,M,FRMAX/ 0.0075D0,0.1D0,100.0D0,
17650.0D0,20.0DC,0.015D0,0.0D0,11,0.89D0/

VEL=20.0D0 .

EMISS=0.3D0

TOTTIM=0.0D0

Ji1=0 "

K9=0

K1=0

****************************************************************

Matrix Identification
***********************

AA,BB,C * Contain coefficients of the Tridiagonal
system at each time step

D * Contains the RHS of the tridiagonal system

T * Contains the temperature of each node at
each time step

KK,CP * Contain Thermal Conductivity and Specific

Heat of each node at each time step

THERM1, THERM2 * Contain coefficients of the Polynomial used
to calculate Thermal Conductivity as a function
of temperature for Ferrite and Austenite '
respectively

CP1,CP2 * Contain coefficients of the polynomial used
to calculate Specific Heat as a function of
_temperature for Austenite and Pearlite resply

F % Contains total fraction transformed for each
"7 " node at each time step
DF * Contains the incremental fraction transformed
for each node at each time step
AN,ALB *  Contains the coefficients of the Polynomial

used to calculate 'n' and 'Log b' as a
.function of temperature.The data for these
was generated at the Metallurgy Dept.of UBC.
JJ * Contains the information on whether a node
has started transformation.If JJ(i)=1i, then
the 'i'th node has started transforming.If
: . . . .not,JdJ(i)=0 .
TAVRAM * Contains the Avrami time for each node at
each time step.The data for this has been
generated at the Metallurgy Dept. of UBC
BETA, GAMMA * Are dummy matrices used for calculating the
temperature of each node at each time step
A kA A TR IR KRR KRR IR I AR A Ak Ak ko k ko kkkhhhkkkkkkkkhkhkhkkkhkhkk

* . UNITS *

khkhkhkhkkkkhkhkkk

Time . * ) Seconds
Distance T * Meters
Specific ‘Heat-- -- - - ¥ W/Kg *C
Thermal Conductivity % W/M *C
Convection Heat

Transfer Coefficient * W/m2 *C

Density * Kg/m3

Note on Dimensioning of Matrices
******f*******************f*****

Matrices AA,BB,C,D,T,TT,DF,KK,CP,JJ,F,TAVRAM, BETA, GAMMA should

be dimensioned at least M (=no. of nodes+1)
******************************************************************i
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0),D(30),T(30),TT(30),DF(30),
1KK (30),CP(30),ALB(10),AN(5),THERMI(10),THERM2(10) ,F(50,2),J3 (3!
1CP1(10),CP2(10),TAVRAM(30) ,H!
‘DIMENSION K5(100),TAV(100),TA
CALL THER(THERM1)
CALL THERMA (THERM2)
CALL CEEPE2(CP2)
CALL CEEPE1(CP1)
CALL LOGB(ALB)
CALL EXPONT(AN)
DO 3001 I=1,M
01 K5(1)=0

(20),BETA(30),GAMMA(30)

DIMENSION AA(30),BB(30),C(3
)
TA1(100),TI(100)

H
T

Ak kR Rk kA k Ak ko kkkkkkhhkkkkkhkkdkdrdkhhhdhhhkkhdhdkkdk

Initialisation of Temperature at all nodes at TOTTIM=0.The
fraction transformed matrix F and the JJ matrix are also

initialised to 0.
******************************************************************:

DO 10 I=1,M
F(1,1)=0.0D0
F(1,2)=0.0D0
JJ(1)=0

T(1)=850.0D0

Ik kR ke kA kA kA kR kkkhkkkkdkkdhkhdhkdkkhkhhkkdkkhkdkdhhdkk

Starting with TOTTIM=0 the time is incremented in steps of
DT.The calculations will stop when TOTTIM value is Greater

than or Equal to a prespecified value
E kAR IR KA IR IR AR AR R KA I I I AN A I AR ATk kR khkkdkkkdk

TOTTIM=TOTTIM+DT
IF (TOTTIM.GE.T1) GO TO 1001
K7=0

********************************************************

Calculation of convective heat transfer coefficient by
using air velocity
Tk kA kA kA kA hkkhk ko kdkkk kot ko ko hkkhkkkkhkdkhkkhhkhhkkk
TEM=( (T(M)+TATMOS)/2.0D0)*1.8D0+32.0D0
IF (TEM.GT.900,0D0) AIRK=(1.617D-05*TEM+1,575D-02)/2419.0D0
IF (TEM.LE.S00.0D0) AIRK=(1.860D-05*TEM+1,372D-02)/2419.0D0
IF (VEL.LE.(0,1D-8).AND.VEL.GE.(-0.1D-8)}) GO TO 130
IF (TEM.GT.1000.0D0) AIRNU=(1.233D-06*TEM-3.060D-04)%9.2894D-0:
IF (TEM.LE.1000.0D0.AND.TEM.GT.800.0D0)
1AIRNU=(1,0D-06*TEM-8.3D-05)*9,2894D-02
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218
219
220
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241

C
c

C

IF (TEM.LE.800.0D0) AIRNU=(8.475D~07*TEM+3.9D-05)*5.2894D-02

RE=(VEL*2.0D0*R) /AIRNU

IF (RE.GE.0.4D0.AND.RE.LT.4.0D0) vC=0.891D0
IF (RE.GT.0.4D0.AND.RE.LT.4.0D0) VN=0,33D0

IF (RE.GT.4.0D0.AND.RE.LT.40.0D0) vC=0.821D0
IF (RE.GT.4.0D0.AND.RE.LT.40.0D0) VN=0.385D0
IF (RE.GT.40.0D0.AND.RE.LT.4000.0D0) VC=0.615D0
IF (RE.GT.40.0D0.AND.RE.LT.4000.0D0) . VN=0.,466D0

IF¥ (RE.GT.4000.0D0.AND.RE.LT.40000.0D0) VC=0.174D0
1F (RE.GT.4000.0D0.AND.RE.LT.40000.0D0) VN=0.618D0
IF (RE.GT.40000.0D0.AND.RE.LT.400000.0D0) VC=0.0239D0
IF (RE.GT.40000.0D0.AND.RE.LT.400000.0D0) VN=0.805D0
H=(VC*AIRK/(2,0DO*R) )* (RE**VN)+1,366D-11*EMISS* (((T(M)
14273.0D0)**4)- ((TATMOS+273.0D0)**4) ) /(T(M)-TATMOS)

GO TO 230

hb A kAT K I T A AT A ATk kA ko hh ke hkkkk

Calculation of the radiative heat transfer coefficient
I E 2 R S X2 F S SR RS S E XXX S XSRS RS L LSS R LRSS SRS EIEEEEET XL R

130 D2=(T(M)-TATMOS)*1,8D0

230  H=H*1000.0DO ' -

IF (TEM.GT.1000.0D0) GR=(335,29345D0*(10.0D0** (TEM !
1*(-0.00110218D0))))*1000.0D0

IF (TEM,LE,1000.0D0.AND.TEM.GT.800.0D0) GR=(621.10241D0
1*(10.0D0O** (TEM*(-0.00136892D0))))*1000.0D0

IF (TEM.LE.800.0D0.AND.TEM.GT.500.0D0) GR=(1100,7197D0
1*(10.DO** (TEM* (~0.00168056D0))))*1000.0D0

IF (TEM.LE.500.0D0.AND.TEM.GT.300.0D0) GR=(2071.8664D0
1%*(10,DO**(TEM*(~0,002229%3D0))))*1000.0D0

IF (TEM.LE.300.0D0) GR=(4200.0D0*(10.DO**(TEM*(~-0.00325289D0)

1)))*1000.0D0
D1=(2.0D0*R)*3,2808399D0
NUS=0.53D0* ( (GR*(D1**3,0D0)*D2*0.7D0)**0.25D0)
H=((AIRK*2419,0D0*NUS/D1)/737.3D0)+
1.366D-11*EMISS*(((T(M)+273,0D0)**4)-

1 ((TATMOS+273.,0D0)**4) ) /(T(M)-TATMOS)

=4.186D0*H-

220  H=50.0D0

QOO0 0OO0O0O0OO0

Tk kR kh R AT A A IR T I AT ARk AR A Ak AR A A kA kkkkkkkkkdkkkk

Loop 60

%k kkkkk

In this loop ,the values of Thermal Conductivity and Specific
Heat for Austenlte are calculated for each node at each time
step

Loop 70

% %k %k kkk

In this loop,values of Thermal Conductivity and Specific

Heat of Ferrite are calculated for each node at each

time step.

Loop 55

khhkhkkkk

In this loop the values of Fraction Transformed for each node
at each time step are checked to find whether transformation
of Austenite to Pearlite is complete at all nodes.If so,
control is directed to Loop 70 wherein the values of

Thermal Conductivity and Specific Heat are calculated.On

1704
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entering Loop 70 a counter -J! is set egual to 1.For all
future time steps control is directed to Loop 70 without
going through Loop 55.0n complete transformation at all
nodes, from Loop 70 control is directed to statement no.820
wherein the appropriate Tridiagonal System coefficients

are calculated,bypassing Loop 501.
Kk khkkkk kR Ik ko khkkkkhkkkkrkhkkkkkkkhhdkdrhkhkhkkkkkhkkkkkkkkhkdkdkkkdkkk

IF (J1.EQ.1) GO TO 70
L=0
DO 55 I=1,M
IF (F(I,1).LT.FRMAX) GO TO 55
L=L+1
CONTINUE
IF (L.EQ.M) GO -TO 70
DO 60 I=1,M
KK(I)=THERM2{1)+THERM2(2)*T(I)
KK(I)=418.6D0O*KK(I)
CP(I)=CP1{1)+CP1(2)*T(1)+CP1(3)*(T(1)**2)+CP1(4)*(T(1)**3)
14+CP1(B)*(T(I)**4)+CP1(6)*(T(I1)**5)
CP(1)=4186.0D0*CP(I)
CONTINUE
GO TO 700
DO 600 I=1,M
KK (I)=THERM1{1)+THERM1(2)*T(I)+THERMI (3)*(T(I)**2)
1+THERM1 (4)* (T(1)**3)+THERM1(5)*(T(I)**4)
KK(I)=KK(I)*418,6D0
CP(I)=CP2(1)+CP2(2)*T(1)+CP2(3)*(T(1)**2)
CP(1)=CP(1)*4186.0D0

0 CONTINUE .
Ji=1
GO TO 820

Y R R R R R 2222222222222 X222 222222223222 22ttt sttt l

"Loop 501 -

% J %k % % % %k ok %

In this loop,each node is checked,at each time step for
transformation start.At each time step,for each node, the
Avrami time is calculated.If the TOTTIM value is Greater
than or Egqual to the Avrami time the node will start
transforming.Once a node starts transforming,JJ(node) is
set egqual to node number.For all future time steps this
node will not be checked again for transformation start.
When a node starts transforming,control is directed to
statement no.500 wherein 'n','log b' for that node
temperature are calculated.The fraction transformed is
then calculated.The Specific Heat and Thermal Conductivity
of the transforming node is then calculated by using the
formula
Specific Heat=%Transformed*Specific Heat of Ferrite +
(1-3transformed)*Specific Heat of Austenite
at the node temperature
When the fraction transformed of the node is equal to |
control is transferred to statement no. 8000 where the
Specific Heat and Thermal Conductivity values of Ferrite
are used for further calculations.
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C Kk d kA kAT A A A Ak kAR ARk Ak h Rk T T hhhk kT ko kkkkkkkhkhkdkkk

700 DO 501 I=1,M
IF(T(1).GT.728.0D0) GO TO 501
IF (F(I,1).GE.FRMAX) GO TO 501
IF (JJ(1).NE.O) GO TO 500
IF(K5(1).EQ.1) GO TO 229
TAV(1)=TOTTIM
K5(1)=1

229 IF (T(1).GE.700.0D0) GO TO 501 ,
TAVRAM(I)=62.7348D0+0.105339D0*(728.0D0~T(I))-15.4325D0
1% (DLOG(728.0D0-T(I)))
TAVRAM(I)=DEXP(TAVRAM(I))

TA1(1)=TOTTIM-TAV(I)

IF (TA1(1).LT.TAVRAM(I)) GO TO 501
JJ(1)=1

500  EN=AN(1)+AN(2)*T(I)+AN(3)*(T(I)**2)+AN(4)*{(T(1)**3)
TT(I1)=728.0D0~-T(I)
ALOGB=ALB(1)}+ALB(2)*(TT(I))+ALB(3)*((TT(I))**2)+
TALB(4)*((TT(1))**3)
ALOGB=DEXP(ALOGB)
THETA=DT+{(DLOG(1.0D0/(1.0D0-F(I,1)))/ALOGB)**(1.0D0/EN)
F(1,2)=1.0D0-DEXP(~ALOGB* (THETA**EN) )
DF(I)=F(1,2)-F(I,1)
FK=THERM1 (1) +THERM1 (2)*T(I })+THERM1{3)*(T(I1)**2)+THERM1 (4)*
1(T(I)**3)+THERM1(5)*(T(1)**4)
FK=FK*418.6D0
FCP=CP2(1)+CP2(2)*T(1)+CP2(3)*(T(1)**2)
FCP=FCP*4186.0D0
RR(I)=(F(1,2)*FK+(1.0D0-F(1,2))*KK(1))
CP(I)=(F(1,2)*FCP+(1.0D0-F(I,2))*CP(1))

501 CONTINUE :

LS AR SRR SRR R RS s Rl R EE X x TR E IS IR T R T RS

Loop 7000

% % % % % Kk %k kK

This loop calculates the appropriate values of the Tridiagonal
System Coefficients-AA,BB,C,D

O0ON00O00n

820  XX=-DX
DO 7000 1=1,M
XX=XX+DX s

7050 IF(1.GT.1).GO TO 7051
AK1=(KK(1)+KK(2))/2.0D0
BB(1)=1,0D0+({(DD*CP(1)*(DX**2))/(4.0D0*AK1*DT))
C(1)=-1.0D0"
1F ((F(1,1).LE.0.0D0).OR. (F(I,1).GE.FRMAX)) GO TO 450
D(1)={((DX**2)/(4.0D0*AK1) )*
1(DD*80000.0DO*DF (1) /DT)+( (DD*CP(1)* (DX**2)*7(1))/
1(4.0DO*AK1*DT))
GO TO 7000

450 D(1)=(BB(1)-1.0D0)*T(1)

170f
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GO TO 7000 .

7051 1F (I.EQ.M) GO TO 7052
AK2=(KK{(I-1)+KRK(I1))/(2.0D0)
AA(1)=AK2*((DX-2.0D0*%X)/(2.0D0*DX))
AK3=aK2*(2.0D0*XX-DX)/(2.0D0*DX)
AK&=(KK(I)+RK(I+1))}/(2.0D0)
AK&=AK4* (2.0D0*XX+DX)/(2.0D0O*DX)
BB(I)=AK3+AK4+((DD*CP(I)*XX*DX)/(DT))
AK4=(KK(I)+RK(I+1))/(2.0D0)
C(1)=~AK4*((2.0D0*%Z+DX) /(2. ODO*DX))
1F ((F(I,1).LE.0.0DO0).OR. (F( 1) GE.FRMAX)) GO TO 451
D(1)=(XX*DX*(DD*80000. ODO*DF 1)/DT))+(DD*CP(1)*XX*DX*T(1)/DT)
GO TO 7000

451 D(1)=(DD*CP(1)*XX*DX*T(1))}/DT
GO TO 7000

7052 IF ((F(I,1).LE.0.0DO).OR.(F(1,1).GE.FRMAX)) GO TO 350
D(M)=((DX)*(4.0D0*R-DX)*
1 (80000, 0DO*DD*DF (M) /DT)) /(8. 0D0)+(H*TATMOS*R)+
1 ((DD*CP (M) *DX* (4.0DO*R-DX)*T(M))/(8.0D0*DT) )
GO TO 351

. 350 D(M)=(H*R*TATMOS )+ ( {DD*CP (M) *DX* (4,0DO*R~DX)*T(M)})/

1(8.0D0*DT) )
351 AKS= (KK (M-1)+KR(M))/(2.0D0)
AA(M)=AK5* ((DX-2.0D0*R)/(2.0D0*DX))
BB(M)=AK5* ((2.0D0*R-DX)/(2.0D0*DX) )+ (H*R)+ ( (DD*CP (M) *DX*
1(4.0DO*R-DX))/(8.0D0*DT))
7000 CONTINUE

g dc % ok do dk % g do ok % % ok ok ok Kk %k 3k %k g % gk % ok % % ok ok Ik ok 3k ok gk sk % ok ok %k 3k 3k dk e ok ok o ok ok ke ke ok ok ok ke ke ok gk ok e ok ok ke ok

This part of the program calculates the temperature of each node
at each time step.The algorithm used is the solution of a
Tr1dlagonal System of Simultaneous Eguations described in the
book 'Applied Numerical Methods' by Carnahan,Luther and Wilkes.
T(M) is the temperature of the surface node and T(1) is the
temperature of the Centre of the rod.After the calculations of
temperature for one time step are completed control is
transferred to statement no, 25 where the TOTTIM is incremented
by DT and the calculation of the Tridiagonal System coeff1c1ents

etc. is repeated.
Fkhkk kA Ak Ak kAR ARk kT hhkhkkhhkkkkhkhkdkddkkdkkkhkkkhkhkdkhkkdkhdhhkhhdhhkdhhkk

OO0O0OO0O0O0O00O0000n

BETA{1)=BB(1)
GAMMA (1)=D(1)/BETA(1)
DO 110 I=2,M
BETA(I)=BB(I)-AA(I)}*C(I-1)/BETA(I-1)
110 GAMMA(I)=(D(I)-AA(I)*GAMMA(I-1))/BETA(I)
T1(M)=GAMMA (M) -
MAST=M-1
DO 120 J=1,MAST
I=M-J
120 TI(I)=GAMMA(I)-C(I)*TI(1+1)/BETA(I)

C kKA kKRR I A A A AR R IR RKI R KR A AR A AR AR TR I AR A kA khkkdkkhkkkkkdx
c.If transformatzon starts at any node,the latent heat

170g
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470 -

471
472
473
474
475
476
477
478
479
480
481

OO0

6005

6600

6003

6002
6004

730
325

O0O0O00

1001

liberated due to the transformation is calculated by an
iterative procedure.K7 is controls the number of iterations

to be performed. .
Khkdkhkhkhkhkkdkhdkkkkkkhkkkkhhkhhkhkkkkkkkkhkkkkhkkhhhkkkkkkdkkkhkdkkkk

IF (K7.GE.3) GO TO 6002

IF (JJ(M).EQ.0) GO TO 6002

IF (J1.EQ.1) GO TO 6002

DO 6003 I1=1,M

TI(II)=(TI(I1)+T(11))/2.0D0

IF (JJ(11).EQ.0) GO TO 6600

IF (F(I11,2).GE.FRMAX) GO TO 6005
EN=AN(1)+AN(2)*TI(I1)+AN(3)*(TI(II)**2)+AN(4)*(TI(I1)**3)
TT(I1)=728.0D0-T(I1)

ALOGB=ALB(1)+ALB(2)* (TT(I1))+ALB(3)*((TT(II))**2)+

TALB(4)* ((TT(11))**3)

ALOGB=DEXP(ALOGB)
THETA=DT+(DLOG(1.0D0/(1.0D0-F(II,1)))/ALOGB)**(1.0D0/EN)
F(11,2)=1,0D0-DEXP(-ALOGB* (THETA**EN))

DF(I1)=F(I1,2)-F(11,1)

FK=THERM1 (1)+THERM1 (2)*T(II)+THERM1{3)*{(T(I1)**2)+THERM1(4)*

1(T(ITI)**3)+THERMI (5)*(T(I1)**4)

FK=FK*418, 6D0

FCP=CP2(1)+CP2(2)*T(I1)+CP2(3)*(T(I1)**2)

FCP=FCP*4186.0D0

RK(I1)=(F(I1,2)*FKR+(1,0D0-F(I1,2))*KK(I1))
CP(II)=(F(I11,2)*FCP+(1.0D0-F(I11,2))*CP(11))

GO TO 6003

KK(II)=THERM2(1)+THERM2(2)*TI(11)

KK(I1)=418.6D0*KK(I1)
CP(II)=CP1{(1)+CP1(2)*T(II)+CP1(3)*(T(II)**2)+CP1(4)}*(T(I11)**3)

1+CP1(5)*(T(II)**4)+CP1(6)*(T(11)**5)

CP(11)=4186.0D0*CP(I1)

CONTINUE
K7=K7+1

GO TO 820

DO 6004 I11=1,
F(I1,1)=F(I1,
T(11)=TI(I1)
K8=K9+1

IF (K8.LE.S) GOTO 325

K9=0

WRITE(6,730) TOTTIM,T(M),T(1)
FORMAT(5X,F8.2,5%X,F6.2,5%X,F6.2)
GO TO 25

)

Ihkhkkhkhhhhkhhhhkhhdkhhkhddddkodh ks ok odrde ko drok ok sk ok g o %k o 5k % %k s %k & % % % % % % % o % % % o %

Calculation of temperature for all nodes for the current time
step is complete.Control is now transferred to statement no.25

for incrementing the TOTTIM value by DT and further calculations.
KA A K IR AT AR R R I A A A Rk k ko hkkdhhkkhkhkhhkhkhrkhksk

STOP
END

170h
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Thkhkkk ko ko ko kA kA Ak A K AR A A A A A ARk T AT AR A A A XA AR AR ARk kA Rk kkkkkk k%

End of main program.Start of subroutines.
LR AR S S R SRR SRS S s S RS AR R S R R S RS R R S SR R R R XSS SRS SRS SR RS R

SUBROUTINE THER(THERM1)

Ik kk kR kR kkk ko kkkkkkkkk ko kkk ko dkkhhdkhk ko koo kdkokok sk

In this subroutine a Polynomial of the 4th degree is fitted to
Thermal Conductivity values of Ferrite in the temperature range
50*C to 750*C,the data for which has been obtained from the
BISRA report.This Polynomial is the best fit for the data used
and calculates Thermal Conductivity values in the temperature

range within 0.5% of the experimental values.
v % ok % ok J g % vk ok dk ok %k % ok ok dk g dk ok %k %k ke ok e ok de g gk g gk g ok ke e kT de ok %k do gkt k% ok d gk gk gk Yo ok k% %k % %k %k ok k%

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION X(25),Y(25),¥F(25),¥D(25),WT(25),5(20),A(20),B(20),
1SIGMA(20),P{(20),THERM1(10)

DATA K,N/4,14/

X(1)=50.0D0

DO 3300 1=2,14

3300 X(I)=X(1-1)+50.0D0

DATA (¥(I1),I=1,14)/0.118D0,0.115D0,0.112D0,0.108D0,0.103D0,
10.099D0,0. 096D0 0.091D0,0. 087D0 0. 084D0 0. 081D0 0. 078D0
10.075D0, 0. 072D0/

LOGICAL LK

LK= .TRUE.

NWT=0 .

CALL DOLSF(K,N,X,Y,YF,YD,WT,NWT,S,SIGMA,A,B,SS,LK,P)

DO 3400 1=1,5

3400 THERM1(1)=P(1)

O0O0O0O0n

RETURN
END

LA AR AR RS SRS RSS2 SSRSSSESLESE TS

SUBROUTINE THERMA (THERM2)
Tk kkkkkkkhhkhdkdhodhod ook gk sk sk sk gk ok %k k kK ok %k % ok %k sk ok ok ok ok ok ok ok ok ok ok ok ko ok ok g ok ok ok ok ok ok ok %k
In this subroutine a Polynomial of 1st degree is fitted to the
Thermal Conductivity data of Austenite.The prediction error is
less than 0.8%.

Fhk Tk kR kR kA A A R KA AR A AR kT A AR A IR IR KA AT AR A AT IRk A R Ak kb hk kK

IMPLICIT REAL*8(A-H,0-2)

DIMENSION X(25), Y(25) YF(25),YD(25),WT(25),5(20),A(20), B(20)
,SIGMA(20), p(zo)

1,THERM2(4)

DATA K,N/1,11/

X(1)=700.0D0

DO 2100 1=2,11

2100 X(1)=X(I-1)+50,0D0

DATA (Y(I),1=1,11)/0.053D0,0.055D0,0.057D0,0.058D0,0.061D0,
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10.063DV, )
10.064D0,0.066D0,C.068D0,0.070D0,0.072D0/
LOGICAL LK
LK= .TRUE.
NWT=0
CALL DOLSF(K,N,X,Y,YF,YD,WT, NWT,S,SIGMA,A,B,S5,LK,P)
DO 2110 1=1,2 : ,
2110 THERM2(1)=P(I)
RETURN -
END

(of KRk KR KA I I A Ak ko kkkkhkhdhkkhkkhdhdhhdkhhkdkhhkrhkhdkhkkdkdhkhdk

SUBROUTINE CEEPE2(CP2)
ok kR kb hkhkhkhhkkhkhkhdohkdkhkhhhkhhkkhkhkhkhkhkdkhkhkkhkhhhkhhbhkhhhhkhkhhhhkkkkhkkhkkd:
In this subroutine a Polynomial of 2nd degree is fitted to. the
Specific Heat data of Ferrite.The prediction error is less than

1.0%.
hkkhkkkkkhkhkhhdkhkkkhkkhkkhkhhkhkkkkrhkkkhkkhhkdhhhhkhhkhkdhkkhhkhkhkhhkhkhrdhkkkddhxk

[eXeXeNaKe!

IMPLICIT REAL*B(A-H
DIMENSION X(25),Y(2
1A(20),B(20),P(20),C
DATA K,N/2,13/
X(1)=75.0D0
DO 4000 I= 2,13
4000 X(1)=X(I-1)+50.0D0
DATA (Y¥Y(1),1=1,13)/0.117D0,0.124D0,0.127D0,0.131D0,0.135D0,
10,140D00,0.145D0,0.150D0,0.160D0,0.166D0,0.172D0,0.172D0,
10.184D0/
LOGICAL LK
LK= .TRUE.
NWT=0
CALL DOLSF(K,N,X,Y,YF,¥D,WT,NWT,S,SIGMA,A,B,SS,LK,P)
DO 4010 I=1,3
4010 CP2(1)=P(1)
RETURN
END

C Rk kA kAT kA Ak khhhhkhhkkhkkkkkhkkkhkhkhhhhdkhkhhhhkkdhkdkdkkd

0-2)
),Y?(ZS),YD(ZS),WT(25),5(20),SIGMA(20),
2(3 .

5
p2(

SUBROUTINE CEEPE1(CP1)
Ak Rk R kT kA ATk r Rk kh bk kkhkkkkkhkhhkhkhkkhhkhhkdkkhx
In this subroutine a Polynomial of 5th degree is fitted to
the Specific Heat values of Austenite.The prediction error
is less then 0,9%.

KA A KK AR IR KT I IR R A A KK IR A AR AR KA RA A IR A AR AR A AR AT AR Rk k ke hkkk

(sXeXeXeXe!

IMPLICIT REAL*B(A-H,0-2)
DIMENSION X(25),Y(25),¥YF(25),YD(25),8(20),WT(25),SIGMA(20),
12(20),B(20),P(20),CP1(10)
DATA K,N/5,13/
X(1)=675.0D0
DO 5000 1=2,13
5000 X(I)=X(1-1)+50.0D0
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DATA (¥(I),I=1,13)/0.139D0,0.141D0,0.143D0,0.145D0,0.148D0,
10.149D0,0.151D0,0.154D0,0.156D0,0.158D0,0.160D0,0.162D0,
10.162D0/ :

LOGICAL LK

LK= .TRUE.

NWT=0

CALL DOLSF(K,N,%,Y,YF,YD,WT,NWT,S,SIGMA,A,B,SS,LK,P)

DO 5010 1=1,6

5010 CP1(1)=P(1)

C

RETURN
END

********************************************************

SUBROUTINE LOGB(ALB)
e R X 2 2 2R S RS R A 2 X X2 SR S SR R X E RS S S XS SRS RS SRR E R R X X8 X B BR R T LY
In this subroutine a polynomial of 6th degree is fitted to
the data of 'Log b' values obtained for 0.82%C-0.82%Mn-

0.26%51 steel in the Department of Metallurgy at UBC.
hhkkhkdkhkhkhhkkkkkhkkhkkdhkdkhhkdbhkhkhkkdkhkdhdhkhkhdhkdkhhkdhkdkdkhhkkkhkhkohdkkhohdhkdhdhodhkkdik

IMPLICIT REAL*B(A-H,0-2)

DIMENSION X(25),Y(25),YF(25),YD(25),WT(25),S(20),A(20),B(20)
1,SIGMA(20),P(20),ALB(10)

DATA K,N/3,8/
DATA(X(1),I=1,8)/58.0D0,48.0D0,68.0D0,78.0D0,98.0D0,105.0D0,
1113.0D0,125.0D0/
DATA(Y(1),1=1,8)/-9.8133D0,~9.44464D0,~-9.47115D0,-8.3921D0,
1-5.7279D0,-4.51327D0,-3.1385D0,-2.04103D0/

LOGICAL LK

LK= ,TRUE.

NWT=0

CALL DOLSF(K,N,X,Y,YF,YD,WT,NWT,S,SIGMA,A,B,SS,LK,P)

DO 6100 1=1,4

6100 ALB(1)=P(I)

OoO00On0n

RETURN.

END
hkkkkhhkhhkhhhkkhdkkdhhodkdhkkhkkhkdhkhkodkkdk ko koo ook ko ook dedk bk kkdkok i

SUBROUTINE EXPONT(AN)
% % % dk %k %k %k k% dk ok %k dk % vk ok % vk ok g ok ok ok gk %k S gkt gk ok ok ok ok de ok k% ok % ok gk ok ok % ok ok ok Sk ok ek b ok ok ok ok
In this subroutine a Polynomial of t1st degree is fitted to the
data' of 'n' values obtained for 0.82%C-0.82%Mn-0.26%Si steel in
the Department of Metallurgy at UBC.

TR KKK KR A AR AR AR TR IR IR AR A I A I A AR RA AR Ak h ko kkkhhhkkkkk ko

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION X(25),Y(25),YF(25),YD(25),WT(25),S(20),A(20),B(20)
1,SIGMA(20),P(20) ,AN(5)

DATA K,N/3,8/
DATA(X(1),1=1,8)/670.0D0,680.0D0,660.0D0,650.0D0,630.0D0,
1623.0D0,615.0D0,603.0D0/
DATA(Y(I),1=1,8)/2.125109D0,1.618956D0,2.467576D0,2.946133D0,
13.166861D0,3.147945D0,2.922434D0,2.346407D0/
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662 LOGICAL LK

663 LK= .TRUE.

664 NWT=0 .

665 CALL DOLSF(K,N,X,Y,YF,YD,WT,NWT,S,SIGMA,A,B,SS,LK,P)

666 DO 6200 I=1,4

667 6200 AN(1)=P(1)

668 RETURN

669 END

670 I TR R S R Y S AR R R A LA AT I IIITIY

End of file
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Appendix 9

LISTING OF COMPUTER PROGRAM TO CALCULATE THE
TEMPERATURE RESPONSE OF A CENTRE-SEGREGATED
STEEL ROD UNDERGOING COOLING |

Matrix Steel: 0.82% C - 0.82% Mn - 0.26% Si
Grain Size: 5 - 7 ASTM

Segregated Steel: 0.8% C - 1.88% Mn

Grain Size: 5 - 8 ASTM

Austenitising Conditions: 850°C - 5 minutes
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FE R I AT I I A ATk R AR AT AT Ak Ak kb kkkkkk ok kkkhkkkThkdkhkkhddkkkdkd

This program calculates the temperature (in *C) inside &
cylindrical rod of 0.82%C-0.82%Mn-0.26%Si steel with a
centre segregation of composition 0.8%C-1.88%Mn.It takes
into account the effect of the transformational heat
liberated,during coocling,on the temperature of the rod.It
is assumed that the segregated region transforms to either
pearlite or martensite,depending on the cooling rate.It is
further assumed that no heat is liberated during the
austenite to martensite transformation.

Calculations are
based on & 1-D Implicit Finite Difference Unsteady State
Heat Transfer Model.The model has been written for a constant
node distance.Density is considered constant.Variations of Thermal
Conductivity and Specific Heat have been incorporated into the
model by using BISRA data.(it is assumed that the thermal .
conductivity and specific heat of the matrix material and the

segregated material are the same.)
% % % % % % % % % %k %k %k J g % %k %k %k % % % v %k % % %k %k % dk ok % %k %k %k %k Kk %k %k K K o %k K %k de %k Ik %k ok ko ok ok Kk ok %k ok %

IMPLICIT REAL*8 (A-H,0-2)
REAL*8 KK

hkkhkhkkkkkkhkhrhhkhkhkdkdkhkhhhhkkhkkhkdhkkkhkdkhhdkkhkdhddhddkddddkkks

Data for this program is:
Khkkhkkkkkhkkhkhkhkrhkkkhhkkhkhkkhhkdkkikk

DX = Node distance,Meters

DT = Time increment, Seconds

TOTTIM = Total time counter,Seconds

H = Convective Heat transfer coefficient at the rod
surface,W/m *C

R = Radius of rod,Meters ’

TATMOS = Atmospheric temperature at rod surface,*C

XX = Distance of node from the rod centre,Meters

M = Number of nodes+1

DD = Density of steel,Kg/cubic Meter

T = Maximum time upto which calculations are to

be done
dkkkkkhkhkdkhkdkkkdkhkkdkdkhhkdkhdhkkdkhhkrhhkhkhkhhdhhhkdhkdkhkhhkhkdhdhkdhdkdhkdkdhhkihkk

KA IR AT I AT AT AR A A ARk ko k ke hhkkhdkhhkkdhdkdhddhkdkdkhkdkk

Data for this program must be input by replacing the

values in statement no.60 by appropriate values.

The no. of nodes segregated is given by the value of

the variable 1S.Before running the program, the appropriate
value of this varizble must be input.The appropriate

heat transfer coefficient value must be input by replacing

statement no.63
ok kK ATk kR Ak hkhkhkkhk ko kkkkkkkkkkhkhkkhkhkkkhkdhhkhhkkhkhkkkhkdkdkk

DATA DX,DT,TOTTIM,T?,DD,TATMOS,R,XX,M/0.00075D0,1.0DO{0.0DO,
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61 1400, 0D0,7650.0D0,20.0D0,(.9C75D0,0.0D0, 11/
€2 K1=0
63 H=1200.0D0
64 18=2
65
66
67
68 C ****************************************************************
€9 C Matrix Identification
70 C % % % % % gk Kk % ok %k gk gk gk Kk gk ok ok ok k%
71 C AA,BB,C * Contain coefficients of the Tridiagonal
72 c system at each time step
73 cCD X Contains the RHS of the trldlagonal system
74 crT * Contains the temperature of each node at
75 C each time step
76 C KK,CP * Contain Thermal Conductivity and Specific
77 c ‘Heat of each node at each time step
78 C THERM1,THERM2 * Contain coefficients of the Polynomial used
79 c to calculate Thermal Conductivity as a function
80 c of temperature for Ferrite and Austenite
81 - C respectively
82 C CrP1,CP2 * Contain coefficients of the polynomial used
83 C to calculate Specific Heat as a function of
84 C temperature for Austenite and Pearlite resply
85 CF * Contains total fraction transformed for each
86 c node at each time step
87 C DF * Contains the incremental fraction transformed
88 C for each node at each time step
89 C AN,ALB * Contains the coefficients of the Polynomial
S0 C used to calculate 'n' and 'Log b' as a
91 o function of temperature.The data for these
92 C was generated at the Metallurgy Dept.of UBC.
93 c JJ * Contains the information on whether a node
94 o has started transformation.If JJ(i)=i, then
8s C the 'i'th node has started transforming.If
96 c not,JJ(i)=0
a7 " C TAVRAM * Contains the Avrami time for each node at
S8 C each time step.The data for this has been
99 C generated at the Metallurgy Dept. of UBC
100 C BETA,GAMMA * Are dummy matrices used for calculatzng the
101 c temperature of each node at each time step
102 C ****************************'k*'k***************************'k***
103 C * UNITS *
104 C *********'k**if
105 C Time * Seconds
106 C Distance * Meters
107 C Specific Heat * W/Kg *C
108 C Thermal Conductivity * W/M *C
108 C Convection Heat
110 C Transfer Coefficient * W/m2 *C
111 C Density * Kg/m3
112 C Note on Dimensioning of Matrices
113 C kkkkkkhkkhkhkhkkhkkhkkdhrkhkkkhhkkhkhkhkkd
114 C Matrices AA,BB,C,D,T,TT,DF,KK,CP,JJ,F,TAVRANM,BETA, GAMMA should
115 C be dlmen51oned at least M ( no. o‘ nod°s+1)
‘]16 C *9:7'.'*'k***************************7*77'**7:**9:*******t****************i
117
118
119
120
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DIMENSION AA(BO),BB(30))C(30),D(30),T(30),TT(BO),DF(BO)
iKK(30),CP(30),ALB(iO),A‘(S),TPERME(iO),THERMZ(WO),F(SC,
1CP1(10),CP2(10),TAVRAM(30),Z1(20),BETA(30),GAMMA(30)
DIMENSION K5(100),Tav(100),T21(100),

12LB1(10),ALB2(10) ,AL1(310),AL2(10)

CALL THER(THERM1) .
CALL THERMA (THERM2)
CALL CEEPE2(CP2)
CALL CEEPE1(CP1)
CALL LOGB(ALB)

CALL EXPONT{AN)
CALL LOB(ALB2)

CALL EXPO(ALB1)
CALL EXP(AL1)

CALL EX(AL2)

J1=0

DO 3001 I=1,M

3001 K5(1)=0

aOO0O00n

[eXeXeXekKe!

25

s XsXeXakeXakeXeXske!

**************************************'k*******************
Initialisation of Temperature at all nodes at TOTTIM=0.The
fraction transformed matrix F and the JJ matrix are also
initialised to O.

171c

2),33(3¢

************************************'k*****************************i

DO 10 I=1,M
F(1,1)=0.0D0
F(1,2)=0.0D0
JJ(1)=0

T(1)=850.0D0

*************************************************************

Starting with TOTTIM=0 the time is incremented in steps of
DT.The calculations will stop when TOTTIM value is Greater

than or Equal to a prespecified value
***********************************************************

TOTTIM=TOTTIM+DT
1F (TOTTIM.GE.T1) GO TO 1001

**************************************************************

Loop 60

rhkk Xk kK

In this loop ,the values of Thermal Conductivity and Specific
Heat for 2ustenite are calculated for ezch node at each time
step

Loop 70

*hkkkk kX

In this loop,values of Thermal Conductivity and Specific

Heat of Ferrite are calculated for each node at each
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240

time step.

Loop 55

* %k % % %k ¥ % .

In this loop the values of Fraction Transformed for each node
at each time step are checked to find whether transformastion
of Rustenite to Pearlite is complete at all nodes.If so,
control is directed to Loop 70 vwherein the values of

Thermal Conductivity and Specific Heat are calculated.On
entering Loop 70 a2 counter J! is set equazl to 1.For all
future time steps control is directed to Loop 70 without
going through Loop 55.0n complete transformation at all
nodes, from Loop 70 control is directed to statement no.820
wherein the appropriate Tridiagonal System coefficients

are calculated,bypassing Loop 501.
khkkAkkAhkkhkhkhkkkhkhkhhkkhhkhhhkkhkhkkkkkhkkkdhhkhhkkhkhhkkkhhkkkhkkhdhhkhkkhkkk

OOO0O0OO0O000000000

IF (J1.EQ.1) GO TO 70
L=0
DO 55 I=1,M
IF (F(1,1).LT.1.0D0) GO TO 55
L=L+]

55 CONTINUE
IF (L.EQ.M) GO TO 70
DO 60 1=1,M
KK(I)=THERM2(1)+THERM2(2)*T(1)
KK(1)=418.6D0*KK(1)
CP(1)=CP1{(1)+CP1(2)})*T(I)+CP1(3)*(T(I)**2)+CP1{&)*(T(1)**3)
14CP1(S5)*(T(I)**4)+CP1(6)*(T(1)**5)
CP(1)=4186.0D0*CP(1)

60 CONTINUE .
GO TO 700

70 DO 600 I=1,M
KK (1)=THERM1(1)+THERM1(2)*T(I)+THERMI (3)*(T(I)**2)
1+THERM1 (4 )*(T(1)**3)+THERM1 (5)*(T(1)**4)
KK(1)=KKR(1)*418,6D0
CP(I)=CP2(1)+CP2(2)*T(I)+CP2(3)*(T(1)**2)
CP(1)=CP(1)*2186.0D0

600 CONTINUE
Ji=1
GO TO 820

(o] LS A SRS RS S R R SR SRRttt El XXX Y XS

Loop 501

% % %k %k Kk k k %k k

In this loop,each node is checked,at each time step for
transformation start.At each time step,for each node, the
Avrami time -is calculated.If the TOTTIM value is Greater
than or Equal to the Avrami time the node will start
transforming.Once a ncode starts transforming,JJ(node) is
set equal to node number.For all future time steps this
node vwill not be checked again for transformation start.
when a node starts transforming,control is directed to
statement no.500 wherein 'n','log b' for that node
temperature are calculated.The fraction transformed is
then calculated.The Specific Heat and Thermal Conductivity
of the transforming node is then calculated by using the

OOO0O0O0OO0000000N0
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formula
Specific Heat=%Transformed*Specific Heat of Ferrite +

(1-%transformed)*Specific Heat of Austenite

at the node temperature
When the fraction transformed of the node is egual to 1
control is transferred.to statement no. 8000 where the
Specific Heat and Thermal Conductivity values of Ferrite

are used for further calculations.
Ahk kA AR R T A AR AT Ak kR bk kkkkkkkhkhkhhhkdhhkdhdhdhhhhdkktdhk

700 DO 501 I=1,M

IF (F(1,1).GE.0.99999D0) GO TO 501
IF(T(1).GT.728.0D0) GO TO 501

IF (1.GT.IS) GO TO 240

IF (JJ(I).NE.O) GO TO 400

IF (K5(I).EQ.1) GO TO 230
TAV(1)=TOTTIM

K5(1)=1

- 230 IF (T(1).GE.700.0D0) GO TO 50!

IF (T(I).GE.475.0D0) GO TO 4001

171e

TAVRAM(I)=35.2807D0-7.07259D0* (DLOG(728.0D0~T(1)))+0.0225313D0*

1(728.0D0-T(1))
GO TO 4002

4001 TAVRAM(I)=22.4126D0+0.0123409D0*(728.0D0-T(1))-

14.27291D0* (DLOG(728.0D0-T(1)))

4002 TAVRAM(I)=DEXP(TAVRAM(I))

TA1(I)=TOTTIM-TAV(I)
IF (TAY(I).LT.TAVRAM(I)) GO TO 501
JI(I)=1

400 IF (T(I).GE.625.0D0) GO TO 4003

IF (T(1).LT.500.0D0) GO TO 4004 :
EN=AL1(1)+AL1(2)*T(I)+AL1(3)*(T(1)**2)
GO TO 4005

4003 "EN=ALB1(1)+ALB1(2)*T(I)

GO TO 4005

4004 EN=AL2(1)+AL2(2)*T(1)
4005 ALOGB=ALB2(1)+ALB2(2)*(728.0D0-T(1))+ALB2(3)*

1((728.0D0-T(1))**2)+ALB2(4)*((728.0D0-T(1))**3)
ALOGB=DEXP (ALOGE)
GO TO 410

240 IF (JJ(1).NE.0) GO TO 500

IF(KS{(I).EQ.1) GO TO 229
TAV(1)=TOTTIM
K5(1)=1

229 IF (T(1).GE.700.0D0) GO TO 501

TAVRAM(I)=62,7348D0+0.105339D0*(728.0D0-T(1))-15.4325D0

1*(DLOG(728.0D0-T(1)))
TAVRAM(1)=DEXP(TAVRAM(I))
TA1(I)=TOTTIM-TAV(I)

IF (TA1(1).LT.TAVRAM(I)) GO TO 501
JJ(1)=1

500 EN=AN(1)+AN(2)*T(I)+AN(3)*(T(I)**2)+AN{4)*(T(1)**3)

410

TT(1)=728.0D0-T(1)

ALOGB=ALB(1)+ALB(2)*(TT(I))+2LB(3)*({TT(1))**2)+
1ALB(2)*((TT(1))**3)

ALOGB=DEXP(ALOGB)

F(1,2)=1.0D0-DEXP(-ALOGB*(THETA**EN))

THETA=DT+ (DLOG(1.0D0/(1.0D0-F(I,1))})/ALOGB)**(1.0D0/EN)
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301 DF(I1)=F(1,2)-F(1I,1)

302 F(1,1)=F(1,2)

303 FK=THERM1 (1)+THERM1 (2)*T(I)+TEERM1(3)*(T(I)**2)+THERM1(4)*
304 1(T(I)**3)+THERMI1(5)*(T(1)**¢)

305 FK=FK*418.6D0

306 FCP=CP2{1)+CP2(2)*T(1)+CP2(3)*(T(1)**2)

307 FCP=FCP*4186.0D0

308 KK (1)=(F(I,1)*FK+(1.0D0-F(I,1))*KRK(1))

309 CP(I)=(F(1,1)*FCP+(1.0D0-F(I,1))*CP(I))

310 501 CONTINUE

311

312

313

314 C ***********************************************************
315 C Loop 7000

316 C * %k kg Kk kkk

317 C This loop calculates the appropriate values of the Tridiagonal
318 C System Coefficients AA,BB,C,D

319 C ****'k'k*****t*******************************************************
320

321

322

323

324 820  XX=-DX

325 DO 7000 I=1,M

326 XX=XX+DX

327 7050 IF(I.GT.1) GO TO 7051

328 AK1=(RK{1)+KK(2))/2.0D0

329 BB(1)=1.0D0+{{(DD*CP(1)*(DX**2))/(4.0D0*AK1*DT))

330 C(1)=-1.0D0

331 1F ({(F(1,1).LE.0.0DO).OR. (F(I,1).GE.0.89989D0)) GO TO 450
332 D(1)=((DX**2)/(4.0D0*AK1))*

333 1 (DD*B0000.0DO*DF (1) /DT)+ ( (DD*CP(1)* (DX**2)*T(1))}/

334 1{4.0D0*AK1*DT))

335 GO TO 7000

336 450 D(1)=(BB{1)-1.0D0)*T(1)

337 GO TO 7000

338 7051 IF (1.EQ.M) GO TO 7052

339 : AR2=(KK(I-1)+RK(1))/(2,0D0)

340 AA(I)=AR2*((DX-2.0D0*XX)/(2.0D0*DX))

341 AR3=AK2* (2.0D0*XX-DX)/(2.0D0*DX)

342 AR4=(KR({I)+KK(I+1))/(2.0D0)

343 AK4=AK4* (2,0D0*XX+DX)/(2.0D0*DX)

344 BB(I)=AK3+AK4+( (DD*CP(1)*XX*DX)/(DT))

345 AK4=(KK(I)+KK(I+1))/(2.0D0)

346 C(I)=-AK4*((2.0D0*XX+DX)/(2.0D0*DX))

347 IF ((F(1,1).LE.0.0D0).OR.(F{I,1).GE.0.99999D0)) GO TO 451
348 D(1)=(XX*DX* (DD*80000.0DO*DF (1) /DT))+(DD*CP(I)*XX*DX*T(1)/DT)
349 GO TO 7000

350 451 D{(I)=(DD*CP(I1)*XX*DX*T(1))}/DT

351 GO TO 7000

352 9052 1F ((F(I,1).LE.0.0DO).OR,(F(I,1).GE.0.99999D0)) GO TO 350
353 D(M)=((DX)*(4.0D0*R-DX)*

354 1(80000.0D0O*DD*DF (M) /DT))/(8.0D0)+(H*TATMOS*R) +

335 1{(DD*CP (M) *DX* (4.0D0O*R-DX)*T(M))/(8.0D0*DT))

356 GO TO 351

357 350  D{M)=(H*R*TATMOS )+ { (DD*CP (1) *DX* (4.0D0O*R-DX)*T(M)}/

358 1(8.0D0O*DT)) '

358 351 AKS=(RK({M-1)+KK(M))/(2.0D0)

360 AA{M)=AK5*((DX-2.0D0*R)/(2.0D0*DX))
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1(4,0D0*R-DX))/(8.0DO*DT))
00 CONTINUE '

*************************************************i****************

C
C This part of the program calculztes the temperziure of esch node
C 2t each time step.The zlgorithm used is the solution of &
C Tridiagonal System of Simultaneous Eguations described in the
C book 'Applied Numerical Methods' by Cernzhan,Luther and Wilkes.
C T(M) is the temperature of the surface node &nd T(1) is the
C temperature of the Centre of the rod.rfter the celculations of
C temperature for one time step &re completed control is
C transferred to statement no. 25 where the TOTTIM is incremented
C by DT and the calculation of the Tridiagonal System coefficients
C etc. is repeated.
C ******************************************************************
BETA(1)=BB(1)
GAMMA (1)=D(1)/BETA(1)
DO 110 1=2,M
BETA(I)=BB(1)-AA(I)*C(I-1)/BETA(I-1)
110 GAMMA(I)=(D(1)'AA(I)*GAMMA(I-1))/BETA(I)
T (M) =GAMMA (M)
WRITE(6,6301)TOTTINM, T (M)
6301 FORMAT(10X,F8.2,',',F6.2)
MAST=M=-1
DO 120 J=1,MAST
I=M-3J

120 T(1)=GAMMA(1)-C(1)*T(i+1)/BETA(I)

WRITE(6,6001)TOTTIM, T(1)

600% FORMAT(10%,F8.2,',',F6.2)

[sXakaXeXe]

PRINT,F(1,1),F(10,1)
GO TO 25

*****************************************************************

Calculation of temperature for zll nodes for the current time
step is complete.Control is now transferred to statement no.25

for incrementing the TOTTIM vslue by DT and further ceslculations.
**********t*******************i*******************i***************i

10017 STOP
END
c R 3L S A LA AR LR R L A R LA R LRl kol

OO0

End of main program.Start of subroutines.

************************************************************

The Subroutines Ther ,Therms,Ceepe2,Ceepel,Logb,Expont are
described in the program used for czlculation of the
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£21 C temperature without segregation.Subroutine Lob calculates
£22 C the coefficients of the polynomiesl usec¢ to find the value
423 C of 'b'at different temperatures.Subroutines Expo,Exp and
424 C Ex calculate the coefficients c¢f the polynomizsls used to
425 C find the values of 'n' in the temperature ranges 700 to 625*C,
£26 C 625 to 500*C,<500*C respectively for the segregated steel.
427 C Ah kAT r Rk Rk rkkk bk kkkkkkkkdkhkkkk kb khkhkkhkhkkkkkdkhkdhkhkhhkkhkkhkkkk
428
428
430 SUBROUTINE THER(THERM1)
431
432
433
434
435
436 IMPLICIT REAL*8 (A-H,0-Z)
437 DIMENSION X(25),Y(25),YF(25),¥YD(25),WwT(25),5(20),A(20),B(20),
438 1SIGMA(20),P(20),THERM1(10)
439 DATA K,N/4,14/
440 X(1)=50.0D0
441 : DO 3300 1=2,14
442 3300 X(1)=X(I-1)+50.0D0
443 DATA (Y(I),I=1,14)/0.118D0,0.115D0,0.112D0,0.108D0,0.103D0,
444 10.099D0,0.096D00,0.091D0,0.087D0,0.084D0,0.081D0,0.078D0,
445 10.075D0,0.072D0/
446 LOGICAL LK
447 LK= .TRUE.
448 NWT=0
449 CALL DOLSF(K,N,X,Y,YF,¥D,WT,NWT,S,SIGMA,A,B,SS,LK,P)
450 DO 3400 I=1,5
451 3400 THERMI(I)=P(I)
452 RETURN
453 END . -
454 C % %k Je % %k Kk %k % Kk %k %k %k g & %k % %k ok Ik %k % %k gk I %k dk %k %k % % ok % Jk Ik %k 9k % % %k % % ek %k %k ok ok k% %k Xk k %k kK
455
- 456
457 :
458 SUBROUTINE THERMA (THERM2)
459
460
461
462 IMPLICIT REAL*B(A-H,0-2)
463 DIMENSION X(25),Y(25),YF(25),¥YD(25),WT{(25),5(20),A(20),B(20)
464 1,SIGMA(20),P(20)
465 1, THERM2(4)
466 DATA K,N/1,11/
467 X(1)=700.0D0
468 DO 2100 1=2,11
469 2100 X(I)=X(1-1)+50.0D0
470 DATA (Y(1),1=1,11)/0.053D0,0.055D0,0.057D0,0.059D0,0.061D0,
47 10.063D0, ) ‘
472 10.064D0,0.066D0,0.068D0,0.070D0,0.072D0/
473 LOGICAL LK
474 LK= ,TRUE.
475 NWT=0 :
476 C:ALL DOLSF(K,N,X%,Y,Y¥F,¥YD,WT, NWT,S,8IGM~A,A,B,S85,LK,P)
477 DO 2110 1=1,2
478 2110 THERM2(1)=P(I)
479 RETURN

480 END
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C TR I AT A Ak kA kA Ak Ak kkkk ok k ko kkk ko xkkkkkkkwkkkkdhahkhkhkhdkdki

SUBROUTINE CEEPE2(CP2)

- IMPLICIT REAL*8(A-H,0-2)
DIMENSION X(25),Y(25),YF(25),¥D(25),WT(25),5(20),SIGMA(20),
1A(20),B(20),P(20),CP2(3)
DATA K,N/2,13/
X(1)=75.0D0
DO 4000 1= 2,13
4000 X(1)=X(1-1)+50.0D0
DATA (¥(1),I1=1,13)/0.117D0,0.124D0,0.127D0,0.131D0,0.135D0,
10.140D0,0.145D0,0.150D0,0.160D0,0.166D0,0.172D0,0.172D0,
10.184D0/
LOGICAL LK
LK= .TRUE.
NWT=0
CALL DOLSF(K,N,X,Y,¥YF,YD,WT,6NWT,S,SIGMA,A,B,SS,LK,P)
DO 4010 I=1,3
4010 CP2(1)=pP(1)
RETURN

END
C khkhkkkhkhhkkdkkhkhhdkkhhhkhkhhkhhkkhkhhkhkkhkdkdrhhkhhhhkhhhkdhrdhkhk

SUBROUTINE CEEPE1(CP1)

IMPLICIT REAL*B(A-H,0-2)
DIMENSION X(25),¥(25),YF(25),¥D(25),8(20),wr(25),SIGMA(20),
14(20),B(20),P(20),CP1(10)
DATA K,N/5,13/
X{(1)=675.0D0
DO 5000 I=2,13 -
5000 X(1)=X(1-1)+50.0D0 : :
DATA (¥(1),1=1,13)/0.139D0,0.141D0,0.143D0,0.145D0,0.148D0,
10.149D0,0.151D0,0.154D0,0.156D0,0.158D0,0.160D0,0.162D0,
10.162D0/
LOGICAL LK
LK= .TRUE.
NWT=0 :
CALL DOLSF(K,N,X,Y,¥YF,¥D,WT,NWT,S,SIGMA,A,B,SS,LK,P)
DO 5010 1=1,6 ’
5010 CP1(I)=P(1)
RETURN
END

C KA AR KA I AT R R A AR AR I AR A ATk ok kkkdhkkhhhkkkhkkhhkhkhkhkdkdk

SUBROUTINE LOGB(ALB)

IMPLICIT REAL*B(A-H,0-2)
DIMENSION X(25),Y(25),YF(25),YD(25),wT(25),5(20),A(20),B(20)
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1,SIGMA(20) ,P(20),ALB(10)

DETA K,N/3,8/
DATA(X(1),1=1,8)/58.0D0,4E.0D0,68.0D0,78.0D0,98.0D0,105.0DC,
1113.0D0,125.0D0/ '
DETA(Y(1),I=1,8)/-9.8133D0,-9.44464D0,-9.47115D0,-8.3921D0,
1-5.7279D0,-4.51327D0,-3.,1385D0,-2.04103D0/

LOGICAL LK

LK= .TRUE.

NWT=0

CALL DOLSF(K,N,X,Y,¥F,YD,WT,NWT,S,SIGMA,A,B,SS,LK,P)

DO 6100 I=1,4

ALB(I)=P(I)

RETURN

END

C Kk kkhkkkkhkhdkhkkdkkkdkhkkhhodrkdkhkkdhkhkkkkhhkkrkhhkhhkdhkhhkhhhkhdkkx

6200

6300

SUBROUTINE EXPONT(AN)

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION X(25),Y(25),YF(25),¥YD(25),WT(25),5(20),A(20),B(20)
1,8IGMA(20),P(20) ,AN(5)

DATA K,N/3,8/
DATA(X(1),1=1,8)/670.0D0,680.0D0,660.0D0,650.0D0,630.0D0,
1623.0D0,615.0D0,603.0D0/
DATA(Y(I),1=1,8)/2.125109D0,1.61895€D0,2.467576D0,2.946133D0,
13.166861D0,3.147945D0,2.922434D0,2.346407D0/

LOGICAL LK

LK= .TRUE.

NWT=0 -

CALL DOLSF(X,N,X,Y,YF,YD,WT,6NWT,S,SIGMA,A,B,SS,LK,P)

DO 6200 I=1,4

AN(I)=P(I)

RETURN

END

SUBROUTINE HEAT(H1)

IMPLICIT REAL*8(A-H,0-2)

DIMENSION X(25),Y(25),YF(25),YD(25),wWT(25),5(20),A(20),
1B(20),SIGMA(20),P(20),H1(20)

DATA K,N/6,10/

DATA (Y(1),I=1,10)/81.94D0,165.67D0,195,48D0,200.91D0,223.82D0,
1231.82D0,236.57D0,252.67D0,244.06D0,238.85D0/

DATA (X(1),1=1,10)/8%0.0D0,860.0D0,830.0D0,805.0D0,770.0D0,
1740.0D0,712.0D0,675.0D0,658.0D0,640.0D0/

LOGICAL LK

LK=.TRUE.

NWT=0 _

CALL DOLSF(K,N,X,Y,YF,¥YD,WT,NWT,S,SIGMA,A,B,SS,LK,P)

DO 6300 I=1,7

H1(1)=P(I)

RETURN

END

C KT KRB FF I RE T I Rk Tk h R TR IR R I IR T AT A AT I Tk Ik T Ik Ak Ik kv krhk k%

SUBROUTINE LOB(ALB2)
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6100

ATk

IMPLICIT REAL*B(A-H,0-2)
DIMENSION X(25),Y(25},YF(25),¥YD(25),WT(25),5(20),4(20),B(20)
1,SIGMA(20),P(20),ALB2(10)

DATA K,N/3,12/
DATA(X(I),I=1,12)/53.0DO,78.0DO,103.0D0,128.0D0,153.0DO,
1178.0D0,203.0D0,228.0D0,253.0D0,276.0D0,303.0D0,328.0D0/
DATA(Y(I),I=1,12)/-6.09954D0,—4.60211DO,—5.08256D0,
1-5.57406D0,—4.00138D0,-4.02453Do,-2.9204D0,-2,97626D0,
1-3.78062D0,-3.9678D0,-4.37844D0,-5.02969D0/

LOGICAL LK :

LK= .TRUE.

NWT=0

CALL DOLSF(K,N,X,Y,YF,¥D,WT,NWT,S,SIGMA,A,B,SS,LK,P)

DO 6100 1=1,4

ALB2(1)=pP(1)

RETURN

END

C ********************************************************

SUBROUTINE EXPO(ALB1)

IMPLICIT REAL*8(A-H,0-2) _
DIMENSION X(25),Y(25),YF(25),YD(25),WT(25),5(20),A(20),B(20)
1,SIGMA(20),P(20),ALBI(10)

DATA K,N/1,3/

DATA(Z(1),1=1,3)/675.0D0,650.0D0,625,0D0/
DATA(Y(I),1=1,3)/0.770414D0,0.825272D0,1.276907D0/

LOGICAL LK .

LK= .TRUE.

NWT=0

CALL DOLSF(K,N,X,Y,YF,YD,WT,NWT,S,SIGMA,A,B,SS,LK,P)

DO €100 1=1,2

6100 ALB1(I)=P(I1)

RETURN
END

(o] ********************************************************

€100

SUBROUTINE EXP(AL1)

IMPLICIT REAL*B8(A-H,0-2)

DIMENSION X(25),Y(25),YF(25),YD(25),WT(25),5(20),a(20),B(20)
1,SIGMA(20),P(20),AL1(10) _

DATA K,N/2,5/ ,
DATA(X(I),1=1,5)/600.0D0,575.0D0,550.0D0,525.0D0,500.0D0/
DATA(Y(1),1=1,5)/1.648218D0,1.205357D0,1.103574D0,0.74475D0,
10.715708D0/

LOGICAL LK

LX= .TRUE.

NWT=0

CALL DOLSF(K,N,X,Y,YF,¥YD,WT,NWT,S,SIGMA,A,B,SS,LK,P)

DO 6100 I=1,3

AL1{(I)=P(1)
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661 RETURN

662 END

663 C ********************************************************
664

665

666 SUBROUTINE EX(AL2) .

667

668

669

670 IMPLICIT REAL*8(A-H,0-2)

671 DIMENSION X(25),Y(25),YF(ZS),YD(ZS),WT(ZS),S(20),A(20),B(20)
672 1,SIGMA(20),P(20),AL2(10)

673 DATA K,N/1,4/

674 DATA(X(I),I=1,4)/475.0D0,450.0D0,425.0D0,400.0DO/
675 DATA(Y(I),I=1,4)/0.851409D0,0.905354D0,0.987884D0,1.057347D0/
676 LOGICAL LK

677 LK= .TRUE.

€78 NWT=0

679 CALL DOLSF(K,N,X,Y,YF,YD,WT,NWT,S,SIGMA,A,B,SS,LK,P)
680 DO 6100 1I=1,2

681 © 6100 AL2(I1)=P(1)

682 RETURN

683 END

End of file



