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ABSTRACT 

Two-phase composite have been prepared by i n f i l t r a t i n g s i n t e r e d i r o n 

compacts w i t h l i q u i d copper. The e f f e c t s have been s t u d i e d of i r o n p a r t i c l e 

s i z e , m a t r i x mean f r e e path, and the volume f r a c t i o n and micro-hardness of the 

i r o n - r i c h c o n s t i t u e n t , on the t e n s i l e p r o p e r t i e s of composites. 

I t has been found t h a t the s t r e n g t h of the composites i s r e l a t e d t o 

the amount of s o l u t i o n hardening of the i r o n component d u r i n g i n f i l t r a t i o n . 

The r e s u l t s of t e n s i l e t e s t s have suggested t h a t the hardness of the 

i r o n - r i c h c o n s t i t u e n t i s the dominant f a c t o r c o n t r o l l i n g y i e l d s t r e n g t h , u l t i m a t e 

t e n s i l e s t r e n g t h and e l o n g a t i o n . However, the u l t i m a t e s t r e n g t h has been found 

t o depend a l s o on the volume f r a c t i o n of the hard c o n s t i t u e n t , and e l o n g a t i o n 

has a l s o been found t o be a f u n c t i o n of the i n t e r f a c e area. 
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STRUCTURE: AND PROPERTIES OF 
COPPER INFILTRATED IRON 

I . INTRODUCTION AND SCOPE 

I n f i l t r a t i o n ( a p p l i e d . t o metals) i s a process by which the pores of a 

metal powder compact are f i l l e d w i t h a r e l a t i v e l y low m e l t i n g - l i q u i d - m e t a l 

through the a c t i o n of c a p i l l a r y f o r c e s . This process y i e l d s a composite 

m a t e r i a l w i t h a combination of p h y s i c a l and mechanical p r o p e r t i e s of the com

ponents which cannot be a c h i e v e d b y any other method of pr o c e s s i n g . 

The technique i s considered a p p l i c a b l e t o systems 1 where the 

components have: 

a) w i d e l y d i f f e r e n t m e l t i n g p o i n t s 
b) l i m i t e d mutual s o l u b i l i t i e s 
c) gqcjd "wetting c h a r a c t e r i s t i c s " ( d e fined below) 
d) no i n t e r r a e t a l l i c compound, formation which might i n t e r f e r e 

with, f u r t h e r i n f i l t r a t i o n 

There are few binary- m e t a l l i c systems which s a t i s f y , these requirements 

f u l l y , and among them the iron-copper system i s propably the best known. 

The m e l t i n g p o i n t s of pure i r o n and copper are 1536°C and 1083°C 

r e s p e c t i v e l y . 

p 

The e q u i l i b r i u m diagram f o r the Fe-Cu system i s given i n Figure 1. 

At 1100°C. the s o l i d s o l u b i l i t y of copper i n i r o n i s 8.5$ and,this p r o p o r t i o n 

v a r i e s o n l y ' s l i g h t l y over the range of temperature with which the present 

i n v e s t i g a t i o n i s mainly concerned. -The s o l u b i l i t y of i r o n i n copper at 109^°C 

i s hfy, but decreases t o 2.3$> as a r e s u l t of a . p e r i t e c t i c r e a c t i o n on c o o l i n g 
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Figure 1. Iron-Copper Equilibrium Diagram 
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through t h a t temperature. Above t h i s t r a n s f o r m a t i o n p o i n t the s o l u b i l i t y -

i n c r e a s e s again w i t h temperature. 

I t i s a l s o seen from the diagram t h a t no i n t e r m e t a l l i c compounds occur 

i n the iron-copper system. 

The "wetting c h a r a c t e r i s t i c s " of t h i s system are good. The w e t t i n g 

angle of molten copper w i t h s o l i d i r o n i s reported t o be zero^. The d i h e d r a l 

angle,a^parameter determining the i n t e r g r a n u l a r p e n e t r a t i o n of the s o l i d by the 

l i q u i d i s .27° 5 . 

According t o Kingery^ the f o l l o w i n g surface energy r e l a t i o n s h i p i s 

r e q u i r e d f o r w e t t i n g and d e n s i f i c a t i o n of a porous body-by a l i q u i d i n f i l t r a n t 

^ SV > ?LV > > %L 

where the s u b s c r i p t s V, L and S r e f e r t o vapor, liquid and s o l i d r e s p e c t i v e l y . 

In the case of Fe-Cu the f o l l o w i n g numerical values can be s u b s t i t u t e d 

(fev = 1950) 5 > (tf- L V r 1269 ) 6 > ( f s s = 8 5 0 ) ^ 2 $ ^ = ' O 0 ) ( \e erg 
cK 

According t o these values the s o l i d - v a p o r i n t e r f a c e i s e l i m i n a t e d f i r s t by 

c o v e r i n g of the i r o n w i t h molten copperj i n the second stage the pores formed 

between the copper-cOated i r o n p a r t i c l e s are f i l l e d . The t h i r d stage, g r a i n 

boundary p e n e t r a t i o n , i s apparently not favourable. However, si n c e $~gg i s 

a f f e c t e d by the angle of the boundary and by the s t r e s s d i s t r i b u t i o n i n the 

system, under c e r t a i n c o n d i t i o n s or i n c e r t a i n regions t h i s t h i r d stage can oc

cur a l s o . 
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The s t r u c t u r e s of a r t i f i c i a l two-phase composites which can be prepared 

i by i n f i l t r a t i o n can be c l o s e l y c o n t r o l l e d w i t h respect t o phase d i s t r i b u t i o n and 

other parameters. Thus.they lend themselves w e l l , , i n p r i n c i p l e , t o s t u d i e s of 

the deformation behaviour of mixtures of. d u c t i l e phases. I t was p r i m a r i l y w i t h 

the object of l e a r n i n g more about the p r o p e r t i e s of such mixtures t h a t the 

present study was undertaken. Moreover, i t was hoped t h a t i t might be p o s s i b l e 

t o e x p l a i n some of the i n c o n s i s t e n c i e s i n the r e s u l t s of previous i n v e s t i g a t i o n s 

w i t h c o p p e r - i n f i l t r a t e d i r o n compacts, since such m a t e r i a l s are important 

commercially. 

REVIEW. OF LITERATURE 

I . P r o p e r t i e s of Two-Phase S t r u c t u r e s 

The mechanism.of p l a s t i c deformation i n a two-phase a l l o y i s 

conside r a b l y more complex than i n a p o l y c r y s t a l l i n e s i n g l e phase a l l o y . Besides 

the u s u a l obstacles t o d i s l o c a t i o n movement we f|£nd..' the i n t e r f a c e s and. the 

second phase i t s e l f as a d d i t i o n a l . b a r r i e r s t o s l i p i n the matrix. T h e i r 

e f f e c t on the passage of d i s l o c a t i o n s depends on the degree of m i s f i t of the 

two l a t t i c e s , on the d i f f e r e n c e between the e l a s t i c p r o p e r t i e s . o f the two 

phases and on the amount and d i s t r i b u t i o n of the two phases. These parameters 

vary from system t o system, and may be v a r i e d w i t h i n one system by the 

c o n d i t i o n s of experiment. I n m e t a l l u r g i c a l i n v e s t i g a t i o n s i t i s common 

p r a c t i c e t o c o r r e l a t e the m i c r o - s t r u c t u r e w i t h the deformation behaviour of an 

a l l o y and. t o determine the f a c t o r s r e s p o n s i b l e f o r a c e r t a i n e f f e c t . The most 

often quoted parameters c h a r a c t e r i z i n g a two phase s t r u c t u r e are: 

a) mean f r e e path between jS'econd-phase p a r t i c l e s 
b) i n t e r p a r t i c l e spacing between second-phase p a r t i c l e s 
c) volume percent of the second phase 
d) hardness of the two phases 
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These parameters have been'examined by others i n d e t a i l f o r v a r i o u s two-

phase systems, and r e l a t i o n s h i p s have been derived between them and the y i e l d 

s t r e n g t h , f r a c t u r e s t r e n g t h and d u c t i l i t y of composites. 

ft 
Gensamer , studying' the s t r u c t u r e s of slow cooled and s p h e r o i d i t i c 

i 
i 

s t e d l s , proposed the r e l a t i o n s h i p 

Cr y =-A l o g (MFP) + B 

i n d i c a t i n g . t h a t the y i e l d s t r e s s depends on the l o g of the mean f r e e path, 

MFP, through the continuous phase ( f e r r i t e ) from one hard phase (cementite) 

p a r t i c l e ' or l a m e l l a t o another. 

9 

Edelson and •• Baldwin have studied, the e f f e c t of .various second phase 

a d d i t i o n s on the y i e l d s t r e n g t h of: copper. • They conclude t h a t only those 

p a r t i c l e s strengthen copper which, form a . f i r m bond w i t h the matrix and t h a t 

i n such cases the y i e l d s t r e n g t h again depends upon MFP. 

K r o c k ^ . found, t h a t i n W-NiFeW composites the deformation c h a r a c t e r 

i s t i c s were independent of MFP. 

The i n t e r p a r t i c l e spacing c r i t e r i o n appears t o p l a y an important 

r o l e i n d i s p e r s i o n hardening. 

Gregory and Grant working w i t h f i n e oxide d i s p e r s o i d s i n aluminum 

found t h a t the s t r e n g t h was p r o p o r t i o n a l t o the r e c i p r o c a l of the oxide 

p a r t i c l e spacing. 

The comparative.value of Gregory's r e s u l t s w i t h other two-phase 

s t r u c t u r e s i s d o u b t f u l since dispersion-strengthened a l l o y s form a s p e c i a l 

c l a s s of m a t e r i a l s i n v o l v i n g low volume f r a c t i o n s and extremely f i n e p a r t i c l e s 

of what i s u s u a l l y a.non-metallic d i s p e r s o i d . Due t o the s m a l l dimensions of 

these p a r t i c l e s t h e , i n t e r p a r t i c l e d i s t a n c e i s a c t u a l l y very c l o s e t o the mean 
fre e path. 



There have been many attempts to correlate the mechanical properties 

of composites with the volume f r a c t i o n of the harder phase. The r e s u l t s 

reported i n t h i s regard are very c o n t r o v e r s i a l . 

12 

Pines and Su&hinin derived mathematically a r e l a t i o n s h i p between 

strength -p'j and c o n s t i t u t i o n 

P = -Pi ( 1 - x ) 2 + p 2 x 2 + 2p 1 2x-(1-x) 

where x is . t h e volume f r a c t i o n of the matrix, and p x , p 2 and p 1 2 r e s p e c t i v e l y 

the strengths.of the discontinuous phase, the matrix and. the i n t e r f a c e . Their 

experimental r e s u l t s obtained at the Cu r i c h end of the Fe-Cu system appeared to 

be i n good agreement with the t h e o r e t i c a l d e r i v a t i o n . 

Tesdorovich'1"^ i n experiments with brass i n f i l t r a t e d i r o n found, that 

when the brass content was decreased < from. 39 "to 20$ the y i e l d strength 

increased from .21,000-psi to 57,000.psi while.the elongation to fracture 

decreased from 8 to ̂ . 

• Edelson^ found, that d u c t i l i t y , unlike YS, was a function of volume 

f r a c t i o n of the phases. 

Ik 

•Kimura reported that the fracture strength of i r o n i n f i l t r a t e d with 

al'Pb-Sn a l l o y remained e s s e n t i a l l y constant from 25$ to 80$ of i r o n and was close 

to the bulk strength of the matrix. Above 90$ i r o n the composite strength 

increased. 
15 

Goetizel with the Fe^-Cu system found.no change i n composite YS and 

UTS i n the range of 72-82$ i r o n , but above that there was a sudden increase i n 

YS. from .28,000 to 53,000 p s i . • 

Krock-'-O observed that the deformation c h a r a c t e r i s t i c s of W-NiFeW 

composite were independent of the volume f r a c t i o n , at l e a s t i n the .range of 

20-42$ of the matrix phase. 

http://found.no
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Previous Work with Iron-Copper Composites 

A s i g n i f i c a n t volume of research has previously been c a r r i e d out on 

Fe-Cu composites because of the favorable i n f i l t r a t i o n c h a r a c t e r i s t i c s of the 

Fe-Cu system and because of i t s commercial importance and p o t e n t i a l i t i e s . 

In what follows no d i s t i n c t i o n w i l l be made between the processes of 

i n f i l t r a t i o n and l i q u i d phase s i n t e r i n g , since the two are e s s e n t i a l l y i d e n t i c a l 

with the same mechanism and d r i v i n g force involved. 

. The i n f i l t r a t i o n of i r o n compacts with copper (and l i q u i d phase 

s i n t e r i n g of iron-copper powder mixtures) began to a t t r a c t considerable 

i n t e r e s t i n the l a t e nineteen f o r t i e s a f t e r some i n i t i a l studies i n Germany 

during World War I I . 

.Kopecki 1? and K e l l e y 1 8 (1946), G o e t z e l 1 5 and Worthcott 1^ (1947) and 

20 

Smith (1950) investigated the procedures of i n f i l t r a t i o n and the e f f e c t of 

a l l o y i n g additions and heat treatment on copper-infiltrated?-iron with the 

purpose of e s t a b l i s h i n g conditions to obtain the best combination of mechanical 

properties. In the second stage of development the basic mechanism of 
1 4 

i n f i l t r a t i o n became the main target of studies by E l l i o t (1955), Kingery 

(1959), Edelson 9 and Whalen 5 (I962). 
1 15 19 21 

•Although i t was recognized from the s t a r t ' ' ' that a l l o y i n g 
1 

between copper and i r o n took place, the strength increase due to i n f i l t r a t i o n 
was at f i r s t a t t r i b u t e d to "cementing" or a "heavy-alloy mechanism" s i m i l a r to 

the one operating i n carbide-cobalt a l l o y s (Goetzel 1 5 > 2 5 } N o r t h c o t t 1 9 , and 

24 

Schwartzkopf ). According,to t h i s mechanism the hard p a r t i c l e s round o f f by 

solution andreprecipitation through the l i q u i d phase and a f t e r complete ' s o l i d i 

f i c a t i o n the two phases are bonded.by cohesive forces only. This mechanism i s 

s t i l l a subject of controversy i n the carbide-cobalt system i t s e l f . 
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As shown by GurlancV^ i n the WC-Co system there i s a large s o l u b i l i t y 

of the carbide i n cobalt (38$ by weight above the melting point, 17$ below i t ) • 

an appreciable temperature dependence of the s o l u b i l i t y , and a zero d i h e d r a l 

angle causing very large changes i n the microstructure on cooling even by 

quenching. While there i s no continuous WC skeleton at elevated temperatures, 

i t i s continuous at ordinary temperature. 

In the case of Fe-Cu these parameters are e n t i r e l y d i f f e r e n t and no 

appreciable structure change i s expected to occur during cooling. 

In recent years the emphasis has moved from the heavy a l l o y mechanism 

explanation to a s o l u t i o n hardening argument. .Northcott as e a r l y as 19^7 

noticed d i f f u s i o n layers i n the i r o n p a r t i c l e s ^ however, he d i d not a t t r i b u t e 

any s i g n i f i c a n c e to them. 

E l l i o t ^ " (1955) recognized that the d i f f u s i o n of Cu i n t o Fe would 

eviden t l y b r i n g about a change i n the mechanical properties of the i r o n and 

that the degree of change would depend upon the amount of copper dissolved. 

21 13 22 Resnhack and Teodorovich ' were the f i r s t (1961) to advance 

solu t i o n hardening as the basic mechanism of strengthening. Rennhack observed 

the heavy-alloy mechanism operating a f t e r saturation of i r o n with copper, which 

was contrary to observations of others. 

Edelson and Baldwin^ stated that a l l "second .fphases" ( m e t a l l i c , non-

m e t a l l i c and.voids) embrittle a-matrix because of stress concentration, provided 

the second-phase i s s i g n i f i c a n t l y harder than the matrix. .One of the composites 

they examined and found- b r i t t l e was iron-copper. Other workers have observed 

good d u c t i l i t i e s with t h i s system which indicates that the b r i t t l e n e s s i s not 

an inherent property,-of the composite but depends on the a c t u a l microstructure. 
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The a l l o y i n g of the Fe component of the Fe-Cu system has "been found to 

have an important e f f e c t on the f i n a l properties of the i n f i l t r a t e d product. 

Schwartzkopf reported that the a d d i t i o n of O.2570 carbon to i r o n increased the 

YS k>£ an a s - i n f i l t r a t e d product from 61,200 t o 72,900 p s i . and. the UTS from 

67,500 to 76,100 p s i . 

At present,, i n spite of the extended commercial use and p r a c t i c a l 

development of iron-copper composites, the structure and.the o r i g i n s of the 

properties of these a l l o y s are s t i l l matters of considerable controversy. 

. The metallographic structures of iron-copper composites have been 

examined by almost every-worker in,the f i e l d , but no one has attempted;an even 

q u a l i t a t i v e evaluation of the changes occurring during i n f i l t r a t i o n , with the 
! 27 

exception of Frantzevich , who measured various parameters, but a r r i v e d at no 

conclusions based on these measurements. 

II.- EXPERIMENTAL PROCEDURE 

1. Materials 

The materials employed i n these. experiments were: 

Iron Powder 

A 100 l b . l o t of Armco Iron was atomized and supplied as s p h e r i c a l 

powders by Federal Mogul Co. f o r t h i s i n v e s t i g a t i o n . I t was shipped i n an 

a i r t i g h t container with a des|drcant. 

• The nominal composition of the powder was: 

C Mn P S S i 
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The powder was separated i n t o 5 p a r t i c l e - s i z e f r a c t i o n s using a 

standard screening procedure. 

• Sieve f r a c t i o n Estimated average 
(Tyler) p a r t i c l e size (micron) 

-100 . +150 ' 127 
-150 •+200 . 89 
-200 .+270 63 
-270 +325 kQ 

• -325 25 

The sieved f r a c t i o n s were placed into polyethylene bags.which were 

f i l l e d with nitrogen and sealed o f f u n t i l required. . Only the f i n e s t f r a c t i o n 

(-325 mesh) underwent any v i s i b l e oxidation during the experimental period. 

Metallographic examination of the powders showed,that the p a r t i c l e s 

were nearly perfect spheres although many were hollow. .No agglomeration of the 

p a r t i c l e s - was. observed. 

Copper 

E l e c t r o l y t i c Tough P i t c h copper (copper - 99.92$ min., oxygen - 0.04$) 

was obtained i n the form of rod, 3/8 inch i n diameter. Lengths of 2 ' l / 2 inch 

were employed f o r i n f i l t r a t i o n . The rod was supplied by Western Copper M i l l s 

Limited (Noranda). 

2. Specimen Preparation 

a. .C ompact ing 

The majority of the i r o n compacts were prepared by hydrostatic 

compaction. This method was preferred to conventional pressing i n r i g i d dies 

because of the more uniform density of the product. 
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-Since the i r o n powder p a r t i c l e s were of s p h e r i c a l shape and were used 

i n narrow siz e f r a c t i o n s , c o m p a c t i b i l i t y was very poor and the ad d i t i o n of a 

binder, a 1:1 mixture of iScrysol and NH40H, was added i n the r a t i o of 1 drop per 

• 30-40 g of powder, and.thoroughly mixed with the i r o n by hand j u s t before 

compacting. - The mixture was placed i n a rubber, tube h" long,. 12 mm.. O.D.., with 

2 mm. w a l l thickness,, and-sealed at one end with a rubber stopper. A f t e r f i l l i n g , 

the other end of the rubber tube was also stoppered and t i e d with a copper wire. 

Three such bags were f i l l e d and placed at one time i n a s t e e l hydrostatic 

pressure c y l i n d e r of 2" I-.D.-and depth 6", which was then f i l l e d with o i l . The 

contents of' the pressure v e s s e l were compressed at 20,000 to 30,000 p s i . - The 

compacts were.3.5" long and 0.4" diiameter. Despite the presence, of a binder the 

compacts were very f r a g i l e and-many collapsed during handling. 

Some specimens were prepared from uncompacted powders. In t h i s case, 

loose powder was placed i n a 0.3" / molybdenum :tube with a.closed end ahd the. 

whole assembly was i n turn enclosed i n t o a quartz tube and sintered as 

described i n the following section. 

b. S i n t e r i n g 

S i n t e r i n g was c a r r i e d out i n order t o give the compact s u f f i c i e n t 

strength to withstand further handling and machining. 

The furnace used f o r both s i n t e r i n g and i n f i l t r a t i o n was an e l e c t r i c 

resistance type, containing s i x , 12 mm. diameter "Globar" (SiC) elements 

placed v e r t i c a l l y i n a c i r q i e of 5-5" diameter. The uniform hot zone i n the 

centre (gradient -less than 10 degrees. Centigrade) was found to be 3-5" long. 

Temperature c o n t r o l was provided.by a Honeywell c o n t r o l l e r with a Pt-Pt 10 Rh 

thermocouple' i n s t a l l e d i n the centre of the uniform hot zone. The s e t t i n g of 

the c o n t r o l l e r was adjusted d a i l y according to the ac t u a l temperature 'measured 
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inside a.quartz tube similar, to the one used i n the experiments. The maximum 

temperature v a r i a t i o n inside t h i s tube was found to be ± 4°C at 1150°C. 

A compacted b i l l e t (or..the molybdenum, tube containing loose powder) was 

placed at the bottom of a.sealed quartz tube,' 20 mm. I.D., which was lowered 

v e r t i c a l l y i n t o the furnace. A l l s i n t e r i n g treatments were c a r r i e d out at 

1150°C f o r 10,minutes, with a flow, of cracked-ammonia through,the container. 

The reducing gas i n l e t and an outlet were positioned i n such a way that the 

compact was i n the actual- gas stream. -The temperature of the specimen reached 

the pre-set value approximately 5 minutes a f t e r loading. 

A f t e r s i n t e r i n g , the tube and contents were p u l l e d out from the' 

furnace and allowed.to cool i n the a i r with cracked ammonia—still flowing. 

. c . I n f i l t r a t i o n •. 

I n f i l t r a t i o n . t o o k place i n a 12 mm. I.D. quartz tube, sealed at one 

end. A 12-15 g piece of copper rod, plus some i r o n powder (approximately 1.5 g) 

were charg*ed i n t o the bottom, of the tube. The i r o n compact, by means .of a..small 

hole driLked'.into i t near one end was susperiSed from.a 12" long tungsten wire, 

to the upper end of which was attached a : 1" x 0.3" s t e e l c y l i n d e r . The l a t t e r 

c y l i n d e r served as a. core between two permanent magnets placed.outside the 

quartz tube. ,, By moving these magnets along the tube the core and the attached 

wire and powder Compact could be lowered-or r a i s e d inside the tube. The.upper 

(open) end of the tube was connected to a,vacuum forepump and the system.was 

pumped f o r ^several minutes t o obtain a-stable vacuum of approximately 65 microns. 
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A f t e r evacuation the tube was lowered v e r t i c a l l y i n t o the furnace 

wi th the bottom supported 1 1/2." below the centre of the uniform heat-zone. 

The specimen to be i n f i l t r a t e d was then i n the p r o t r u d i n g part of the tube. The 

tube was allowed t o come t o thermal equil ibr iumcdir ing which the copper melted 

and became saturated wi th i r o n from the i r o n powder a d d i t i o n . This s a t u r a t i o n 

was necessary i n order to prevent e ros ion of those p o r t i o n s of the compact 

which f i r s t came i n contact wi th the l i q u i d metal^ . 

A f t e r 10 minutes the powder compact was lowered to the bottom of the 

tube, submerged approximately 1/2 inch i n t o the molten p o o l , where i t was held 

f o r a measured time, ranging . f rom 10 min. to ^20 m i n . , and was then withdrawn 

r a p i d l y i n t o the c o l d top h a l f of the tube. The temperature of i n f i l t r a t i o n 

was v a r i e d from 1100° t o 1370°C. 

When the i n f i l t r a t e d specimen had cooled below " v i s i b l e red heat 

(approx. 650°C) the whole tube was p u l l e d out from the furnace and quenched i n 

water . 

3- Densi ty Measurements 

Densi ty measurements were c a r r i e d out on a l l specimens a f t e r s i n t e r i n g 

and a f t e r i n f i l t r a t i o n . 

S i n t e r e d i r o n specimens were machined i n t o p e r f e c t c y l i n d e r s , t h e i r 

p h y s i c a l dimensions and t h e i r weights were measured, and.the s p e c i f i c weights 

were then c a l c u l a t e d . Densi ty was recorded as a percent of the t h e o r e t i c a l , 

taken as 7.87 g/cc f o r i r o n . 
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The d e n s i t y of i n f i l t r a t e d specimens was obtained by l i q u i d - immersion 

techniques. Carbon t e t r a c h l o r i d e was used as the l i q u i d medium because of i t s 

r e l a t i v e l y high s p e c i f i c g r a v i t y ("1.54 g/cc) and good w e t t i n g c h a r a c t e r i s t i c . 

• The c a l c u l a t i o n of the t h e o r e t i c a l d e n s i t y was.based on.the s i n t e r e d d e n s i t y 

- of the given specimen. I t was assumed, and. l a t e r proven through chemical and 

metallographic a n a l y s i s , t h a t the Fe/Cu volume r a t i o a f t e r i n f i l t r a t i o n was the 

same as the Fe/pore r a t i o i n the s i n t e r e d specimen. The d e n s i t y of copper was 

taken as 8.94 g/cc. f o r purposes of c a l c u l a t i n g d e n s i t i e s as a percentage of 

t h e o r e t i c a l . 

4. •Tensile T e s t i n g 

A l l i n f i l t r a t e d compacts were machined i n t o t e n s i l e specimens of the 

shape and dimensions shown below. 

If v / /// 

2 . 5 " . 

.0.3" 
0.3" 

1.25" 
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Specimens were t e s t e d i n t e n s i o n on a n l n s t r o n t e n s i l e t e s t i n g machine, 

u s i n g . g r i p s s p e c i a l l y made f o r the button-head", specimens. A l l t e s t s were c a r r i e d 

out at ambient temperature. - The s t r a i n r a t e used i n most cases was 0.2 aa^min ' 

although 0.02 aaa^min'was used i n a few in s t a n c e s . .There were u s u a l l y 3 

specimens t e s t e d f o r any given c o n d i t i o n (Appendix I I ) . 

The l o a d - e l o n g a t i o n curves were recorded. The maximum load was 

converted t o u l t i m a t e t e n s i l e s t r e n g t h , and y i e l d s t r e n g t h was determined by 

using a 0.2$ o f f s e t . 

Elongations were measured on 1" gauge l e n g t h s , marked on the 

specimens before t e s t i n g . 

Metallography 

One specimen f o r each c o n d i t i o n was examined m e t a l l o g r a p h i c a l l y . 

Three sect i o n s were, mounted- one transverse taken from the top shoulder, and 

two l o n g i t u d i n a l , exposing-both halves of the specimen f r a c t u r e . 

In order t o r e t a i n the sharp fracture-edge and t o prevent any r e l i e f 

formation due t o the hardness d i f f e r e n c e of the phases, l a p p i n g was c a r r i e d 

out w i t h 6/c and 1/v diamond. A f i n a l l i g h t p o l i s h was provided by Linde B 

alumina. 

The p o l i s h e d specimens were etched i n h'fo n i t r i c a c i d i n eethanol which 

produced v a r i o u s degrees of brownish c o l o r a t i o n i n the F e - r i c h c o n s t i t u e n t . The 

darkness of t h i s c o l o r i n g was found, t o be roughly p r o p o r t i o n a l t o the amount of 

copper i n the i r o n and served as a q u a l i t a t i v e measure of the extent of 

d i f f u s i o n . 
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The Cu-rich matrix was etched when required with a sol u t i o n of 5 parts 

of concentrated'NH 4OH, 3 parts, of 3 per cent H 2 0 2 and 5 parts H 20. 

a. Microhardness 

Microhardness measurements were made on a Tukon t e s t e r with a 145° 

diamond pyramid indenter. Two loads, 50 g and lOg, were used, hut one load only 

was used i n a given s e r i e s of experiments. Mean hardnesses were based on measure

ments of 6 to 12 indentations depending on the observed s c a t t e r . In the case of 

the i r o n - r i c h constituent wherein the hardness d i f f e r e d considerably with distance, 

from the matrix, care was taken to make indentations on many p a r t i c l e s of the 

various shadings of etched color to obtain an average hardness. ' \^ 

b. Cjonstitution,' Mean Free Path, P a r t i c l e Size 

The measurement of these parameters was c a r r i e d out by standard l i n e a l 

28 

analysis on a Tukon t e s t e r equipped with a f i l a r eye piece and a t r a n s i t i n g 

stage with vernier adjustment. 

Traverses on the specimen were made i n three d i f f e r e n t d i r e c t i o n s . 

D u r i n g a traverse the number of i r o n p a r t i c l e s was counted, and the' t o t a l length 

of the l i n e and the.lengths of the copper intercepts were measured. Transits 

were made over 250 to 300 i r o n p a r t i c l e s f o r each sample i n order to obtain a 

r e l i a b l e average. 

The c o n s t i t u t i o n determination is-based- on the premise that the r a t i o of 

intercepts of the two constituents on a random l i n e i n a random metallographic 

section,-£_Cu , gives the a c t u a l volume r a t i o of the constituents' 2 8. 
£ Fe 

\ The matrix mean free path, i . e . the mean distance between the Fe 

p a r t i c l e s , was obtained by d i v i d i n g the t o t a l length of Cu intercepts with the 
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number of i r o n p a r t i c l e s i n t e r c e p t e d i n the t o t a l t r a v e r s e length;MFP = £ Cu 
% e 

The a v e r a g e • i r o n - p a r t i c l e s i z e was determined s i m i l a r l y , i . e . 

d F e = L t " £cu where 
% e 

LLJ. i s the t o t a l l e n g t h of the l i n e of t r a v e l 

i s the len g t h o f Cu i n t e r c e p t s 

Njpe i s the number of i r o n p a r t i c l e s t r a v e r s e d 

I t should be noted t h a t whereas the mean f r e e path obtained by t h i s 

method i s equal t o the true volumetric mean f r e e path the p a r t i c l e s i z e Fe i s 
29 

only two-thirds of the tru e p a r t i c l e diameter f o r p a r t i c l e s of uniform s i z e . 

In the case of non-uniform p a r t i c l e s , the mean s i z e measured m e t a l l o g r a p h i c a l l y 

i s a l s o a f u n c t i o n of the s i z e d i s t r i b u t i o n of the p a r t i c l e s . The l a r g e r i s the 

s i z e d i f f e r e n c e between the p a r t i c l e s the greater i s the p r o b a b i l i t y of a small 

p a r t i c l e being t o t a l l y above or'.' below the plane of metallographic examination. 

Since the apparent p a r t i c l e s i z e measured m e t a l l o g r a p h i c a l l y i s i n v e r s e l y pro

p o r t i o n a l to the number of p a r t i c l e s sectioned by a random plane, a r e d u c t i o n 

i n the number of the p a r t i c l e s would l e a d to an increase i n the apparent s i z e . 

Thus, i n the case where some p a r t i c l e s of i n i t i a l l y uniform s i z e , grow at the 

expense of others d u r i n g i n f i l t r a t i o n , an apparent mean p a r t i c l e - s i z e increase 

i s observed m e t a l l o g r a p h i c a l l y . I n f a c t , the tru e mean diameter i s decreasing, 

at l e a s t up t o the p o i n t where some p a r t i c l e s disappear completely. 

However, since t h i s study was concerned only w i t h r e l a t i v e changes of 

the parameters, the diameter values used throughout t h i s work have not been 

co r r e c t e d to a l l o w f o r the above e f f e c t s . 
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III.EXPERIMENTAL RESULTS 

A l l experimental data and r e s u l t s are summarized i n Appendices I I and I I I • 

!• I n f i l t r a t i o n Time 

Specimens prepared from 200 x 27O mesh i r o n powder pressed at -"50,000 p s i . 

were i n f i l t r a t e d f o r 10, 60, 120, 200, 500-and U20 minutes at 1150°C. The parameters 

of the m i c r o s t r u c t u r e and the mechanical p r o p e r t i e s of. r e p r e s e n t a t i v e s of these 

i n f i l t r a t e d specimens are given i n Table 1. .The r e p r o d u c i b i l i t y of t e n s i l e t e s t 

r e s u l t s f o r each of the c o n d i t i o n s represented i n Table 1. may be observed.in 

Appendix-'II. Only those specimens f o r which complete metallographic s t u d i e s 

were c a r r i e d out have been i n c l u d e d i n Table 1. 

The f o l l o w i n g observations can be made on the b a s i s of these 

measurements: 

a. The i n f i l t r a t e d d e n s i t y (98..2$ ; of t h e o r e t i c a l on the average) i s 
independent of the time of i n f i l t r a t i o n . 

b. The Fe/Cu r a t i o , based on metallographic a n a l y s i s i s a l s o e s s e n t i a l l y 
constant. 

c. The apparent i r o n - p a r t i c l e s i z e i n c r e a s e s . r a p i d l y i n the e a r l y periods 
of i n f i l t r a t i o n (Figure 2). This growth l a t e r slows down and after. 
5 hours has e s s e n t i a l l y ceased. 

d. • The mean f r e e path a l s o appears.to increase with.time as a n a t u r a l 
consequence of i r o n - p a r t i c l e growth- however,, 'tfjae e f f e c t u of the 
i n i t i a l d e n s i t y , which v a r i e d t o a c e r t a i n degree, i s superimposed 
on t h i s e f f e c t and the t r e n d i s not obvious. 

e. The microhardness.of the c o p p e r - r i c h m a t r i x . i s e s s e n t i a l l y constant 
w i t h i n f i l t r a t i o n . t i m e , whereas the hardness of the. i r o n c r i c h 
c o n s t i t u e n t increases r a p i d l y and. l i n e a r l y up t o ^ 5 hours where i t 
• suddenly l e v e l s , o f f (Figure 5). 



TABLE 1 

I n f i l t r a t i o n Time ( I n f . at 1150°C)  
200 x 270 I r o n Powder 

I n f . 
Time 
min. 

• S t a r t 
Dens. 

I n f . 
Dens. 

1 • 

Cu content R a t i o 
"Met/Calc 

Fe 
P a r t S i z e 

R a t i o 
Met/ 
Sieve 

'Int. 
. Part. 
Sp$ce 

Mean 
•Free 
Path 
A 

Hardness** 
YS 
p s i 

UTS 
p s i 

E 3 p e c . 
Wo. 

I n f . 
Time 
min. 

• S t a r t 
Dens. 

I n f . 
Dens. 

1 • 

• Gale 
••1', 

Met. 
R a t i o 

"Met/Calc 
Fe 

P a r t S i z e 
R a t i o 
Met/ 
Sieve 

'Int. 
. Part. 
Sp$ce 

Mean 
•Free 
Path 
A 

Fe 
VHN 

Cu 
VHN 

YS 
p s i 

UTS 
p s i 

E 3 p e c . 
Wo. 

I n f . 
Time 
min. 

• S t a r t 
Dens. 

I n f . 
Dens. 

1 • 

• Gale 
••1', 

Met. 
R a t i o 

"Met/Calc 
Sieve", 
A 

Met 
A 

R a t i o 
Met/ 
Sieve 

'Int. 
. Part. 
Sp$ce 

Mean 
•Free 
Path 
A 

Fe 
VHN 

Cu 
VHN 

YS 
p s i 

UTS 
p s i 

E 3 p e c . 
Wo. 

0 7 0 . 7 - - 74.6 & 1.05 63 4 3 . 8 0 .70 58.7~ 14 .9 103 - 19pW 38,500 45 40 

10 77.7 9 8 . 0 22 .3 19.6 0 . 8 8 ' 63 48 .7 0.77 6 0 . 5 11.8 122 118 20p00 39J-00 9 . 4 28 

60 7 8 . 5 98.4 21.5 21.3 0.99 63 5 0 . 2 0 . 8 0 63-9 13.7 137 117 2&j200 45^00 7 . 0 31 

120 77 .3 . 97-8 2 2 . 7 19 .9 0 . 8 8 63 52.6 O.83 65 .7 13.1 169 110 42p00 52,000 5 . 0 67 

200 79 .5 9 8 . 3 2 0 . 5 19.6 O.96 63 53-5 O.85 6 6 . 5 13.O 204 117 54,700 62700 3 . 5 

300 77.2 9 8 . 5 2 2 . 8 25.4 1.11 63 5 3 . 9 0.86 72 .2 18.3 203 112 55^00 64,700 4.0 89 

420 7 5 . 0 9 8 . 2 2 5 . 0 24 . 0 O.96 63 5 2 . 9 0.84 69.7 16V8 • 2067 111 56P-00 66900 1.0 59 

A b b r e v i a t i o n s i n the column headings f o r Tables 1 t o 4 

A 
I n f . . - i n f i l t r a t i o n • Fe~ content obtained m e t a l l o g r a p h i c a l l y 
Dens.- d e n s i t y , • ^ , 5 0 g load 
C a l c - value c a l c u l a t e d from d e n s i t y measurements Metals Handbook 1948, p. 432 "Dead S o f t " 
Met. - value obtained through m e t a l l o g r a p h i c measurements Armco I r o n 
I n t . p a r t . s p a c e . - i n t e r p a r t i c l e spacing, 
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Figure 2 . E f f e c t of I n f i l t r a t i o n Time on I r o n - P a r t i c l e Size (apparent) \o 
( I n f . Temp. 1 1 5 0 ° C ) • 



Figure 3 • E f f e c t of I n f i l t r a t i o n Time on Microhardness of the Two Constituents 
(Inf. Temp. 1150°C), 



I I 1 1 1 1 I I 
10 60 120 180 2k0 300 36O k20 I 

Time, minutes ''j 
i 

Figure h. E f f e c t of I n f i l t r a t i o n Time on Strength.oof Copper I n f i l t r a t e d Iron 1 

(Inf. Temp. 1150°C). ' £2 



- 22 -

Figure 5- Sintered Iron Skeleton, 300 x. 

Figure 6 . Specimen I n f i l t r a t e d 10 min. at 1150 C, 
.300 x. 
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Figure 8 . Specimen Infiltrated 420 min. at 1150°C, 
300 x. 
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f. Both y i e l d and t e n s i l e strengths (Figure k) increases l i n e a r l y w i t h 
time up t o 3 hours.of i n f i l t r a t i o n a f t e r which the r a t e s of increase 
drop t o c o n s i d e r a b l y lower v a l u e s . 

g. The d u c t i l i t y measured as e l o n g a t i o n t o f r a c t u r e decreases w i t h 
i n c r e a s i n g time of i n f i l t r a t i o n . 

Micrographs, of a s i n t e r e d i r o n s keleton and of specimens i n f i l t r a t e d f o r 

10, 120 and 420 minutes are given i n Figures 5, 6, 7 a r ld- 8 r e s p e c t i v e l y . 

2 . I n f i l t r a t i o n Temperaturer 

Specimens s i m i l a r t o the ones used i n the previous time s e r i e s were 

i n f i l t r a t e d f o r 10,minutes at 1100, 1150, 1260 and 1370°C. The p r o p e r t i e s obtained 

are presented i n Table 2 and i n Figures 9, 10, and 11.' A d d i t i o n a l t e n s i l e data 

are contained i n Appendix I I . 

The observations are b a s i c a l l y the same as i n the time s e r i e s . The 

i n f i l t r a t e d d e n s i t y , (except at the lowest temperature), the volume r a t i o of 

the cconstmtuents and the hardness of the C u - r i c h m a t r i x were independent of 

the i n f i l t r a t i o n temperature, whereas the i r o n - p a r t i c l e s i z e , the mean f r e e path,'' 

the hardness of the F e - r i c h qonstituent and the u l t i m a t e and y i e l d strengths 

increased as the i n f i l t r a t i o n temperature was increased. D u c t i l i t y decreased 

w i t h i n c r e a s i n g temperature. However, no l e v e l i n g o f f of any of these parameters 

was observed w i t h i n the temperature range i n v e s t i g a t e d . 

I t was a l s o observed t h a t specimens i n f i l t r a t e d at 1100°C showed.a 

.considerably l a r g e r amount of g r a i n boundary p e n e t r a t i o n than the ones i n f i l t r a t e d 

at higher temperatures (see Figure 12). -At temperatures c l o s e t o the m e l t i n g p o i n t 

the surface t e n s i o n of l i q u i d i s r e l a t i v e l y h i g h and the molten copper layer"formed 

around each F e - p a r t i c l e e x e r t s a s i g n i f i c a n t compressive f o r c e , which e f f e c t s the 

iTss °f the i r o n and. renders g r a i n boundary p e n e t r a t i o n more f a v o r a b l e . 



TABLE 2 

I n f i l t r a t i o n Temperature (10 min)  
200 x 270 I r o n Powder 

Temp Star t . I n f . Cu content Ratio- Fe 
Par t S i z e R a t i o I n t . Mean Hardness YS UTS E Spec 

Dens. 
•* 

Dens. 
•* 

C a l c . Met. 
$ 

Met/ 
Calc. 

Sieve 

A 
Met. 

A 
Met,/ 
Sieve 

P a r t . 
Space, 
A 

Free 
Path 
A 

Fe 
VHW 

Cu 
VHN 

p s i . f J s l . Io No. 

- 70.7 - - 7^.6 1.05 63 1+3.8 0.70 58.7 14.9 103 - 19I00 38^00 45.0 40 
1100 78.3 96.8 21.7 23.5 1.08 63 0.74 61.0 14.3 118 110 lasoo 37P00 13.5 46 
1150 77-7 98.0 22.3 19.6= 0.88 63 48.7 0.77 6O.5 11.8 122 118 20p00 39^00 28 

1260 7-7.2 98.3 22,8 19-7 0.86 63 51.3 0.81 63-9 12'. 6 140 118 36700 52,400 8.C 44 
1370 76.9 97-8 23.1 20.9 0.91 63 50.1 0.80 63.3 13.2 165 111 53poo 60800 2.C 78 

50 g load 

A.S.M. Metals Handbook 1948, p. 432 

A b b r e v i a t i o n s - See Table 1 

1 
ro 
1 



Apparent Particle Size, microns 



F i g u r e 10. E f f e c t of I n f i l t r a t i o n Temperature on Microhardness of the 
Two C o n s t i t u e n t s - (in f . . Time 10 min.). 



F i g u r e 11. E f f e c t of I n f i l t r a t i o n Temperature on Strength of Copper 
I n f i l t r a t e d . I r o n ( i n f . Time 10 min.) 
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Figure 1 2 . G r a i n Boundary Penetra t ion of Cu i n t o 
Fe , 800 x. 
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Volume F r a c t i o n of I n f i l t r a n t . 

Specimens were.made from. 200 x 270 mesh i r o n powder at zero, 20,000 and 

30,000 p s i . coimpactiig pressure f o l l o w e d "by s i n t e r i n g . One of two groups compacted 

at each pressure was i n f i l t r a t e d f o r 10 minutes at 1150°C, the other group f o r 

120 minutes at 1150°C. The i n f i l t r a t e d p r o p e r t i e s and other r e l e v a n t data are 

given i n Table 3- R e p r o d u c i b i l i t y t e s t s are contained i n Appendix I I . 

Examination of these r e s u l t s show t h a t : 

1. The amoiEit of f i n a l i n f i l t r a t e d p o r o s i t y does not depend on the r a t i o 

of the volumes of the two c o n s t i t u e n t s i n the range of 18 t o hCrfo copper. 

2. The apparent i r o n - p a r t i c l e s i z e a f t e r i n f i l t r a t i o n increases w i t h an 

i n c r e a s i n g amount of i r o n i n the i n i t i a l compact.. 

3. The matrix.mean f r e e path increases l i n e a r l y w i t h the. volume f r a c t i o n 

of copper and t h i s r e l a t i o n s h i p i s not a f f e c t e d by the i n f i l t r a t i o n 

time (Figure 13). 

.4. The microhardness of the i r o n c o n s t i t u e n t , and, the y i e l d s t r e n g t h , t e n s i l e 

s t r e n g t h and e l o n g a t i o n of. the composite are i n f l u e n c e d by the 

time of i n f i l t r a t i o n (as noted p r e v i o u s l y ) but are independent of 

the volume r a t i o of the two c o n s t i t u e n t s and of the mean f r e e path 

between the hard ( i r o n r i c h ) r e g i o n s . 



• TABLE 3 

Volume F r a c t i o n of I n f i l t r a n t ( I n f . at 1150°C)  
200 x 270 I r o n Powder 

S t a r t I n f . Cu content R a t i o P a r f e S i z e R a t i o - I n t . Mean , -ft Hardness 
Dens. Dens. C a l c . Met.. Met/ Sieve Met.- Met/ Part. Free Fe Cu YS UTS - E Spec. 

4 •* •* i C a l c . 
A 

Sieve Space. 
A 

Path VHW VHW p s i . p s i . 1o - No. 

I n f . 63.3 98.0 .36.7 39-9 1.08 63 43.2 0.69 71.9 28.7 1*5 106 23,200 
27,100 
43T£S© 7-5 56 

10 L:; u69.8 97-3 30.2 27.7= 0.92 63 ^7.9 O.76 66.4 18.5 148 105 23,000 32,400 5-5 59 

min. 77-7 98.0 22.3 19.6 0.88 63 48.7 0.77 60.5 11,8. 126 20,000 59AOO 9 A 28 

I n f . 60.2 98.U: 39-8 37-7 0..95 63 44.7 0.71 72.0 27.3 172 106 35,200 42,200 4 .0 61 b 

120 71.4 98.1 28.6 26.0 0.91 63 46,3 O.74...... "62.5 16.2 193 111 .45,600-- 50,700 2.0 66 b 

min. 77,3 97.8 22.7 19.9 0.88 63 52.6 O.83 65.7 13.1 201 115 42,000 52,800 5.0 67 

ft 10 g l o a d 

A b b r e v i a t i o n s - see Table 1 



- 32 -

32 . 

30 . 

28. 

26 , 

2k. 

22 , 

20 

18 

16 

Ik 

x! 
-p 
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O i n f . 10 min. at 1150°C 

® i n f . 120 man. at 1150°C 

18 ' io 1 ±2 ' 2k ' 26 ' 28 1 30 ' 32 ' & ' 3D ' -39 4o ' ^ ' 

Volume pearcent of copper constituent 

Figure 13. Mean Free Path versus Volume Percent, of the Copper-
Rich. Constituent. 
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4. P a r t i c l e Size of Iron 

Two groups of specimens were prepared (using;30,000 p s i . compacting 
pressure) from each of the f i v e sieve f r a c t i o n s of i r o n powder. One set pf 

specimens was i n f i l t r a t e d for,10 minutes, the other f o r 120,minutes, at 1150°C. 

The r e s u l t s of testing,these specimens are c o l l e c t e d i n Table 4. A d d i t i o n a l 

t e n s i l e t e s t data appear;; i n Appendix I I . 

•The following observations can be made: 

1. I r o n - p a r t i c l e growth (as a percentage increase) i s more pronounced f o r 

the f i n e r p a r t i c l e s and longer times. 

2. The matrix MFP increases l i n e a r l y with i n c r e a s i n g • i r o n - p a r t i c l e s i z e 

f o r both i n f i l t r a t i o n times.(Figure 14). 

. The microhardness. of the matrix shows a-tendency to increase with a 

decrease i n the i r o n - p a r t i c l e s i z e . 

4. • The hardness of the i r o n - r i c h constituent d i d not change with the 

p a r t i c l e size i n the. case of 10 min. i n f i l t r a t i o n , but increased 

considerably with decreasing .particle s i z e with the longer i n f i l t r a t i o n 

time. 

5. No consistent:- v a r i a t i o n with p a r t i c l e s i z e was. found i n the case of 

y i e l d and t e n s i l e strengths. 

6. High d u c t i l i t i e s , up to 25$ (see Appendix II) were observed f o r the 

coarser powder f r a c t i o n s with short i n f i l t r a t i o n time, and t h i s 

d u c t i l i t y decreased r a p i d l y with decreasing p a r t i c l e size (Figure 15). 

The specimens i n f i l t r a t e d f o r 120 min. a l l had low. d u c t i l i t y . 



TABLE 4 

P a r t i c l e S i z e 
( I n f i l t r a t e d a t 1150°C) 

Sieve 
F r a c t i o n 

mesh 

S t a r t . 
Dens. 
•* 

I n f . 
Dens. 

•* 

Cu co 
C a l c . 

•* 

ntent 
Met. 
% 

R a t i o 
Met./ 
C a l c . 

Fe 
P a r t . 
Sieve 

A 

3 i z e 
Met. . 
A 

R a t i o 
Met./ 
Sieve 

I n t . 
P a r t . 
Space 

A 

Mean 
Free 
Path 
r 

Hard 
Fe 

VHN 

A 
ness 
Cu 
VHN 

YS 
p s i . 

UTS 
p s i . 

E £ >pec. 
Jo. 

I n f . 

10 

Min. 

-100 
+150 

75.8 9 6 . 9 24.2 22.3 0.92 127 8 1 . 0 0.64 104.2 23 .2 148 92 20,900 41 ,300 2 0 . 0 50 

I n f . 

10 

Min. 

-150 
+200 

77.3 97-7 2 2 . 7 2 3 , 2 1,02 .89 5 8 . 8 0.66 7 6 . 5 17.7 143 106 23,200 4 1 , 3 0 0 17.5 53 
I n f . 

10 

Min. 
-200 
+270 

77-7 9 8 . 0 22.3 19.6 0.88 63 48.7 0.77 6O.5 11.8 149 126 2 0 , 0 0 0 3 9 , 1 0 0 9.4. 28 

I n f . 

10 

Min. 
-270 
+325 

75-4 97-5 24.6 2 4 . 0 0.94 48 37-9 0.79 ' 4 9 : 8 11.9 153 111 23,600 46 ,600 1 2 . 0 55 

I n f . 

10 

Min. 

-325 7 4 . 0 9 7 . 5 2 6 . 0 .21.5 0.83 25 21 .7 O.87 27 .7 6 . 0 154 117 27,500 3 7 , 4 0 0 5 . 0 57 

I n f . 

120 

Min-

-100 ' 
+150 

7 4 . 0 98.2 26.0 2 4 . 5 0.94.. 127 92.7 0.73 122.5 3 0 . 2 140 95 36,400 53,500 7-5 73 

I n f . 

120 

Min-

-200 
+270 

77-3 97.8 2 2 . 7 I8 . .2 0 . 8 0 63 51.7 0.82 63.3 11.6 201 115 42,000 5 2 , 8 0 0 5 . 0 67 I n f . 

120 

Min-
-270 
+325 

7 6 . 2 97-9 23.8 25.3 1 .06 48 40.9 O.85 ;54.-7 13 .8 197 105 41,100 4 1 , 3 0 0 0 . 5 85 

I n f . 

120 

Min-
-325 79.8 99-2 2 0 . 2 2 1 . 5 1 .06 25 34.3 1.37 4 3 . 6 9.3 229 125 40,200 40,400 0 . 5 86 

-10 g l o a d 

A b b r e v i a t i o n s - see Table 1 
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Figure lk. Mean Free Path versus I r o n - P a r t i c l e S i z e (apparent) 
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Figure 15. Elongation versus Surface Area of Iron-Rich P a r t i c l e s 
(10 min. I n f i l t r a t i o n at 1150°C) 
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A d d i t i o n a l Experimental Results 

a. • Co n s t i t u t i o n 

The c o n s t i t u t i o n of each specimen was calculated based on the assumption 

that the r e l a t i o n s h i p • (Fe/pores) Sj. n^ < = •(Fe./Cu-)±nf±±t. bolds. The comparison of 

d e n s i t i e s calculated on t h i s basis with the ones measured metallographically 

indicated that the l a t t e r , on the average of 22 samples, gave 4$ higher valuesy i . e . 

1$ higher i n absolute copper content by weight. 

In three cases the composition was analyzed chemically. 

No.. of spec. .Vol.$Fe Cal.Vol,$Cu 
(pores deducted) 

Calc. w.$ Cu 
adjusted f o r 
4$ d i s s o l v . F e 

Analyzed 
W.-i Cu 
(wet) 

45 78.0 19.6 21.3 ' 22.7 
28 77-7 20.3 22.2 26.0 
37 62,6 35-1 58.2 .40.7 

The higher copper contents obtained by chemical analysis are expected 

since the other two methods give only, the volume percent of the matrix.copper 

whereas the wet analysis includes that copper which i s dissolved i n the i r o n - r i c h 

constituent. 

b. L a t t i c e Parameter of the "Iron-Rich Constituent 

X-ray d i f f r a c t i o n using FeKoC r a d i a t i o n was c a r r i e d qut on .powder 

obtained from specimen No. 25 (inf..2 0 0 min. at 1150°C). The Debye-Scherrer 
i 

pattern revealed complete sets.of BCC and FCC l i n e s . The l a t t i c e parameter of 

the i r o n - r i c h phase ca l c u l a t e d from the BCC l i n e s was found to be a = 2.8668 R. 

The reported vaifife 2'for Fe(»c) i s a = 2.8606°Aj hence,-Ma. = 0.22$ due to the 

solution of copper i n i r o n . 
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c. Cooling Rate E f f e c t s 

Specimen No. 58 ( i n f . 420'.min. at 1150°C) was subjected to cooling rate 

studies. One section was tested a s - i n f i l t r a t e d ; i . e . the hot specimen'!: (1150°C) 

was p u l l e d i n t o the cold part of the quartz tube and allowed,to coo l while the 

tt\be was sprayed e x t e r n a l l y with water. 

The other, two sections were annealed i n cracked ammonia f o r 1 hour at 

1000°C i n a tube furnace. One was water quenched from t h i s temperature, the other 
IJ -

was furnace cooled. . The meahanical properties were found, to be as follows: 

Cooling Rate YS p s i . UTS p s i . 

water quench 48,000 59,600 
process cool ,46.,300 49,200 
furnace c o o l 28,700 39,700 

As expected, the cooling rate a f f e c t s the mechanical properties.• However, 

t h i s e f f e c t i s not large i n the range of high cooling rates. In p a r t i c u l a r , the 

y i e l d strengths of the water quenched and process cooled specimens are very 

s i m i l a r . .Therefore i t can be assumed that the properties.attained in.the present 

experiments are not appreciably a f f e c t e d by minor changes i n cooling rates from 

specimen to specimen (speed of withdrawal, weight of specimen, e t c . ) . 

d. Properties, of Bulk Copper-Rich A l l o y 

For reference data an iron-saturated copper a l l o y specimen was prepared 

and tested. Twenty-five grams of copper and 1 gram of Armco i r o n powder were 

placed i n a.hydrogen cleaned thin-walled mild s t e e l tube of I.D. O .36O", welded 

closed at one end. A f t e r evacuation with a fore-pump the tube was placed v e r t i c a l l y 

i n t o 1the furnace f o r l / 2 hour at 1150°C. During t h i s time the copper became 

saturated with i r o n . A f t e r t h i s the tube and contents were water quenched and 

swaged i n two passes f o r a t o t a l reduction of area of 6l%. This was followed by 
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annealing f o r 10-min. at 1050°C. i n vacuum, and a water quench. The p r o p e r t i e s 

.obtained on machined.tensile specimens :were: 

YS UTS E 

24,400 47,200 30 

e. . R e l a t i v e P l a s t i c Deformation of the Two C o n s t i t u e n t s 

Specimens No. 19. and No. 46, which showed considerable p l a s t i c 

deformation p r i o r t o f a i l u r e (25$ and 13.5$ e'longation r e s p e c t i v e l y ) were examined 

m e t a l l o g r a p h i c a l l y : t o o b t a i n the r e l a t i v e deformation of the two c o n s t i t u e n t s . . 

The i r o n - r i c h p a r t i c l e s " i n an undeformed specimen 'are s p h e r i c a l . 

D u r i n g . t e n s i l e deformation they become elongated along the specimen a x i s . I f both 

phases deform-.the same amount, i . e . the i n t e r f a c e i s , coherent during deformation, 

the shape change of any . i r o n p a r t i c l e should f o l l o w the deformation of the. whole 

specimen. 

•In order t o v e r i f y t h i s , i n the l o n g i t u d i n a l metallographic s e c t i o n 

of each specimen 12 p a r t i c l e s -were,measured f o r , - t h e i r longer and s h o r t e r axes, a 

and b. These p a r t i c l e s , were chosen i n , t h e uniform deformation zone at about l/4" 

d i s t a n c e f r o m t h e f r a c t u r e . On the average of 12 measurements the f o l l o w i n g . d a t a 

were obtained. 

Spec. No. . a b a/b c a l c . a / b 

19 170 121 1.41 1.40 
46 ' 98 80 1.225 .1.21 

VHN 

86 



- ko -

The c a l c u l a t i o n of a/b was.based on an e l l i p s o i d a l shape of the 

deformed i r o n p a r t i c l e s . 

Volume. = 3 T F a b 2 = 3 j F r 3 

where 
a 
a 1.25 r 

1.135 r 
f o r specimen No..19 
f o r specimen No. 46 

The measured i r o n - p a r t i c l e e l o n g a t i o n determined i n t h i s , manner a f t e r f r a c t u r e 

f . E f f e c t of Gas Pressure i n I n f i l t r a t i o n 

D u r i n g • i n f i l t r a t i o n of specimen No. 6 2 c ( 2 h r s . at 1150°C) a f t e r - t h e 

10th and. 60th• minute the vacuum.:line was c l o s e d o f f and argon was l e t i n t o the 

i n f i l t r a t i n g tube at a pressure s l i g h t l y above atmospheric. The overpressure 

was maintained f o r 2. minutes, a f t e r which the vacuum was r e - e s t a b l i s h e d . -The 

f i n a l composite d e n s i t y , 98.257°, was apparently not a f f e c t e d by t h i s treatment. 

agreed w i t h i n I70 s t r a i n w i t h the ' t o t a l e l o n g a t i o n of the composite. 



- kl -

Figure 17. B r i t t l e Fracture, 300 x. 
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IV. -DISCUSSION 

1. Porosity i n Composites 

Residual p o r o s i t y was found i n the microstructures,of a l l . i n f i l t r a t e d 

l 17 samples. S i m i l a r observations were made by E l l i o t , while Frantzevich 1 and 

Semlak^ reportedly obtained.dense specimens a f t e r .2. - 5 minute and. JO minutes 

.of i n f i l t r a t i o n r e s p e c t i v e l y . 

The amount of p o r o s i t y i n the present study was quite constant (1.8*0.4$) 

f o r the majority of the specimens i n f i l t r a t e d under various conditions, with the 

notable exception of specimens i n f i l t r a t e d at a temperature j u s t above the melting 

point of copper. The l a t t e r specimens.were.less dense than the others (~3-57° 

p o r o s i t y ) . 

. The most obvious explanation f o r p o r o s i t y i s that i t originates from 

entrapped gases. However, i n f i l t r a t i o n was c a r r i e d out i n vacuum. Other f a c t s 

are a l s o against the p o s s i b i l i t y that gases desorbed from-Fe p a r t i c l e s by the 

moving copper phase would c o l l e c t or readsorb i n the pores. 

In the present i n f i l t r a t i o n procedure the i n f i l t r a n t probably does 

not enter the skeleton from the"bottom, upward but rather r a p i d l y from the 

sides toward.the specimen axis.' This assumption i s . based on.the poor heat 

conductivity of the col d compact which allows the outside surfaces to heat above 

the melting point of copper considerably f a s t e r than the centre. This sequence 

of i n f i l t r a t i o n would be expected to trap gases at the centre of the specimen. 

However, the d i s t r i b u t i o n of the pores was found metallographically to.i be; cbmple.tely 

random r a d i a l l y or along the specimen a x i s . The pore siz e v a r i e d from 2 to 10 u. 
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The amount of p o r o s i t y was not a f f e c t e d by the time of i n f i l t r a t i o n 

between 10 and 420 minutes, which furt h e r weakens the argument f o r entrapped gases. 

Mareudoucts a r i s e from the f a c t that a c y c l i c v a r i a t i o n of external pressure 

during i n f i l t r a t i o n had no e f f e c t on the f i n a l density. 

The p o s s i b i l i t y that the pores r e s u l t p r i m a r i l y from the shrinkage of 

copper upon f r e e z i n g has a l s o been considered. The density r a t i o f o r copper 

- 4,92$. Thus with 25$ of copper the shrinkage would account f o r 1.2$ 

p o r o s i t y , which i s of the r i g h t magnitude. However, since the same p o r o s i t y was 

observed f o r 37$ as.for 23$ copper t h i s argument i s not wholly s a t i s f a c t o r y e i t h e r . 

• Although the o r i g i n of r e s i d u a l p o r o s i t y i s not c l e a r , i t s effect'-on the 

properties of i n f i l t r a t e d material i s pronounced. .The d i s t r i b u t i o n of pores i s 

e s s e n t i a l l y random but the s t a t i s t i c a l p r o b a b i l i t y of having a . c e r t a i n c r i t i c a l 

number of pores i n one plane could lead;to high stress concentrations, crack 

nucleation and premature f a i l u r e of the specimen. 

-Actually t h i s is. believed to be the case with.a large number of 

specimens, p a r t i c u l a r l y those with a hard i r o n - r i c h constituent,, where the hydro

s t a t i c stress i n the matrix i s high and, thus, any s t r e s s - r a i s i n g - e f f e c t is-, more 

s i g n i f i c a n t . On the.basis of the r e p r o d u c i b i l i t y , of experiments i t can be said 

to a high degree of c e r t a i n t y that y i e l d strengths are'very l i t t l e e f f e c t e d by 

porosity, the UTS values are affected.to a l a r g e r extent, and elongation values 
9 

are strongly a f f e c t e d . S i m i l a r observations were made by Edelson and Baldwin . 
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Growth of the Iron-Constituent P a r t i c l e s 

Pronounced growth of some i r o n p a r t i c l e s was observed i n every set of 

experiments. In assessing, t h i s growth-phenomenon reference should be made t o -i 

s e c t i o n I I - 5 (b) of t h i s t h e s i s which discussed the e f f e c t of s i z e d i s t r i b u t i o n , 

on the "apparent" p a r t i c l e s i z e obtained m e t a l l o g r a p h i c a l l y . 

P a r t i c l e growth increased w i t h time, w i t h temperature, w i t h fineness 

. of the o r i g i n a l i r o n p a r t i c l e s , and w i t h increase i n the volume f r a c t i o n of 

- i r o n . . (see Figures 2 and 9 ) . 

•During the f i r s t stage of i n f i l t r a t i o n and l i q u i d phase s i n t e r i n g of 

iron-copper, p a r t i c l e growth, sometimes very e x t e n s i v e , has been observed by many 
• 1 3 1 9 3 1 p i workers, ' ' ' Rennhack reported t h a t he observed the same phenomenon 

but only at a l a t e r stage, a f t e r complete s a t u r a t i o n of i r o n w i t h copper had 

occurred. 

P r i c e ^ , studying the W-NiFeW system, a l s o observed extensive growth 

which he a t t r i b u t e d t o the p r e f e r e n t i a l d i s s o l u t i o n of smaller g r a i n s ( l e s s 

than lyt,), due t o t h e i r g r e a t e r chemical a c t i v i t y , and r e p r e c i p i t a t i o n of t h i s 

excess s o l u t e onto the l a r g e r p a r t i c l e s . However^, i t i s b e l i e v e d that i n . t h e 

present work such e f f e c t s could not p l a y an important r o l e . The p a r t i c l e s i n 

these experiments were i n i t i a l l y of narrow, s i z e d i s t r i b u t i o n , were almost 

p e r f e c t spheres, and were r e l a t i v e l y iLarge. 

- E l l i o t e x p l a i n e d the growth by the expansion of i r o n due t o copper 

e n t e r i n g s o l u t i o n and by. the p r e c i p i t a t i o n of excess i r o n from s o l u t i o n . 

However,.calculations i n d i c a t e t h a t at f u l l s a t u r a t i o n (870 Cu i n Fe by weight), 

i n the case of 6 5ytsdiameter p a r t i c l e s the l i n e a r s i z e i n c r e a s e , /I d, would 

be ^2$, while the observed maximum growth i n the present work was 22$. This 

c l e a r l y suggests t h a t some s o l u t i o n - r e p r e c i p i t a t i o n process occurs, although the 
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d r i v i n g f o r c e f o r t h i s mechanism has not p r e v i o u s l y been ex p l a i n e d . 

Since p a r t i c l e growth, i n these experiments and. i n most other reported 

studies stopped a t about the same time as the hardness increase*'"" > and since no 

growth was observed w i t h presaturated p a r t i c l e s 1 i t i s reasonable to assume that 

the growth i s c o n t r o l l e d by the d i f f u s i o n of copper i n t o i r o n , or by the degree 

of s a t u r a t i o n of the i r o n w i t h copper. 

On the b a s i s of t h i s the f o l l o w i n g t e n t a t i v e mechanism i s o f f e r e d . Two 

stages of growth are considered corresponding to two l a r g e l y d i f f e r e n t slopes i n 

Figure 2. I n the f i r s t stage, which i s very r a p i d but does not account f o r a l a r g e 

volume f r a c t i o n of the growth, copper penetrates i n t o the i r o n through f a v o r a b l y 

o r i e n t e d g r a i n boundaries and as a consequence the grains are f o r c e d apart. As 

i t was reported by Bredas^,. i n very short times (2 min. at 1100°G) the amount 

of Cu which has penetrated the i r o n t h i s way can be 5000 times l a r g e r than t h a t 

which has d i f f u s e d d i r e c t l y i n t o the i r o n l a t t i c e . 

The second and more important suggested stag-e of growth i s an i n d i r e c t 
22 

r e s u l t of l a t t i c e d i f f u s i o n . I t has been determined by Teodorovich u s i n g 

e l e c t r o n microscopy that d u r i n g d i f f u s i o n of Cu i n t o Fe, a K i r k e n d a l l e f f e c t 

produces a high vacancy c o n c e n t r a t i o n at the i n t e r f a c e s . I t i s reasonable to 

expect t h a t these d e f e c t i v e regions have greater than normal apparent i n t e r f a c i a l 

energy. Since the r a t e of d i f f u s i o n of Cu i n t o Fe (as the e t c h i n g patterns 

i n d i c a t e ) v a r i e s from p a r t i c l e t o p a r t i c l e and even w i t h i n one p a r t i c l e , the 

apparent i n t e r f a c i a l energy must be assumed to vary a l s o from one p a r t i c l e t o 

another. This i n t e r f a c e energy d i f f e r e n c e would r e s u l t i n a f l u x of i r o n toward 

the defect surfaces i n order to reduce t h e i r excess energies. This process i s 

i n operation only as long as the d i f f u s i o n r a t e of copper i n the i r o n i s s i g n i f i c a n t . 

In the case of specimens w i t h high volume f r a c t i o n of copper, the lower 

growth r a t e i s probably due t o the l a r g e r i n t e r p a r t i c l e spacing. 
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3 • E f f e c t of Various Factors on the T e n s i l e P r o p e r t i e s of Composites. 

a. M a t r i x Mean Free Path '(MFP) and I n t e r p a r t i c l e Spacing of the Iron(IPS) 

In the present work the MFP was c o n t r o l l e d by changing the volume 

f r a c t i o n , of the matrix and the p a r t i c l e s i z e "of the i r o n . By these methods a 

MFP range of 6 t o 2°yc was obtained. 

Examination of the data given i n Table 3 and k and Appendix I I i n d i c a t e s 

that the change of MFP had no s i g n i f i c a n t e f f e c t on the y i e l d s t r e n g t h , t e n s i l e 

s trength or el o n g a t i o n . 

In those s e r i e s of t e s t s i n which major changes occurred i n composite 

p r o p e r t i e s (e.g. i n the time and temperature s e r i e s , Tables land 2) the MFP was 

e s s e n t i a l l y constant. 

The IPS i s the average distance between the centres of two adjacent i r o n -

r i c h p a r t i c l e s . For r e l a t i v e l y l a r g e - p a r t i c l e s , such as those used i n the 

present experiments, the IPS I s made up of three components, the r a d i i of each 

of two p a r t i c l e s , and the sh o r t e s t d i s t a n c e between t h e i r s urfaces. This l a t t e r 

rdimensioni i s p r o p o r t i o n a l to the mean f r e e path, the e f f e c t of which was 

dis c u s s e d i n the previous s e c t i o n . The sum of the two r a d i i gives the mean 

p a r t i c l e s i z e , which was v a r i e d d u r i n g the experiments by usin g powders of var

ious sieve f r a c t i o n s while the volume r a t i o of the two phases was kept, constant.. 

Consequently, a decrease i n p a r t i c l e s i z e a l s o meant a decrease i n mean f r e e 

path. The r e l a t i o n s h i p between these two parameters i s l i n e a r (Figure lk). 

The v a r i a t i o n of p a r t i c l e s i z e was about k f o l d , from 22yt t o Qlyu 

diameter, which i s eq u i v a l e n t to a lk f o l d . i n c r e a s e i n surface area and a 50 

f o l d increase i n the volume of i n d i v i d u a l p a r t i c l e s per u n i t weight. This had 

no apparent e f f e c t on the YS and UTS valu e s , the changes of which were i n no way 

c o n s i s t e n t w i t h the p a r t i c l e - s i z e changes (Table k). 
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The e l o n g a t i o n v a l u e s , however, showed a w e l l - d e f i n e d t r e n d a t . l e a s t i n 

the short i n f i l t r a t i o n time s e r i e s . ";With a decrease of the p a r t i c l e s i z e , the 

e l o n g a t i o n decreased from 20 t o 5$. 

In s p i t e of the l a c k of confidence which' i s placed i n absolute 

e l o n g a t i o n measurements, t h i s f a c t i s i n t e r e s t i n g since i n these t e s t s the YS and 

UTS remained p r a c t i c a l l y constant. I t i s .possible t h a t , i f the work hardening 

r a t e i s low, l a r g e changes i n d u c t i l i t y are accompanied by small changes i n UTS. 

Krock"^ has suggested t h a t the surface.or i n t e r f a c e c o n d i t i o n a l of the 

hard phase' has a v e r y ' : c r i t i c a l e f f e c t on d u c t i l i t y . 

As has been al r e a d y mentioned the surface of the i r o n p a r t i c l e s was 

found by Teodorovich to c o n t a i n a l a r g e excess c o n c e n t r a t i o n of vacancies. In 

the experiment under d i s c u s s i o n , because of the s h o r t . i n f i l t r a t i o n time i n v o l v e d 

(10 min.) a u n i t area of i n t e r f a c e f o r any s i z e of p a r t i c l e should c o n t a i n 

approximately the same amount of d e f e c t s . I f t h i s i s so, and i f the d u c t i l i t y i s 

determined by c o n d i t i o n s . a t the i n t e r f a c e , there should be a r e l a t i o n s h i p between 

the amount of i n t e r f a c e i n a given specimen and. i t s d u c t i l i t y . A p l o t of these 

two parameters (Figure 15) gives a good i n d i c a t i o n ' o f the e x i s t a n c e of t h i s 

p r e d i c t e d r e l a t i o n s h i p ^ i r i v i e w o f the;aforementioned experimental l i m i t a t i o n s . 

b. Volume F r a c t i o n of C o n s t i t u e n t s 

In the present experiments the volume " f r a c t i o n of the i r o n c o n s t i t u e n t 

was v a r i e d from 60 to iQ^o. . The t e s t r e s u l t s reported i n Table 3 i n d i c a t e t h a t 

the y i e l d s t r e n g t h and e l o n g a t i o n were not a f f e c t e d by the r a t i o of the two 

phases i n t h i s range although' there i s not s u f f i c i e n t data to permit f i r m con

c l u s i o n s t o be drawn. 
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Attempts were made to c o r r e l a t e the UTS data w i t h values c a l c u l a t e d from 

P i n e 1 s equation: 

P = P F e x 2 +• P C u ( l - x ) 2 + P F e C u x ( 1 - x ) 

However,, n e i t h e r the s t r e n g t h of the i r o n - r i c h phase,. Pp e, which qbanges w i t h time 

according to the microhardness readings, nor the s t r e n g t h of the iron/copper 

i n t e r f a c e , ^-peCW a r e known f r o m d i r e c t measurements. Strength values c a l c u l a t e d 

by u s i n g PpeCu = 66 ,000 p s i _as> employed by Pines f o r the low-carbon iron/copper 

i n t e r f a c e i n h i s c a l c u l a t i o n s , and P p e 'obtained from hardness-strength conversion 

charts f o r the given microhardness of fche i r o n phase, were about 8 , 0 0 0 -lg)0 0 0 p s i 

higher than the experimental strengths. However, the slopes of p l o t s of s t r e n g t h 

versus the square of the volume f r a c t i o n were not f a r from the c a l c u l a t e d slopes. 

This i n d i c a t e s c l e a r l y t h a t the volume f r a c t i o n of the harder phase has some 

e f f e c t on the composite ten s i l t e s t r e n g t h , even though i t i s much l e s s marked than 

the e f f e c t of i n f i l t r a t i o n time. 

c. Hardness of the I r o n C o n s t i t u e n t s 

In the present s t u d i e s each s e r i e s of expeifjLments gave c l e a r evidence of 

the s o l u t i o n hardening which accompanied i n f i l t r a t i o n . The most d i r e c t 

evidence was the microhardness of the i r o n - r i c h c o n s t i t u e n t . . 

In the i n f i l t r a t i o n time s e r i e s of t e s t s the average microhardness of 

the i r o n i n c r e a s e d almost linq'aajly up to 300 minutes where i t l e v e l e d o f f 

(Figure 3)» But the m i c r o s t r u c t u r e provided d e f i n i t e evidence t h a t the i r o n 
copper 

p a r t i c l e s were not completely s a t u r a t e d w i t h Iron-. The d i f f u s i o n l a y e r c o l o r 

was of decreasing i n t e n s i t y toward the centre of each p a r t i c l e (Figure 7')• 
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A f t e r the longest, i n f i l t r a t i o n time studied, &20 minutes, the picture 

was s i m i l a r but .with .leiss contrast. The obvious d i f f u s i o n layers had moved 

somewhat deeper into the p a r t i c l e s , Figure 8>, . the hardness d i f f e r e n c e had been • 

s l i g h t l y reduced. Though saturationoof i r o n with copper was probably incomplete, 

the depth of penetration had reached an equilibrium value f o r the i n f i l t r a t i o n 

time employed. 

The cause of the apparently sudden change of d i f f u s i o n rate a f t e r 2 hours 

of i n f i l t r a t i o n i s not clear.. But the microhardness and the mechanical properties 

need not be expected to increase continuously to the point of complete saturation. 

? 26 

Other workers report > that.the hardness and strength values of iron-copper 

a l l o y s increase up to 2$ copper only and that they l e v e l o f f beyond that 

concentration. The:hardness values quoted f o r the 2$ copper a l l o y are i n f a c t 

comparable to those observed f o r the i r o n phase a f t e r 2 0 0 minutes i n f i l t r a t i o n . 

Since the behavior of the y i e l d and t e n s i l e strength curves (Figure 4) 

was e s s e n t i a l l y the same as that of the hardness of the i r o n - r i c h phase, i t i s 

reasonable to assume that the strength properties are s o l e l y c o n t r o l l e d by the 

hardness of the i r o n phase or by the hardness difference.between the two phases 

as suggested by Heheman-^. 

In the present experiments the hardness of the matrix remained e s s e n t i a l l y 

constant, so that the hardness increase of the i r o n also corresponds to the 

increase of hardness d i f f e r e n c e . . 

The assumption that the composite strength i s c o n t r o l l e d by the stronger 

phase and not by the weaker i s interesting.. Comparing the numerical values i n 

these experiments 

YS UTS 
matrix 24,400 47 , 2 0 0 
composite 5 6 , 1 0 0 6 6 , 9 0 0 
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i t can be seen t h a t the strengthening due to the i r o n phase i s c o n s i d e r a b l e . 

The mechanical p r o p e r t i e s r e p o r t e d f o r Aicmco i r o n and determined f o r 

the i r o n - s a t u r a t e d copper are very s i m i l a r . . This probably e x p l a i n s the 

observation t h a t a f t e r short i n f i l t r a t i o n times both phases deformed s i m i l a r l y 

and f a i l e d a f t e r a r e l a t i v e l y l a r g e amount of p l a s t i c f l o w ( 2 0 - 3 0 $ ) . . The 

f r a c t u r e - p a t h went through both phases w i t h no apparent preference for. e i t h e r 

(Figure 1 6 ) . 

• 

Asr. d i f f u s i o n progressed w i t h i n c r e a s i n g i n f i l t r a t i o n time, the i r o n 

l a t t i c e became more d i s t o r t e d ( s o l u t i o n hardened), i t s s t r e n g t h . i n c r e a s e d and 

i t s d u c t i l i t y decreased. The h i g h y i e l d strength of the i r o n p a r t i c l e s e f f e c t i v e l y 

i n c r e a s e d the s t r e s s necessary f o r gross p l a s t i c f l o w i n the m a t r i x , and as a 

r e s u l t high composite str e n g t h and low d u c t i l i t y were observed. The s t r e s s 

system i n the matrix,becomes e s s e n t i a l l y t r i a x i a l when a u n i a x i a l l o a d i s a p p l i e d 

to the specimen, and the s i t u a t i o n became s i m i l a r to t h a t found,in brazed j o i n t s . 

Bredjas--^ r e p o r t e d t h a t i n Fe-Ag brazed j o i n t s the notch c o n s t r a i n t . f a c t o r 

( g i v i n g the r a t i o of the a c t u a l s t r e s s at which p l a s t i c deformation begins t o the 

y i e l d strength) could be as high as k f o r a c e r t a i n t h i c k n e s s of the b i n d e r . 

At a c r i t i c a l value of the a p p l i e d s t r e s s , i n the l i m i t i n g case of an 

extremely hard second phase, the specimen f a i l s i n a b r i t t l e manner w i t h the 

f r a c t u r e going p r e f e r e n t i a l l y through the c o p p e r - r i c h phase or along the i n t e r f a c e 

(Figure 1 7 ) . 
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In the l i g h t of the s o l u t i o n hardening mechanism many observations 

made du r i n g the course of these experiments can be exp l a i n e d . Since d i f f u s i o n 

depends on time, temperature and d i s t a n c e , i t i s obvious t h a t longer times and 

higher temperatures of i n f i l t r a t i o n , as w e l l as smaller p a r t i c l e s , should give 

higher s t r e n g t h v a l u e s , i n good agreement w i t h observations. 

I t i s necessary t o note t h a t i n the l i t e r a t u r e the reporte d values of 

the s t r e n g t h of copper i n f i l t r a t e d i r o n are i n some cases s u b s t a n t i a l l l y higher 

than those obtained i n the present experiments". This i s most l i k e l y due t o 
ph. 

d i f f e r e n c e s i n the p u r i t y of the i r o n used. Schwartzkopf found t h a t the 

a d d i t i o n of 0 . 2 5 $ graphite t o Fe p r i o r t o i n f i l t r a t i o n i n c r e a s e d the composite 

y i e l d s t r e n g t h from 6 l , 0 0 0 t o 7 2 , 9 0 0 p s i , and ;the.ultimate t e n s i l e s t r e n g t h 

from 6 7 , 5 0 0 t o 7 6 , 1 0 0 p s i . The i r o n used i n the present work was of high p u r i t y 

r e l a t i v e t o the carbonyl•and others-iron powders used.in much reported experimental 

work. 
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4 . Summary 

In eva l u a t i n g ' t h e deformation behavioor of c o p p e r - i n f i l t r a t e d . i r o n 

compacts one has to bear i n mind th a t few p r o p e r t i e s of metals are as s e n s i t i v e 

to c r y s t a l l i n e s t r u c t u r e as those a s s o c i a t e d w i t h y i e l d i n g and flow. .There seems 

to be l i t t l e agreement i n the l i t e r a t u r e about the p r e c i s e dependence of 

deformation behaviour on the s t r u c t u r e of a.two-phase a l l o y - These systems are 

u s u a l l y too complex, w i t h too many v a r i a b l e s i n v o l v e d , t o lend, themselves t o 

mathematical c a l c u l a t i o n s d e r i v e d from simple models. 

•3h, 

A d i s l o c a t i o n theory, approach to two phase systems by L e n e l J p r e d i c t s 

a r e l a t i o n s h i p YS = /2% C whereyc and JO are the shear moduli of the 

mat r i x and of the second phase p a r t i c l e s r e s p e c t i v e l y and % i s the mean f r e e 
8 11 

path. E m p i r i c a l formulae which have been proposed ' a l s o suggest t h a t " 

composite s t r e n g t h i s p r o p o r t i o n a l to the r e c i p r o c a l of • > MFP. Butjithe 

r e s u l t s of the present study i n d i c a t e no dependence on MFP at a l l . One p o s s i b l e 

e x p l a n a t i o n f o r the apparently n e g l i g i b l e c o n t r i b u t i o n of MFP t o the stren g t h of 

these composites i s the "maS'king" e f f e c t of o t h e r ' f a c t o r s , . l i k e s o l u t i o n 
c. 

hardening' of ---the copper-£ich phase due to i r o n and the h y d r o s t a t i c s t r e s s e s i n 

the m a t r i x r e s u l t i n g 'from the d i f f e r e n t thermal expansion c o e f f i c i e n t s of the 

iron-and c o p p e r - r i c h phases. The e f f e c t from MFP i n the range - st u d i e d c o n t r i b u t e s 

probably l i t t l e t o the r e s i d u a l s t r e s s e s from the above mentioned two sources. 

Edelson and Baldwin 9concluded t h a t the" presence of any second phase, i f 

i t i s harder than the m a t r i x , s e r v e r l y e m b r i t t l e s an a l l o y . The r e s u l t s of the 

present work are i n disagreement w i t h t h i s c o n c l u s i o n . I t seems th a t the r o l e 

. of the i n t e r f a c e although secondary i n y i e l d s t r e n g t h c o n s i d e r a t i o n s , i s t o 

reduce d u c t i l i t y through p r o v i s i o n of s t r e s s r a i s e r s i n the form of vacancy 

concentrations which a r i s e through d i f f u s i o n between the two components. This 
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i m p l i e s t h a t . i t i s not the hardness of the second phase which determines d u c t i l i t y 

as proposed by Edelson but the degree of p e r f e c t i o n of. the interfjaces and the 

degree of c r y s t a l l i n e c o m p a t i b i l i t y between the phases. 

F i n a l l y i t i s i n t e r e s t i n g t o note the many s i m i l a r i t i e s between the Fe-

Cu composites of t h i s work and the W-NiFeW composites of Krock et a l ^ . Both 

have high d u c t i l i t i e s under c e r t a i n c o n d i t i o n s , t h e i r strengths are independent 

of M F P and volume f r a c t i o n of the matrix and t h e i r strengths depend s t r o n g l y on 

the r e l a t i v e hardness,': or strength, of the second phase. 

http://that.it
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V. CONCLUSIONS 

1 . The major strengthening c o n t r i b u t i o n i n copper i n f i l t r a t e d i r o n composites 

i s the hardness d i f f e r e n c e between the i r o n c o n s t i t u e n t and the co p p e r - r i c h 

m a t r i x . Any processing c o n d i t i o n s which increase t h i s d i f f e r e n c e increase 

the y i e l d and f l o w strengths of the composite. 

2. The t e n s i l e y i e l d s t r e n g t h of the composite depends on the hardness of the 

i r o n - r i c h c o n s t i t u e n t o n l y , and i s apparently independent of the volume 

f r a c t i o n of t h i s c o n s t i t u e n t ( i n the range of 6 0 - 7 8 $ ) , the p a r t i c l e s i z e , 

and the matri x mean f r e e path between the p a r t i c l e s . 

3» The u l t i m a t e t e n s i l e strength i s a f u n c t i o n of the hardness of the i r o n - r i c h 

c o n s t i t u e n t but i s apparently a l s o a f u n c t i o n of the volume f r a c t i o n of t h i s 

c o n s t i t u e n t . 

4. The e l o n g a t i o n to f r a c t u r e depends on the hardness of the i r o n - r i c h 

c o n s t i t u e n t and on the area of the i n t e r f a c e between the two phases. 

5 . The growth of i r o n p a r t i c l e s which occurs d u r i n g i n f i l t r a t i o n i s the r e s u l t 

of s o l u t i o n and r e p r e c i p i t a t i o n of i r o n . The d r i v i n g f o r c e f o r t h i s 

process i s b e l i e v e d to' be a K i r k e n d a l l e f f e c t a s s o c i a t e d w i t h the d i f f u s i o n 

of copper i n t o i r o n . 
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VI. APPENDIX I 

Microhardness T e s t i n g 

The use of microhardness t e s t i n g i n powder m e t a l l u r g i c a l p r a c t i c e where 

the m i c r o s t r u c t u r e i s a complex mixture of d i f f e r e n t c o n s t i t u e n t s of s m a l l 

dimensions i n v o l v e s a number of d i f f i c u l t i e s . 

I n order to measure the hardness of a given phase the impression must 

be s m a l l enough t h a t the work hardened zone surrounding the impression does not 

reach the phase boundaries. But the small loads necessary f o r s m a l l i n d e n t a t i o n s 
^5 

l e a d t o r e l a t i v e l y .large e r r o r s . Buckler- 1^ has found the f o l l o w i n g r e l a t i o n s h i p 

between l o a d and r e l a t i v e e r r o r , a r i s i n g from a constant e r r o r ( A d = 0.5yO 

i n o c u l a r reading, f o r two given hardness ranges: 

e r r o r jo 
Load g At VHN 100 At VHN 800 
100 + 2 + 8 

50 + 3 + 10 
10 + 1 0 + 3 0 

Since most of the e x p e r i m e n t a l e r r o r s tend t o r a i s e the apparent 

hardness, the hardness seems to increase w i t h decreasing l o a d . I n order to 

o b t a i n the s m a l l e s t e r r o r p o s s i b l e i n the present experiments, a 50 g l o a d was 

used i n preference. This was the maximum load which s a t i s f i e d the p r a c t i c a l 

ru/le t h a t the impression diameter should ;be not greater than l / 5 of the 

diamiter of the c o n s t i t u e n t . I n c e r t a i n cases,-however, t h i s l o a d was too 

l a r g e and 1 0 'g l o a d had t o be used. Microhardness readings obtained w i t h 

these two loads on the same specimens compare:.in the f o l l o w i n g way: 
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' Spec. 
No. 

Cu r i c h constituent .Fe r i c h constituent ' Spec. 
No. ^1/L 2 

L±= IUg L 2 = 50g ^ l / L 2 

28 . 126 118 1.07 ' 143 122 1.17 
6lb 106 95 1.12 172 143 1.20 
66b 111 93 1.19 ~v - -
67 115 110 1.05 201 169 1.19 
73 95 86 1.10 140 124 i . 13 
78 120 111 1.08 - -
8 l 90 86 " 1.05 

On the average the 10 g' load gave 9$ higher readings f o r the copper-

r i c h constituent :and 17$ higher f o r the i r o n - r i c h constituent than the 50 g 

load. 
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APPENDIX II 

Processing and Tensile Data 

Spec, Fe Powder Compact. Sintered I n f i l t r a t i o n I n f i l t . Tensile Propert ies 
Nal .1 Meahr.'Size Pressure Density . Temp. Time Density xS UTS E 

psi. °C min. psi. '• psi.. 1o 

12 -80 +150 30,000 75.0 1150 ' 10 18,900 32,000 8.0 
13 

it 11 
77.0 

it 11 

- 21,000 33,400 10.0 
16 

M 
20,000 68.6 

11 11 

- 16,200 32,800 8.5 
17 

I I 11 
68.8 . ti 11 

- 16,800 40,300 
40,800 

25.0 
18 

it 11 
69.4 

it 11 

- 17,700 
40,300 
40,800 28.0 

19 -100 +150 30,000 72.8 
tt it 

- 21,200 45,600 . 25.0 
23 -200 +270 

11 
77-8 

it 
200 98.15 54,500 59,700 4-5 

24 
tt 

77-4 tt tt 

- 54,600 67,200 3-5 
25 " 11 

79-5 
11 11 

98.48 54,700 62,700 3-5 
26 " 11 

77-4 
11 

10 97.89. 17,000 38,400 9.6 
27 " it 

78.8 
it 11 

98.15 20,900 38,300 7-0 
28 " 11 

77-7 
11 tt 

97-99 20,000 39,100 9.4 
29 " 11 11 

60 - ,33,500 46,800 7-0 
31 

11 
78.5 ! 

• 11 If 
'*98.42 28,200 45,500. 7-0 

36 " n i l 63.3 
11 

10 97.96 23,200 37,300 7-5 
37 

it 
.62.6 

11 . tt 
97.67 . 25,100 28,500 3-0 

38 
11 tt 

59-8 
it tt 

- 23,200 43,200 5-0 
39 " 20,000 69.8 

it II 
97-32 . 23,000 32,400 

4o,ooo 3-5 40 " ti 
70.7 

tt II 

- 23,800 
32,400 
4o,ooo 8.0 

4 l 
it 

74.7 
11 tt 

97-88 20,900 35,500 8.0 42 30,000 77-3 1260 
II 

- 32,300 46,800 3.0 
43 

it 
77-4 

It tt 
97.94 • 51,800 

36,700 
51,800 0 

44 " it 
77-2 

II It 
98.27 

51,800 
36,700 52,400 8.0 

45 " tt 
78.0 1100 

It 
97-64 18,600 40,800 16.0 46 " 11 

78.3 It tl 96.84 18,800 37,000 13.5 
47 •• " 11. 

78.6 It : II 
95-79 18,400 35,700 

45,400 
9-5 48 -100 +150 

tt 
76.0 1150 

tt 
97.58 21,900 

35,700 
45,400 16.0 

49 
tl 

76.0 
tt tl 

96.69 19,900 42,200 23.0 
50 

tl 
75-8 ' 

II II 
96.91 20,900 41,300 T O A j t 

2A0 

continued 
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Spec. Fe Powder Compact. S i n t e r e d I n f i l t r a t i o n . I n f i l t . T e n s i l e P r o p e r t i e s 
No. Mesh Size Pressure Density Temp. Time Density YS UTS E 

p s i . °C °c • t p s i . p s i . fo 

51 -150 +290 30,000 77 »3 1150 10 '97.76 20,500 38,000 .18.5* 
52 11 •' 11 76.6 11 11 

96.97 19,000 38,000 16.5 
53 

11 11 
77-3 •' 

11 11 
97.65 23,200 

23,60*0 
41,300 
46,600 

17.5 
55 -270 +325. 11 

75-4 
11 11 

97-52 
23,200 
23,60*0 

41,300 
46,600 12 .0* 

57 -325. 
11 7 4 . 0 11 11 

97.47 27,500 
56,100 

37,400 5-0 
59 -200 +275 

11 
75-0 

11 
420 9 8 . I 6 

27,500 
56,100 66,900 1.0 

6lb 11 n i l 6 0 . 2 t i 120 98 .36 35,200 42,200 4.0 
62c 11 i i 58.2 n 11 

98.25 30,300 
45,600 

41,300 1.0* 
66b 

11 
20 ,000 71.4 i t 11 98.05 

30,300 
45,600 50,700 . 2 .0 

67 
11 30,000 77-3-

11 11 97.82 42,000 52,800 5 .0 
69 

11 i t 
75-8 

t i 11 
97-73 36,000 48,400 4.0 

73 -100 +150, 11 
74 .0 

t i t t ' 9 8 . 2 1 36,400 53,300 
47,600 

.7,5 1 ! 11 
73-7 

. i t 11 98.02 35,800 
53,300 
47,600 4 .5 

75 
11 74.2 1 1 11 98.58 39,500 45,400 2 . 0 

77 -200 +270 11 77-6 1370 10 97.56 46,800 54,500 2 . 0 
78 11 11 

76.9 
I t 11 

97-79 53,200 60,800 2 . 0 
79 n i t 7 6 . 2 I t 11 97-74 62,300 62,300 0 
85 -270 +325 11 7 6 . 2 1150 120 97-90 4 i , i o o klgoo 075 
86 -325 

11 7 9 . 8 11 
99-20 40 ,200 4o,4oo 0-5 

89 -200 +270 11 
77 .2 

t t 300 - 9 8 . 5 0 55,300 64 ,700 4.0 
90 11 

76 .9 
11 i t 98.10 57,700 57,700 0 

^Specimens broke outside gauge mark 
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APPENDIX I I I 

Metallographic Measurements 

Spec. Vol.70 Diameter of Mean Inter Microhardness, VHN . 
No. copper Iron part. Free Path p a r t i c l e Fe r i c h . Cu r i c h 

A A spacing,/i/ phase phase 

19 20.7 91.-6 24 .0 115.6 118 114 

25 19.6 53-5 13-0 - 66.5 204 117 
28 19.6 48.7 11.8 60.5 122 118 
31 21.3 50.2 13.7 63.9 137 117 
36 39-9 43.2 28.7 7 7 1 . 9 145* 106* 
39 27.7 47.9 18.5 66.4 148* 105* -
4o (25.4) 43.8 14.9 58.7 103 -
44 19.7 51-3 12.6 63.9 140 118 
46 • 23.5 46.7 14.3 61.0 118 110 
50 22.3 81.0 23.2 104.2 148* • 92* 
53 23.2 58.8 17-7 76-5 143* 106* 
55 24 .0 37-9 11-9 49.8 153* i l l * 
57 21.5 21.7 6.0 27-7 154* 117* 
59 24 .0 52.9 16.8 69-7 206 i l l . 
6lb 37,7 44.7 2.7-3 72.0 143 95 
66b 26.0 46.3 16.2 '62 ;5 ' 118 93 
67 19,9 52.6 13-1 65.7 169 110 
73 • 24.5 92.7 30.2 122.5 124 86 
78 20.9. • 50.1 13.2 63.3 165 • i l l 

: 85 : 25.3 40 .9 13-8 54.7 197* 105* 
86 21-5 34.3 ' 9-3 43-7 229* 125* 
89 . 25.4 53.9 18.3 72.2 203 112 

* t e s t s with 10 1 l load, while the r e s t with 50 g load 
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