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ABSTRACT

. Two-phase composites have been prepared by infiltrating sintered iron
compacts with liquid copper. The effects have Been studied of iron pa%ticle
size, matrix mean free path, and the volume fraction and micro-hardness of the

iron-rich constituent, on the tensile properties of composites,

It has been found that the strength of the composites is related to

the amount of solution hardening»of the iron component during infiltration.

. The results of tensile tests have suggested that the hardness of the
iron~rich constituent is the dominant factor controlling yield strength, ultimate
tensile strength and elongation. -However, the ultimate strength has been found

to depend also on the volume fraction of the hard constituent, and elongation

has also been found to be a function of the interface area.
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- STRUCTURE: AND PROPERTIES OF
COPPER INFILTRATED. IRON

I. INTRODUCTION.AND SCOPE

Infiltration (applied. to metals) is a process by which the pores of a
.metal powder compact are filled with a relatively- low melting liquid metal
‘through the action of capillary forces. ‘This:procesé &ields a composite
matefial'with a combination of physical and mechanical properties of the com-

-pbnents which cannot be achieved.by any other method of processing.

l .
-The technique is considered applicable to systems™ where the
components have:

widely different melting points

limited mutual solubilities
gqu»"wetting-characteristics" (defined below)

no intermetallic compound. formation which might interfere
with further infiltration )

Ao

— N e e

There are few binary metallic systemé which satisfy. these requirements

fully, and among them the iren-copper system is propably the best known.

The melting points of pure iron and copper are 1536°C and 1083°C

respectively,

" The equilibrium diégram for the Fe-Cu system2 is given in Figure 1,
-At 1100°C. the solid sélubility of copper in-iron,is 8.5% and,this propertien
varies only‘sligh;ly over the range of temperature with which the present
investigation is mainly concérned. -The solubility of iron in copper at 109L4°C

is 4%, but decreases to 2.3% as a result of a.peritectic reaction on cooling



Iron-Copper Equilibrium Diagram
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through that temperature. Above this trahsfdrmation point the solubility

increases again with temperature.

-It is also seen_fﬁom the diagram that no intermetallic compounds occur

in the iroen-copper system.

‘The: "wetting characteristics" of this system are good. -The wetting
angle of molten copper with solid  iron is reported to be zeroB. - The dihedral
éngle,azparameter determining the intergranular penetration -of the solid by the

liquid is.27° 2.

-According- to Kingeryu.the following surface energy relationship is

required for wetting and densification of a.porous body by a liquid infiltrant

Toy > .6.LV> > §ss > s

. P '
where the subscripts V, L and 'S refer to vapor, liqd@d and solid respectively.

- In the case of Fe-Cu the following numerical values can be substituted

(v = 1950)%> (K:LV')?—;' 1269)° > (¥gs = 850)7>'2z<51fsn_;=., 430)° S8

According to these values the solid-vapor interface is eliminated first by
covering of the iron-with moltenACOpperj in the second stage the peres formed
between the copper-coated iron particles are filled. The third stage, grain
boundary penetrgtion,.is-apparéntly noﬁ favourable.  However, since >Kgs‘is
-affected .by the angle of the bpundary and by the stress distribution in.the
system, unhder Certéin conditions or in certain regions this third stage can oc-

cur also.
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-The~structures of artificial two-phase composites which can be prepared

by iafiltration can be closely controlled with respect to phase distribution and

- other parameters. - Thus they lend themselves well, in principle, to studies of

the deformation behaviouf of mixtures of ductilephases. - It was primarily with
the iject of learﬁingvmore about tpé properties of such mixtures that ithe
present study was undertaﬁén. ‘Moreover, it was hoped that it might be possible
to explain some of the inconsistencies.in the results of ﬁrevious investigations
with copper-infiltrated iron cpmpaéts, since such materials are important

commercially,

~-REVIEW OF LITERATURE

Properties of Two-Phase Structures

The mechanism.of plastic deformation in a two-phase alloy is
considerably more complex than in a .polyerystalline single phase alloy. .Besides

the usual obstacles to dislocation movement we fﬁhdgftheninterfacesvand,the

.second phase itself as additional barriers to slip in the matrix. . Their

effect on the passage of dislocations depends on the degree of misfit of the
two lattices,.on the differencg.between thé elastic properties.of the two
phases and on the amount and distribution of the two phases. - These parameters
vary from system to system, and:may'be varied within one system by the
éonditions of experiment, fIn'meﬁallurgical investigations it is common
practice to correlate the micro-structure with the deformation behaviour of an
alloy and.to determine the factors responsible for a certain effect. The most
often quoted parame?ers characterizing -a two phase structure are:

~mean free path betweenggecond—phase particles

interparticle spacing between second-phase particles

volume percent of the second phase
hardness of the two phases

o oe
et St e
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-These parameters have been examined by others in detail for various two-

phase systems, and relationships have been derived between them and. the ydeld

strength, fracture strength and ductility of composites.

8

Gensamer R studying‘the'étfuctures of slow cooled and spheroiditic

i
ste%ls,~proposed the relationship

Gy =-A log (MFP) + B

indicating that the yield stress depends on the log of the mean free path,
MFP, through the continuous phase (ferrite) from one hard phase (cemehtite)
particle or lamella to another,
-Edelsen anduBaldwingrhave studied. the effect of;yarious second .phase
additions on the yield strength of! copper. . They conclude that only those

particles strengthen copper which form a.firm bend with the:matrix and that

in such cases the yield strength-égain depends upon MFP.

Krocklo:found.that in"W-NiFeW composites the deformation character-

istics were independent of MFP.

.The interparticle spacing criterion appears to play ah impoertant

.role in dispersion hardening.

.Gregory andaGrantll working'with:fine oxide dispersoids in aluminum

found that the strength was proportional to the reciprocal of the oxide

parti¢le spacing.

‘The comparative. value of Gregory’s results with other two-phase
structures is-doubtful since dispersion-strengthened alléys fprm.a special
class of materials involving low volume fractions and extremely fine particles
.of what 1§ usually a non-metallic dispersocid. 1Due to the small diméensions of

these particles the. interparticle distance is actually very close to the mean
free path.
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‘There have been many attempts to correlate the mechanical properties
. of compositeswith the volume fraction of thé harder phase. -The results

reported in this regard are very controversial,

.Pines and'Su&xhiminl2

derivedfmathematiéaily a relationship‘befween
strength pé and  constitution "

p =1 (1-X)2 + pox2 + 2pipx. (1-x)
where x isithe volume:ffaction of the matrix, and pi, p2 and pio respectively
-the stfengths,of the discontinuous phase, the matrix and. the interface. ,Their

experimental results obtained at the Cu rich end of the Fe-Cu system appeared to

be in good agreement with the theoretical derivation.

.Tesadorovich15 in experimenfs with brass infiltrated iron found that
when the brass content was decreased from.39 to 20% the yield strength
increased from 21,000 psi to 57,000.psi while the elongation to fracture

decreased from 8 to 4%.

vEdelson9 found. that ductility, uﬁlike Y5, was a function of volume

fraction of the phases.

1k 5
-Kimura reported that the fracture strength of iron infiltrated with
a'Pb-Sn alloy remained essentially constant from 25% to 80% of‘irbn'and was. close
to the bulk strength of the matrix. - Above 90% iron the composite stréngth

increased.

»Goetzells with the Fe-Cu system found.no change in composite YS and
-UTS in the range of 72—82% iron, but above that there was.a sudden increase in

YS. from.28,000 to 53,000 psi.

Krocklt© observed that the deformation characteristics of W-NiFeW
composite were independent of the volume fraction, at least in the range of

20-42% of the matrix phase.


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

A significant volume of research has previously been carried out on
Fe-Cu composites because of the favorable infiltration characteristics of the

Fe-Cu-system and because of its commercial importance and potentialities.

- In what follows no distinction will be made between the processes of
infiltration and liquid phase sintering, since the two are essentially identical

with the same mechanism and driving force involved.

. The infiltration-of iron compacts with copper (and liquid phase
sintering of iron-copper powder mixtures) began to attract considerable
interest in the late nineteen forties after some initial studies in Germany

during World War II.

Kopeckil? and Kelley}B (1946), Goetzel™® and Northcottl9 (1947) and
Smitheo (1950) investigated the procedures of infiltration and the effect of
alloying additions and heat treatment on copper-infiltrated-ivon with the
purpose Qf establishing conditions to obtain the best combination of mechanical
properties. . In the second stage of development the basic mechanism of

infiltration became the main target of studies by Elliotl (1955), Kingeryu

(1959), Edelson’ and Whalen® (1962).

1,15,19,21

-Although it was recognized from the start that alloying

between copper and iron took place, the strength increase igé to infiltration
was at first attributed to ”cemehting" or a."heavy-alloy mechanism" similar to
the one operating in carbide-cobalt alj.oys (Goet zell5>25,' Northcottlg, and
Schwartszpfgu). -According. to this mechanism the hard particles round off by
solution and reprécipitation through the liquid phase and after complete 'solidi-

fication the two phases are bonded by cohesive forces only.  This mechanism is

5till a subject of controversy in the carbide-cobalt system itself.
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“As shownvﬁy Gurland25, in the-WCaCo system there is a large solubility
of the carbide in cobalt (38% by weight above the melting point, 17% below it)
an appreciabie temperature dependence of the solubility, and a zero .dihedral
angle causing very large changes in the microstructure on cooling e&én by
- quenching. - While there is no continuous~WC skeleton at elevated temperatures,

it is continuous at ordinary temperature.

In the case of Fe-Cu these pardmeters are entirely different and no

appreciable structure change is expected to occur during cooling.

-In recent years the emphasis has moved from the heavy alloy mechanism
explanation to a solution hardening argument.  Northcott as early as 1947
noticed diffusion layers in the iron particlesy however, he did not attribute

any significance to them.

-Elliotl (1955) recognized that the diffusion of Cu into Fe would
evidently bring about a change in the mechanical properties of the iron and

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

Bemnhackel

and Teodorovichli’22 were the first (1961) to advance
solution hardening as the basic mechanism of strengthening. Rénnﬁé&kdbsefued

the heavy-alloy mechanism operating after saturation of iron with copper, which

was contrary to observations of others.

- Edelson and Baldwing stated that all}%econd.fphases" (metallic, non-
‘metallic and voids) embrittle a matrix because of stress concentration, provided
. the second~phase is significantly harder-than the ﬁatrix. .One of the compesites
they examined and. found brittle was iron-copper. . Other workers have observed
-good ductilities with this system which indicates that the brittleness is not

an inherent property;Of the composite but depends on the actual microstructure.



The alloying of the Fe component of the Fe-Cu system has been found to
have an important effect on the final properties of the infiltrated product.
._Sch\riartzkopfe4 reported that the addition éf 0.25% carbon to iron increased the
YS &f an as-infiltrated product from 6l,éOO‘to 72,900 psi. and the UTS from

67,500 to 76,100 psi.

-At present,. in spite of the extended commercial use and practical
development of iron-copper composites, the structure and. the origins of the

properties of these alloys are sﬁillvmatters of considerable controversy.

.The metallographic structures ofbiron-COpper composites have been
examined by almost every worker in the field, but no one has attempted:an even
qualitative evaluation of the changes occurring during infiltration, with the

. * = o . -
exception of Frantzevich 7, who measured various parameters, but arrived at no

conclusions based on these measurements.

II. EXPERIMENTAL FROCEDURE

Materials

The materials employed in these experiments were:

- Iren Powder

A 100 1b. let of Armco Iron was atomized and supplied as spherical
-powders by Federal Mogul Co. for this investig@tion. It was shipped in an
airtight container with a des¢icant.

. The nomfgal composition of the powder was:

C Mn . P S Si

%  o.di2 0.017 0.005 0.025 trace



-The powder was separated. into 5 particle-size fractions using a

standard screening procedure.

.Sieve fraction " .Estimated average

(Tyler) particle size (microm)
-100 . +150 12T
-150 4200 | -89
200 4270 63
270 +325 : 48
=525 25

The sieved fractions were placed into polyethylene bags. which were
- filled with nitrogén and sealed off until required. .Only the finest fraction

(=325 mesh) underwent any visible oxidation during the experimental period.

.Metallographic examination of the powders showed that the particles
were nearly perfect spheres although many were hollow. .No agglomeration of the

particles was observed.

Copper

Electrolytic -Tough Pitch copper (copper - 99.92% min., oxygen - O.QA%)
was obtained in the form of rod, 5/8 inch in diameter. Lengths of 2°1/2 inch
were employed for infiltration. - The rdd was supplied by Western Coﬁper Mills

‘Limited (Noranda).

. Specimen Preparation

a, Compacting

The majority of the iron compacts were prepared by hydrostatic
compaction. .This method was preferred to conventional pressing in rigid dies

because of the more uniform density of the product.
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-Since the  iron powder pgrticleé'ﬁerevof spherical shape and were used
in narrow size f§§ptions, compactiéility was very poor and the addition of a
binder, a 1:1 mixture of Bcrysol and NH,O0H, was added in the ratio of 1 drop per
.30-40 g -of powder,-anduthoroughly'mixéd with the iren by hand jusf before
compacting. . The mixture was placed in‘a rﬁbber[tube v long,le mm.. 0.D., with
-2 mm., wall thickness, and- sealed at oné,end with a rubber stopper. After filling,
the othér end. of the rubber tube was also stoppered and tied with a coﬁper wire,
. Three such bégs were filled and placed at one tiﬁe in a steel hydrostatic
pressure cylinder of 2"'13D.~and q§pth;6", which was then filled with oil. -The
contents of the pressure vesseleere combrgssed at 20,000 toABO,OOO psi; wThe_b

compacts were.3.5" long and O.4" diameter. - Despite the presence of a binder- the

compacts were very fragile and many collapsed during handling.

. Some specimens were prepared from_uhcompacted powders. -In this case,
loose powder was placed in a 0.3" @ molybdenum.tube with a.closed end ahd the.
whole assémbly was in turn enclosed into a quartz tube and sintered as

described in the following section.

b. .Sintering
Sintering was carried‘out in order. to give the compact sufficient

strength to withstand further handling and machining:

The furnace used for both sinterihé and infiltration was an electric‘
resiétance type, containing six, 12 mm. diameter "Globar" (SiC) elements
placed vertically in a.ciréie of 5.5" diameter. .The uniform hot zone in the
centre (gradient less than 10 degre?érCentigrade) was found to be 3.5" long.
Temperaturé control was provided by a Honeywell controller with a -Pt-Pt 10:Rh -
: thermocouple;installed«in the centre of the uniform hot zone. . The setting of

the controller was adjusted daily according to the actual temperature measured
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-inside a. quartz tube similar to the one used in the experiments. - The maximum

temperature variation inside this tube was found to be + 4°C at 1150°C.

‘A compacted billét (or.the molybdenum tube containing loose poﬁder) was
placed at the bottom of a-sealed Quarté tube, 20 mm. I.D., which was lowered
vertically into the furnace. -All sinfering_treatments were carried out at
1150°C for 10.minutes, with a f}ow.of cracked-ammonia through the container.

. The reducing gas inlet and an oﬁtlet were positioned in such a:way that the
compact was in the actual gas stream., .The temperature of the specimen reached

-the pre-set value approximately 'S minutes after loading.

.Affer'sintering,_the tube and contents were pulled out from the

furnace and allowed to coel in the air with cracked ammonia-still flowing.

.¢. - Infiltration.

Infiltration .took place 'in a 12 mm. I.D. quartz tube, sealed at one
- end. -A 12-15 g piece of copper rod, plus some iron powder (approximately 1.5 g)
were charged into the bottem. of thé tube. .The iron compact, by means .of a: . small
hoele drii@edsinto it near one end was suspeﬂ&?gfrom,a,lE" long tungstgn wire,
. to the upper end of which was attached a 1" x 0.3" stéel cylinder.  The latter

A N
cylinder served as a core be@ygen fwévpermanent magnets placed .outside the
quartz tube.‘wBy'moving.theséumagnets along the tube the core and the attached:
wire and po&der éémpact could be lowered.or réised inside the tube. - The.upper

(opeﬁ) end.eof the tube was connected to a .vacuum forepump and the system.was

vpumped_forjggveral.minutes.to obtain a.stable vacuum of approximately'65 microns.
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After evacuation the tube was lowefed vertically into the furnace
with the bottom supported 1 i/2" belbwﬁéhé centre of the uniform heat-zone.
The specimen to be infiltrated was then in the protruding part of the tube. The
tube was allowed to come to thegﬁél equilibr;mmduring which the copper melted
and became saturated with iron from the iron pbwder addition. This saturation
was necessary in order to prevent erosiop of those portions of the compact

which first came in contact with the liquid metall,

-After 10 minutes the powder compact was lowered to the bottom of the
tube, submerged approximately 1/2 inch into the molten pool, where it was held
for a measured time,vranging.fypm 10 min. to 420 min., and was then withdrawn
rapidly into the cold toplgglf of the tube. The temperature ofm}nfiltration

was varied from 1100° to 1370°C.

-When the infiltrated specimen had cooled bel@w”yisible red heat
(approx. 650°C) the whole tube was pulled-out from the furnace and guenched in

water.

-Density Measurements

L]

Density measurements were carried out on all specimens after sintering

and after infiltration.

- Bintered iren specimens were machined. into perfeect cylinders, their
physical dimensions and their weights were measured, and the specific weights
were then calculated. Density was recorded as a percent of the theoretical,

taken as 7.87 g/cc for ironm.
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The density of infiltrated specimens was obtained by liquid immersion
techniques. Carbon tetrachloride was used as the liquid. medium because of its

relatively high specific gravity (1.54 g/cc) and good wetting characteristic.

- The calculation of the theoretical density was,baséd on,the sintered dénsity
- of the given specimen. -It was assumed,,and.later proven thréugh chemical and

-metallographic analysis, that the Fe/Cu volume ratio after infiltration was the

same as the Fe/pore ratio in the sintered specimen. .The density of copper was

taken as 8.94 g/cc. for purposes of calculating densities as a percentage of

theoretical.

-Tensile Testing

All infiltrated cbmpacts were machined into tensile specimens of the

shape and dimensions shown below.

77 7,
laZs

7/ Ly
Y7 S~ 0.3

2.511 . (}/ »
o /I 1.25"

AL
22
1/
P //// 9
1
N ¢ ]

0.375"
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-Specimens were tested in:fension on &nInstron tensile testing machine,
using grips specially made for the button-head. specimerns. -All tests were carried
out at ambient temperature. .The strain rate used in most cases was 0.2 ia#miﬁd
although 0,02 éa#miﬂdwas used in a few instances. .There were usually 3

specimens tested for any given condition (Appendix:II).

. The load-elongation curves were recorded. . The maximum load was
converted to ultimate tensile strength, and yield strength was determined by

using ‘a 0.2% offset.

-Elongations were measured on 1" gauge lengths, marked on the

specimens before testing.

Metallography

One specimen for each condition was examined metallographically.

. Three sections were mounted-.one transverse taken from the top shoulder,'and

two longitudinal, exposingmboth'ha;yesvof the specimen fracture.

-In order to retain the sharp fracture~edge and to prevent any relief
'fprmation-due to the hardness difference of the phases, lapping was carried
out with 6/L and.l/mfdiamond. -A final light polish was provided by Linde B

alumina.

The polished specimens were etched in 4% nitric acid in eethanol which
produced various degrees of brownish coloration in the Fe-rich constituent. The
darkness of this coloring was found to be roughly proportional to the amount of
copper ip the iron and served as a qualitative measure of the extent of

diffusion.
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-The Cu-rich matrix was etched when reguired with a solution of 5 parts

of concentrated NH4O0H, 3 parts of- 5 per cent Hz0p and. 5 parts Hz0.

a. - Microhardness

Microhardness measurementé were made on a;Tukon tester with a 145°
diamond pyramid indenter. .Two loads, 50 g and 10g, were used, but one lead only
was used in a given séries of expériments. Mean hardnesses were based on measure-
ments -of 6 to 12 indentations depending on the observed scatter.  In the case 6f
the iron-rich constituent wherein the hardness differed . considerably with distanc%
from the matrix, care was taken to make indentations on many particles of the
various shadings of etched color to obtain an average hardness. '“@N%\\

~

b. Constitution, Mean Free Path, Particle Size

‘The measurement of these parameters was carried out by standard lineal
analysiSE8 on a Tukon tester equipped with a filar eye piece and a transiting

stage with vernier adjustment.

-Traverses on the specimen were made in three different directions.
-During a traverse the number of iron particles was counted, and the total length
of the line and~the.léngths of the copper intercepts were measured. - Transits
were maderver'25O to 300 iron particles er each sample in order to obtain a’

reliable average.

.The constitution determination is.-based on. the premise that the ratio of

intercepts of the two constituents on a random line in a random metallographic

28

section,<ﬁlh1 , gives the actual volume ratio of the cbnéti%uents .
L Fe ' o

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

particles, was obtained by dividing -the total length of Cu intercepts with the
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number of iron particles intercepted in the total traverse length;MFP = ZCu
N
Fe

The average iron-particle size was determined similarly, i.e.

dpe = It - eCu where

Lt is the total length of the line of travel
[Cu is the length of Cu intercepts

Npe 1s the number of iron particles traversed

It should be noted that whereas the mean free path obtained by this
method is equal to the true volumetric mean free path28 the particle size dpe is

29

only two-thirds of ﬁhe true particle diameter © for particles of uniform size.
In the case of non-uniform particles, the mean size measured metallographically
is also a function of the size distribution of the particles. The larger is the
size difference between the particles the greater is the probability of a small
particle being totally above or:: below the plane of metallographic examination.
Since the apparent particle size measured metallographically is inversely pro-
portional to the number of particles sectioned by a random plane, a reduction
in the number of the particlés would lead to an increase in the apparent size.
Thus, in the case where some particles of initially uniform size, grow at the
expense of others during infiltration, an apparent mean particle-size increase

is observed metallographically. In fact, the true mean diameter is decreasing,

at least up to the point where some particles disappear completely.

However, since this study was concerned only with relative changes of
the parameters, the diameter values used throughout this work have not been

corrected to allow for the above effects.
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IIT.EXPERIMENTAL  RESULTS

All experimental data and results are summarized in Appendices II and III.

. . Infiltration Time

Specimens prepared from 200 x.270 mesh iren powder pressed at 350,000 psi.
.were infiltrated for 10, 60, 120, 200, 300-and 420 minutes at 1150°C. The parameters
of the microstructure and the mechanical properties of representatives of"fhese
infiltrated specimens are given in Table 1. .The reproducibility of tensile test
results for each of the conditions represented in Table 1l.may be observeq.in
Appendix II. . Only those specimens for which cemplete metallographic stuqies

were carried out have been included in Table 1.
;

. The following bbservations can be made on .the basis of these

measurements:

a. The infiltrated density (98.2% - of theoretical on the average) is
independent of the time of infiitration.

b. The Fe/Cu ratio, based on metallographlc analysis is also essentlally
constant.

c. -The apparent iren—particlé size increases. rapidly in the early periods
of infiltration (Figure 2). .This growth later slows down and aftern
3% hours has essentially ceased.

d. - The mean free path also appears. to increase with time as a natural
consequence of iren-particle growth- hewever,. the effectu of the
initial density, which varied to a certain degree, is superimposed
on this effect and the trend is noet obvious.

e. .The mlcrohardness of the copper-rich matrix.is essgntially constant
with- 1nf11tmat10n time, whereas the hardness of the irepsrich
-constituent increases rapidly and. iinearly up tow 3 hours where it

_'suddenly levels off (Flgure 3).



TABIE 1

Infiltration Time. (Inf. at 1150°C)

200 x 270 TIron Powder

Start

- Cu cohtenﬁ

Ratio |

Int.

. Inf. Inf. ) Fe Ratio MEan>-Hardness
Time | Dens. | Dens.| Calc “Met. “Met/Calc|Part Size |{Met/ |Part. |Free [ Fe [Cu YS Urs |E Spec.
min., | % R B N 7 |SievelMet |Sieve |Space|Path |VHN |VHN psi| psi |% | No.
. . Vo o J!p /v V2 S .
, } - : : s vd I
0 70.7 - - 7&.61°£ 1.05 63 [43.8] 0.70 [ 58.7 |14k.9 103 | - 19p5%& 38500 |45 Lo
10 77.7 | 98.0 |22.3 |19.6 0.88' '65 L8.71 0.77 | 60.5 |11.8 |122 | 118 20000 | 3900 9.4 | 28
60 78.5 | 98.4 | 21.5 |21.3 0.99 65 50.2| 0.80|63.9 §13.7 |137 | 117 |28200 | 45500 | 7.0 | 31
120 77.3 | 97.8 | 22.7 |19.9 0.88 63 | 52.6] 0.83 | 65.7 [13.1 [169 | 110 |42000 | 538007 5.0 | 67
200 79.5 | 98.3 | 20.5 |19.6 0.96 63| 53.5| 0.85]66.5113.0 |204 | 117 {54700 62§oo 5.51 25.
300 | 77.2 | 98.5[22.8 |25.4 ©1.11 63| 53.9] 0.86] 72.2 [18.3 [203 | 112 {55300 | 64700 [ 4.0 | 89 |
420 75.0 98.2' 25.0 |24.0 0.96 63| 52.9] 0.84|69.7 | 16287206/ ;11_ 56,000 | 66900 | 1.0 | 59

Abbreviations in the column headings for Tables 1 to L

~ Inf.

Dens.- density
Calc.- value caiculated from density measurements
Met. - value obtained through metallographic measurements
Int.part.space. - inter particle spacing,

- infiltration

ﬁ-Fe~content obtained metallographically
AR 50 g 1oad

M Metals Handbook 1948, p. 432 "Dead Soft"

"Armco-Iron

—8'[-
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Strength, 1000 psi.
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Figure L. Effect of Infiltration Time on Strengthrof Copper Infiltrated Iron
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Sintered Iron Skeleton, 300 x.

Figure 6.

Specimen Infiltrated 10 min. at 1150°C,
300 x.
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Figure 7.

Specimen Infiltrated 120 min. at 1150°C.,

300 x.

Figure 8.

Specimen Infiltrated
300 x.

420 min. at 1150°C,
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f. .Both yield and tensile strengths (Figure 4) increase: linearly with
time up te 3 hours of infiltration after #hich the rates of increase
drop to considerably-lower>values.

€. The ductility measured as elongation to fracture decreases with
increasing time of infiltratioen.

Micrographs of a sintered iron skeleton and of specimens infiltrated for

10, 120 and 420.minutes are given in Figures 5, 6, 7 and 8 respectively.

Infiltration Temperaturel

Specimens similar to the ones used in the previous time series were
infiltrated for 10 minutes at 1100, 1150, 1260 and 1370°C.  The properties obtained

are presented in Table 2 and in Figures 9, 10, and 11l. .-Additional tensile dafé

-are contained in Appendix-IT.

- The observations are basiCally the same as in the time series, . The
infiltrated density, (except at the lowest temperature), the volume ratio of
the cconsgtituents and the hardness of the Cu-rich matrix:?ere independent of
the infiltratioﬁ températ#fe; whereas the iron-particle size, the Q¢an free pé@h;’
the hardness of the Fe-rich donstituent and the ultimate and yield étrengths
increased as the infiltration.temperature was increased. »Ductility-decreaéed

with increasing temperature. However, no leveling off of any' of these parameters

was observed within the temperature range investigated.

It was also observed that specimens infiltrated at 1100°C showed.a

.considerably larger amount of grain boundary penetration than the ones infiltrated

at higher temperatures (see .Figure 12). -At temperatures close to the melting point
the surface tension of liqydéd is relatively high and the molten copﬁer layer formed
around each Fe-particle exerts a sighificant compressive force, which -effects the

Yrgs- of the iron and. renders grain boundary penetration more faverable,



TABLE 2

- Infiltration Temperature (10 min)

- 200 x 270 Iron Powder

- Abbreviations - See Table 1

Lot
 Tem Start. | Inf. Cu content | Ratio.|Part gize Ratio [Int. |Mean [Hardness |YS UTs ‘E  PBpec
og. Dens. | Dens, | Calc.| Met. Met/ [Sievd Met. Met/ |Part.|Free [Fe Cu |psi. |Ppsi. % No.
% % % % _Calc. | Sieve .|Space|Path |VHN |VHN
il Wit Al r ]
Pk | AeA | fokok
- 70.7 - - |7+.6 |1.05 63 |4%.8 0.70 | 58.7| 14.9| 103] - |19900|38500| L4s0| kO
1100 [ 78.3 |96.8 | 21.7 |23.5 |1.08 63 (4657 | O.74 | 61.0) 14.3| 118 110[18800|37p00{ 13.5 46
1150 77.7 |98.0 | 22.3 119.6=10.88 63 |48.7 0.77 | 60.5| 11.8] 122 118[{20p00|39100| 9.4 28
1260 77.2 {98.3 | 22.819.7 |0.86 63151.3 0.81 | 63.9| 12.6( 140f 118)36700}52k00| 8.4 L4k
1370 | 76.9 97.8 | 23.1|20.9 »0.91 63150.1 0.80 | 63.3} 13.2| 165| 111|s53p00|60800} 2.9 78
X 50 g 1oad
“RAR 5 5 M. Metals Handbook 1948, p. 432
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Strength, 1000 psi.
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Figure 12.

Grain Boundary Penetration
Fe, 800 x.

of Cu into
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3.

30 -

Volume Fraction of Infiltrant.

Specimens were .made from.2OQ x 270 mesh iron powder at zero, 20,000 and

50,000 psi. compactng pressure followed by sintering. .One of two groups compacted

at each pressure was infiltrated for 10 minutes at 1150°C, the other group for

120 minutes at 1150°C.  The infiltrated properties. and other relevant data.are

given in Table 3.  Reproducibility tests are contained in Appendix II.

Examination of these results show that:

The amqim of final infiltrated porpsity does not depend on the ratio

of the volumes of the two constituents -in the range of 18 to 40% coppér.
.The apparent iron—particie size after infiltration increases with an
increasing amount of iron in the initial éompagtf

. The mat?ix.mean free path increases linearly with the volume fraction
of copper and this relationship is not affected by the infiltration
time (Figure 13).

.The microhardness of the iron constituent,.and‘the yield strength, tensile
strength and elongation of. the composite are influenced by the
 time of infiltration (as noted previeusly) but are independent of

the volume ratio of the two constituents and of the mean free path

between the hardu(ironvrich).regions.



- TABLE- 3

Volume Fraction of Infiltrant (Inf. at 1150°C) -

200 x 270 Iron Powder

. ‘Abbreviastions - see Table 1

Start|Inf. {Cu content |Ratio PartoSize |Ratio | Int. |Mean | Hardnese

Dens. |Dens.[Calc.] Met. |Met/ [Sieve|Met.- | Met/ |Part, |Free |Fe Cu ¥S UTS 'E |Spec.

% % % % Calc. Sieve |Space|Path | VHN | VEN psi.| psi % |. No.

i Wat £ |, |
‘ . ‘ 37,300

Inf. | 63.3 |98.0|36.7 | 39.9 1.08 | 63 |L3.210.69 |[71.9 |2877 145 | 106 | 23,200 | k35200 | 7.5 | 36

10 .7 }.69.8 [97.3 | 30.2 | 27.7=| -0.92 63 hr.9lo.76 |66.4 |18.5| 148|105 | 23,000( 32,400 3.5 [ 39

min. | 77.7 {98.0|22.3 119.6 | 0.88 | 63 |48.7|0.77 |60.5 [11.8] 143 | 126 | 20,000 39,100 | 9.4 | 28
|Inf. | 60.2 98;4 39.8 |37.7 1 0.95| 65 |h4k.7]0.7L |72.0|27.3 | 72| 106 | 35,200| 42,200{ 4.0 | 61D
1120 '71.u 98.1 |28.6 |26.0 | 0.91| 63 |[L6.3 0.74%3'62.5 16.2 | 193 | 111 | 45,6001 50,700 2.0| 661b

min 77.3 |97.8 |22.7 119.9 | 0.88| 63 [52.6]0.8% [65.7}|13.1|201] 115 | 42,000| 52,800 5.0 67

% 10 g load

_-[E-
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4. Particle Size of Iron

Two groups of specimens were prepared (using 30,000 psi. c%mpacting'-

‘pressure) from each of the five sieve fractions of iron powder. - One set'pf

specimens was infiltrated fop“lO minutés, the other for 120 minutes, at 1150°C.

.The results of testing these specimens are collected in Table L. 4Addition%l

tensile test data appear: in Appendix IT.

- The following observations can be made:
Iron-particle growth (as a percentage increase) is more pronounced for
the finer pa}ticles and longer times.

. The matrix' MFP increases linearly with increasing iron-particle size
for both-infiltration times. (Figure 14).

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

decrease in the iron-particle size. .

. The hardness of the iron-rich constituent did not change with the

particle size in the case of 10 min, infiltration, but increased
considerably with decreasing particle size with the longer infiltration
time,

- No consismenmz variationvwith'particle_size was_found‘in the case of

yield and tensile strengthé.

. . High ductilities, up to 25% (see AppendiX'II) were observed for the’

coarser powder fractions with short infiltration time, and this
ductility decreased rapidly with decreasing @article size (Figure 15).

-The specimens infiltrated for 120 min. all had low ductility.



TABIE k4

Particle Size

(Infiltrated at 1150°C)

Table 1

Sieve |Start. |Inf. |Cu content | Ratio Fe Ratio| Int. {Mean Hardnes%
Fraction| Dens.|Dens.|Calc.|Met. Mét/ {Part.Size MEt/ -Part.|Free Fe {Cu YS UTs E [Spec.
mesh % % % % Calc. |Sieve|Met. [Sieve| Space|Path |VHN | VHN psi., | psi. | % |No.
/o /. [ Vd
-160 75.8 [96.9 {2k.2 [22.3 [ 0.92 | 127 [81.0 |0.6k | 10Lk.2|23.2 k8 | 92 {20,900 {41,300(20.0} 50
_*150 : ' ' :
Inf, -150 77.3 {97.7 {22.7 |23.2(1.02 | 89 |58.8 [0.66 76.5117.7 143 [ 106 |23,200 [41,300{17.5 | 53
+200 :
10 '
-200 77-7 (98.0 [22.3 | 19.6{ 0.88 63 |48.7 [0.77 60.5(11.8 | 149 | 126 {20,000 |39,100] 9.4 | 28
Min. +270 . , v
;ggg 75.% 197.5 |2k.6 [ 24,0} 0.94 48 [37.9 10.79 | "B928]11.9 | 153 | 111 | 23,600 |[46,600{12.0] 55
=325 7%.0 | 97.5[26.0[21.5}0.83 25 | 21.7 |0.87 27.71 6.0 154 | 117 | 27,500 |37,400] 5.0) 57
;%gg “{7u.0 | 98.2 |26.0|24.50.9%. ] 127 | 92.7 | 0.73 | 122.5|30.2 1Lo| 95 {86,400 | 53,500 2.5 73
Inf. | -200 77.3 | 97.8 [22.7| 18.2 ] 0.80 63 [51.7 [0.82 63.3]11.6 201 | 115 | 42,000 | 52,800| 5.0{ 67
+270
120 | 270 | 76.2 | 97.9|23.8|25.3|1.06 | 48 |Lko.9]0.85 | :sh.7{13.8 |197| 105 | k1,100 | 41,300 0.5]| 85
. 325
Mln.
-325 79.8 | 99.2 |20.2| 21.5| 1.06 25 | 34.3 | 1.37 Lz .6 9.3 2291 125 | 40,200 | ko,Lk00| 0.5| 86
ﬁ~lO g load
Abbreviations - see

..-r-(g -
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Additional Experimental Results

a. -Constitution

The consfitution of each specimen was calculated based on the assumption
that the relationship-(Fe/pores’siht; ='(Fe/Cu)infilt. holds. - The comparison of
densities calculated on this basis with the ones éaasured metallographically
indicated that the latter, on the average of 22 samples, gave L% Higher values; i.e.

l% higher in absolute copper content by weight.

-In three cases the compésition was analyzed chemically.

No..of spec. |.Vol.%Fe | Cal.Vol.%Cu Calc. w.% Cu | Analyzed
' (pores deducted) adjusted for W..% Cu
4% dissolv.. Fe (wet)
45 78.0 19.6 21.3 - 22,7
28 7.7 20.3 22.2 . 06.0
37 62.6 35.1 38.2 ho.7
. 4

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 is dissolved in the iron-rich

constituent.

b. .Lattice Parameter of the Tron-Rich Constituent

- X-ray diffraction_using‘FeKoC ~radiation was carried épt on powder
obtained from specimen No. 25 (inf. 200 min. at 1150°C). The Debye-Scherrer
pattern re?ealgd complete sets.of BCC and FéC'lines. The lattice parameter of
the iron-rich phase calculated from the BCC lines was found to be a = 2.8668 A.
The reported:vai&észor Fe(e<) is a = 2.8606°A; hence,-&'a = 0.22% due to the

solution of copper in iron.



e

c. -Cooling Rate Effects

 Specimen No. 58 (inf. L420'min. at 1150°C) was subjected to cooling rate
studies. - One section was tested as-infiltrated; i.e. the hot speciment (1150°C)
was pulled into the cold part of the quartz tube and allowed to cool while the

vtﬁbe was sprayed externally with water.

The other two sectidns were annealed in cracked ammonia for 1 hour at
1000°C in a tube furnace. One was water quenched from this temperature, the other

was furnace cooled. . The meehanical properties were found to be as forlows:

.Cooling Rate ¥S psi. ' UTS psi.

water quench 48,000 59,600
process cool 46,300 Lg,200
furnace cool 28,700 39,700

As expected, the cooling rate affects the mechanical properties.. However,

this effect is not large in the range of high-cooling rates. - In particular; the

i
i

yield strengths of the water quenched and process cooled specimens aée very

;
similar. .Therefore it can be assumed that the properties gbtained in.the present
experiments are not appreciably affected by minor changes in cooling rates from

-specimen to specimen (speed of withdrawal, weight of gpecimen, ete.).

d. - Properties of Bulk Copper-Rich Alloy

For reference data an iron—séturated copper alloy specimen was preparéd
and tested. Twenty-five grams of copper and 1 gram of Atmco iron powder were
placed in a hydrpgen cleaned thin-walled mild steel tube of I.D. 0.360", welded
closed ét one enﬂ. - After evacuationlwitb a fore-pump the tube was .placed vertically
into:the furnace for 1/2 hour at 1150°C. During this time the copper became
saturated with iron. . After this the tube and contents were water quenched and

swaged in two passes for a total reduction of area of 61%. . This was followed by
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annealing' for 10-min. at 1050°C. in vacuum, and a,Water quench. .The properties

.obtained on machined.tensile specimens were:

VEN Y8 UTS ' E

86 /. 24,k00 47,200 30

e, .Relative Plastic Deformation of the Two Constituents

. Specimens:No. 19.and Neo. 46, which showed considerable plastic
deformation prior to failure (25% and-1355%.éiongatioh réspectively) were examined

metallographically: to obtain-the_relative deformation of the two constituents..

- The iron-rich partiéles'in an undeforméd specimenzgre sphericai.
-During:tensile defdrmation.they become elongated along the specimen axis. .If-both
phases deform.the same aﬁouht, i.e, the interface ié;coherentrduring.deformation,
the shape change of any-iron particle should follow.the.deformation of'the.éhole
speciien, |

-In order to verify this,.in.the longitudinal ﬁetallographic section
of each specimen 12 particleslwerg,measured for»their;longer and- shorter axes, a
and b.  These particles were éhosenvin;the uniform deformation zone at aﬁeut=l/h"
distance.from:the,fracture. -Qn'the average of lQ.meas#rements:the'followihg:data

were obtained.

-Spec. No. ' a b a/b calc..a/b

19 , 170 . 121 1.h1 ' 1.%0
L6 98 80 l1.225 - l.21



. . The calculation of a/b was .based on an ellipsoidal shape of the

deformed iron particles.

- )4- s ol LI'
Volume = 3 T ap® = 3[x3
where a.= l.25r .for specimen Neo. 19
' a.=1.135r for specimen No. 46

The measured iron-particle elongation determined in this. manner after fracture

agreed within 1% strain with the*%otal elengation of the composité.

f. Effect of Gas:Pressure in Infiltration

‘_During-infiltration of specimen No. 620;(2-hrs. at 1150°C) after the
10th and 60th minute the vacuum:line was closed .off and argon was let into the
infiltrating tube at a pressure slightly above atmospheric.  The éverpressure
was maintained for 2 minutes, afteryﬁhich the vacuum was re-established. - The

.final composite density, 98.25%, was apparently not affected by‘this‘treatment.
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Figure 16.

Fracture after Large Plastic Deformation, 150 x

Figure 17.

Brittle Fracture, 300 x.
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IV. .DESCUSSION

Porosity in Composites

Residual porosity was found in the microstructures,gf all infiltrated
samples. - Similar observations were made by Elliotl,bwhile:Frantzevichl7 and
Semlak5o reportedly obtained dense specimens after 2 -5 minugé and 30 minutes

.of infiltration respectively.

The‘ambunt of porosity in the present study was quite constant (1.8%0,4%)
for»the majority of the specimens infiltrated under various conditions, with the
notable exception of specimens infilfrgted at a temperature Just above the melting
-point of copper. - The lattervspecimens.ﬁere_less dense than the others (~5.5%'

porpsity).

- The most obvious explanation for pQrOSity is that it originates from
-entrapped gases. :However, infiltration was carried out in vacuum. .Other facts
are also against the possibility that gases desorbed from -Fe particles by the

moving copper phase would collect or readsorb in the pores,

-In the present_infiltration procedure the infiltrant probabiy does
not enter the skeleton from the bottom upward but rather rapidly from the
sides toward. the specimen axis. ThlS assumptlon is. based.: on. the poo£ heat
conductivity of the cold compact which allows'the ogtside surfaces to heat above
the melting point of copper considerably féster than the centre. . This. sequence
_ of infiltration would be expected to trap gases at the centre of the specimen.

-However, the distribution of the pores was foundnmetallographicallyvtQ;beicdmpléyely

random radially or along the specimen axis. - The pore size varied from 2 to lQ}A.
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The amount of porosity was not affected by the time of infiltration
between 10 and HZO minutes, which further weakens the argument for entrapped gases.
B@med@gﬁhtsxanisefrom the fact that a cyclic variation of external pressure °

during infiltration had no effect on the final density.

The possibility that the pqres result primarily from the shrinkage of
copper upon freezing has also been considered. . The density ratio for copper
JZ&»: 4.92%. Thus with 25% of copper the shiinkage would account for 1.2%
pd?ééity, which is of 'the right magnitude. . However, since the same‘porosity-nas
vobserVed for 57% as for 23% copper this argument is not whoily satisfactor&leitner.

i

" .Although the origin of'fesidual gpnbsity is not clear, its effec£¥on the
properties of infiltrated materini is pronounced. .The distribution of pores is
essentially random but the statistical probability of having a . certain critical
number of pores in one plane could lead:to high stress concentrations, crack

nucleation and premature failureof the specimen,

_-Actually:this istbelieved‘to be the case with a large number of
specimens, particularly‘those with a nard iroen-rich constituent, where the hydro-
static stress in the matrix is high andu£husvany stress-raising effect ié;m@re
significant. .On tne_basis of the reproducibili;& of experiments it can be said
to a_high-degrge of certainty that yield strengths are very little &ffected by
porosity, the UTS values are affected.to a larger extent, and elongation values

9

are strongly affected. - Similar observations were made by Edelson and Baldwin~.
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Growth of the Iron-Constituent Particles

Pronounced growth of some‘iron‘particles was observed ineery: set of
experiments. In assessing this growth phenomenon reference should be made to -
section IT-5 (b) of this thesis which discussed the effect of size distribution.

on the "apparent" particle size obtained metallographically.

-Particle growth increased with time, with temperature, with fineness
.of the original iron particles, and with increase in the volume fraction of

- iron. . (see Figures 2 and 9).

-During the first stage of infiltration and liquid phase sintering of
iron:copper, particle growth, sometimes very extensive, has been observed by many

1 1 1 . .
13,19,5 . Rennhack®l reported that he observed the same phencmenon

workeré;
but only at a later stage, after complete saturation of iron with copper had

occurred,

vPricéaz,-studying the W-NiPeW system, also observed extensive growth
which he attributed to the preférential dissolution of smaller grains (less
than l/b), due to their greater chemical activity, and reprecipitation of this
.excess solute onto the larger’pafticles. .Howeverm it is bel@eved thét in the
present work such effects could not play an impertant rele. The particles in
these experimeqts.were initially of narrow size distribution, were almost

perfect spheres, and were relatively'%arge.

-':Elliotlvexplained the growth by the expanSion of iron due to copper
enteriﬁg-solution and Ey.the precipitation of excess iron from.solution.
However, calculations indicate that at full saturation (8% Cu in Fe by weight),
in the case éf 65/~raiameter particles the linear size increase, 4 d, would
be »2%, while the observed maximum growth in the present work was 22%. ‘This

clearly suggests that some solution-reprecipitation process occurs, although the
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driving force for this mechanism has not previously been explaired.
i
Since particle growth in these experiments and in most other reported

studies stopped at about the same time as the hardness increasef, and since no
growth was observed with presaturated particlesl it is reasonable to assume that
the growth is controlled by the diffusion of copper into iron, or by the degree

of saturation of the iron with copper.

On the basis of this the following tentative mechanism is offered. TWO
stages of growth are copsidered corresponding to two largely different slopes in
Figure 2.1In the'first stqge, which is wery rapid but does not account for a large
volume fraction of the growth, copper penetrates into the iron through favorably
oriented grain boundaries and as a consequence the grains are forced aparf. As
it was reported by Bredzs33,,in very short times (2 min. at llOOOG) the amount
of Cu which has penetrated the iron this way can be 5000 times larger than that

which has diffused directly into the iron lattice.

The second and more important suggested staée of growth is an indirect
result of lattice diffusion. It has been determined by Teodorovichggzusing
electron micrdscopy that during diffusion of Cu into Fe, a Kirkendall effect
produces a high vacancy concentration at the interfaces. It is reasonable to
expect that these defective regions have greater than normal apparent interfacial
energy. Since the rate of diffusion of Cu into Fe (as the etching patterns
indicate) varies from particle to particle and even within bne particle, the
apparent interfacial energy must be assﬁmed-to vary also from one particle to
another. This interface energy difference would result in a flux of iron toward
the defect surfaces in order to reduce their excess energies. This process is

in operation only as long as the diffusion rate of copper in the iron is'significant.

In the case of specimens with high volume fraction of copper, the lower

growth rate is probably due to the larger interparticle spacing.
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Effect of Various Factors on the Tensile Properties of Composites.

a. Mat?ix'Mean Free Path '(MFP) and Interparticid& Spacing of the Iron(IPS)
In the present work the MFP was controlled by changing the volume
fraction of the matrix and the particle size 'of the iron. By these methods a

MFP range of 6 to 29p was obtained.

Examination of the data given in Table 3 and 4 and Appendix II indicates
that the change of MFP had no significant effect on the yield strength, tensile

strength or elongation.

In those seriles of tests in which major changes occurred in composite
properties (e.g. in the time and temperature series, Tables land 2) the MFP was

essentially constant.

The IPS is the average distance between the centres of two adjacent iron-
rich particles. For relatively largefparticles, such as those used in the ‘
present experiments, the IPS is made up of three components, the radii of each
of.two particles, and the shortest distance between théir surfaces. This latter
eaimenéiqntis proportional to the mean free path, the effect of which was
diséussed in the previous section. The sum of the two radii gives the mean
particle size, which was varied during the experiments by gé;ng powders of var-
ious sieve fractions while the volume ratio of the two phases was kept. constant.
Consequently, a decrease in particle size also déanﬁ a decrease in mear free

path. The relationship between these two parameters is linear (Figure 1k).

The variation of particle size was about 4 fold, from 22 to 8%ﬂ/
diamefer, which is equivalenf to a 14 fold increase in surface area and a 50
fold increase in the volume of individual particles per unit weight. Thisvhaa
no appafent effect on the ¥YS and UTS values, the changes of which were in no way

coﬁsistent‘with the particle-size changes (Table 4).
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The elongation'values, however, showed a well-defined trend at.least in

elongation decreased from 20 to 5%.

In spite of the lack of confidence which is placed inkabsolute
elongation measurements, this fact is interesting 5ince in these tests the Y5 and
UTS remained practiéally canstant. - It is possible that, -1f the work hardening

rate 1s low, large changes in ductility are accompanied by small changes in UTS.

Krock®O has suggested that the surface or interface condiﬁi@qgéof the

hard phase has a Veryfcritical effect on ductility.

As has been already mentioned the surface of the irop particles was
found by Teodorovichge_to éontaih a large excess conceﬁtration of vacancies. In
the experiment under discuésioh, because of the shortvinfiltration timé involved
(10 min.) a unit area of interface for any size of particle should contain
.approximately the same amount of defects: If this is so, and if the ductility is
determined by‘conditions.ét the interface, theré should be a relationship between
the amount of interface in a giveh specimen ahd.its ductility. A plot of these
two parameters (Figure 15) gives a good indication” of the exisiance of this

predicted rélationshippﬂvraioffMEeafBrementidnéd experimental limitations.

b. Volume Fraction of Constituents

‘In the»presént experiments the volﬁme"fraction of the iron constituent
was varied from 60 tb,78%.v The test_reéults reported_in Taﬁle 3 indicate that
the yield strength and elongation were not affected by the ratib ofvthe two
phases in this rangeAalthough'there is nof sufficient data to éermit firm con-

clusions to be drawn.
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Attempts were made to cérralate the UTS data with values calculated from
‘Pine's equation:

P = PFeX2 +"PCu(l'X)2 + Precux(1-x)

* However, neither the strength‘Qf‘the:iron-rich‘phase,vPFe, whichcﬁgﬁgeé yith time
according to the'microhardness réadingé, nor the strength of the ifon/qupér
intefface, Ppecyjs are known frém direét measurements. Strength,values célculated
by using Ppecuy ; 66,000 péi as: employed by Pines for the“low-carbbn iron/copper
iﬁterface in his qaléﬁlatiéné; and Ppg ‘obtained from hardness-strength conversion
charts for the given microhardness of %he iron phase, were‘about.B,OOO-lgﬁooo psi
higher than the e§periméntal strengths. However, the slopes of plots of'strength
versus the square of the volume fraction were not far from the éaléulated slépes.
This indicates clearly that the volume fraction of the harder phase has some
éffect on the compoéite tensil% strength,veven thoﬁgh it is much less marked than

the effect of infiltration time.

c. Hardness of the Iron Constituent:

4 )

In the present studies each series of expen@gents gave clear evidence of
the solution hardening which accompanied infiltration. The most direct

- evidence was the microhardness of the iron-rich constituent. .

In the infiltration fimevSEriés of tests the average microhardness of
the iron increased almost lineag;y up to 300 minutes where it leveled off
(Figure 3). But the microstructure provided definite evidence that the %ron

' coppey

P
particles were not completely saturated with dxem+ The diffusion layer color

was of ‘decreasing intersity toward the centre of each particle (FigureT7!).
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After the longest infiltration time studied,JQEO minutes, the picture
was similar but.with,legé contrast. The obvious diffusion layers had moved
somewhat deeper into the particles, Figure 8;,‘the hardness difference had been -
slightly reduced. Though'saturationoof iron with copper was probably incomplete,

the depth of penetration had reached an equilibrium value for the infiltration

time employed.

The cause of the apparentlj sudden change of diffusion'rate éfter 2 hours
of infilfration is not clear. But the micréhardness and the mechanical properties
need not be expected to increase continuously to the point of complete saturation.
Other workers report2’26 that ~the hardness and strength values of iron-copper
alloys increase up to 2% copper only and that they leys} off beyond that
concentration. The:hardness values quoted for the;g%‘éopper alloy are in fact

comparable to those observed for the iron phase after 200 minutes infiltration.

Since.the'behavior of the yield and tensiie strength curves (Figure 4)
was essentially the same as fhat of the hardness of the iron-rich phase, it is
reasonable to assume that the.strength properties are solely controlled by the
hardness of the iron phase or by the hardness difference.between the two phases

33

as suggested by Heheman--.

‘In the present experiments the hardness of the matrix remained essentially
constant, so that the hardness increase of the iron also corresponds to the

~increase of hardness difference.

The‘assumption that the composite strength is controlled by the stronger
phase and not by the weaker is interesting. Comparing the  numerical values ia
these experiments

YS UTs

matrix 2L, k00 47,200
composite 56,100 66,900
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it can be seen that the strengthening due to the iron phase is considerable.

The mechanical propertiés reported for ‘Amco iron and determined for
lthe iron-saturated cépper arevvery similar.. This probably explains the
observation that after short infiltration times both phases deformed similarly
and failed after a relétively large amount of plastic flow (20-30%).. The
fracture ‘path went through both phases with noiapparent preference for:either

(Figure 16).

As: diffusion progressed with increasing infiltration time, the iron
lattiée}became more diétorfed,(solution hardehed), its strength_increaSed.and
its ductility'decreased. The high yield strength of the iroﬁ partié}es effectively
ingreased the stress nécessdfy‘fof gross plastic flow in the.matrix,>and as a
result high compoéite sffength énd low duetility were observed. The stress
system in the matrix becomes essentially triaxial when a uniaxial load is applied
to the specimen, and the %ituation became éimilaf to that foundvin brazed joints.
Bredzs33 reported that in Fe-Ag brazed joints the notch constraint factor

(giving the ratio of the actual stress at which plastic deformation begins to the

‘nyieldw strength) could be as high as 4 for a certain thickness of the binder.

At a critical value‘of the applied.stress, in the limiting case of an
extremely hard second phase, the specimen fails in a brittle manner with the

fracture going preferentially through the copper-rich phase or along the interface

(Figure 17).
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In the light of thevsolutibn hardening mechanism many observations
made during the course of theée éxpériments can be ekplained. Sinceidiffusién
depends on time, temperature and distance, it is cobvious that longer times and
higher temperatures of infiltration;vas well as smaller particles, should give

higher strength values, in good agreement with observations.

It is necessary to note that in the literature the reported values of
the strength of copper infiltrated iron.are_in some cases substantiallly higher
than those obtained in the preseﬁt eXpefiments; This is most likely due to
differenées in the purlty of the iron used. Schﬁartzkopfgu found that the
addition of 0.25% graphite.to Fe prior to infiltyétion increased the composite
yield strength from 61,000 to 72,900»psiu andftge.ultimate tensile strength’
from 67,500 to 76,100 psi. The iroﬁ used in the present work was of high purity
relative to the carbonyl-andgﬂhéryiron powders used in much reported experimentai

work.
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b Sﬁmmazx
| In evaluating the deformation behavidx'of‘copper-infiltrated,iron
compacts one has to bear in mind that few propertiee of metals are as sensitive
to crystalline structure as thoéeaasociated with'yieiding and flow.  There seems
" to be little agreement in the literature about the precise dependence of
deforﬁation behaviour on the structure of a.two-phase alloy. These systems are
~usually too complex, with too many Variahles involved, to lend themselves to

mathematical calculations derived from simple mode;s.

. ‘ A dislecation theory approach to two phase systems by Lenei3u predicts
a relationship Ys =:K;2§E757f64 where/ﬂ; andi/ﬂQIare the shear moduli of the
matrix and of the second phase partieles respectively and );is the mean freeﬂ
path. Empiricai formulae which have been proposed8’ll also suggest that-
composite strength-is proportional to the reciprocal of v MFP. Buththe
results of the present study indicate no depehdehce on MFP at all. One possible
explanation for the apparently negligihle conhtribution of MFP to the strength of
these composites is the masklng effeet of ether'factors,.like solution

¢
hardenlng of::the copper-plch phase due to iron and the hydrostatic stresses in
the matrix resulting from the dlfferent thermal expan51on coefficients of the

iron-and copper-rich phases. The effect framn MFP in the range studied contrdbutes

probably little tothhe residugl stresses from the above mentioned two sources.

Edelson‘and Baldwin” concluded that the'presence of ‘any second phase, 1if
it is harder than the matrix, serverly embrittles an alloy. The results of the
present work are in disagreement with this-conclueion. It seems that the role

.of therinterface although gecondary in Mield Strength considerations, is to
reduce ductility through provision of stress raisers in the form of vacancy

concentrations which arise through diffusion between the two components. This
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- implies that it is not the hardness of the second phase which determines ductility
as proposed by Edelson but the degree of perfection of. the interfbces and the

degree of crystalline compatability between the phases.

Finally it i% interesting tq note the many similarities between the Fe-
Cu composites of this work and the W-NiFeW composites of Krock et a110, Both
have high ductilities under certain conditibns; their strengths are independent
of MFP and vélume fraction of the matrix and their strengthsdepend strongly on

the relative hardness:: or strengthgof the secdnd phase.

1
\
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CONCLUSIONS

The major strengthening contribution in copper infiltrated iron composites

is the hardness difference between

matrix. Any processing conditions

the iron constituent and the copper-rich

which increase this difference increase

the yield and flow strengths of the composite.

The tensile yield strength of the composite depends on the hardness of the

iron-rich constituent only, and is

apparently independent of the volume

fraction of this constituent (in the range of 60-78%), the particle size,

and the matrix mean free path between the particles.

The ultimate tensile strength is a
constituent but is apparently also

constituent.

The elongation to fracture depends

constituent and on the area of the

The growth of iron particles which

of solution and reprecipitation of

function of the hardness of the iron-rich

a function of the volume fraction df this

on the hardness of the iron-rich

interface between the two phases.

occurs during infiltration is the result

iron. The driving force for this

process is believed to be a Kirkendall effect associated with the diffusion

of copper into iron.
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VI. APPENDIX I

Microhardness Testing

The use of microhardness testing in powder metallurgical practice where
the microstructure is a complex mixture of different constituents of small

dimensions involves a number of difficulties.

Iﬁ order‘to measure the hardness of a given phase the impression must
be smali enough that the work hardened zone surrounding the impression does not
reach the:phase‘bdundaries. But the small loads neceséary fér small indentations
léad to relative;y,lafge errors. ‘Buckler35 has found the following relationship
between load and ré%aﬁive error, arising from a constant error (Aad-= O.i,u)

in ocular reading, for two given hardness ranges:

error ?d

Load g ' At VHN 100 - At VHN 800
100 + 2 + 8
50 + 3 , + 10
10 + 10 4+ 30

Sinée most of theiéxperimental errqrs'tehd to raise the apparent
hardness, the hardness seems to increase with decreasing load. In order to
obtain the.smallest error~bossible‘in the present experiments, a 50 g load was
used in preference. This was the méximum load which satisfied the practical
ru@e that the impression diameter should ‘be not:greater than 1/5 of the
diaméuﬂ‘of £he‘constituent. In certain casés,-however, this load'waé too
large and 10'g load had to be used. Miérohardness readings obtained with

these two loads on the same specimens qupareiip“the following way:
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Cu rich constituent

.Fe rich constituent

Spec. o >
No. 1T = 108 [Lz = 508 [L1/Io L= 108 [l = 20g [L/L,
28 126 118 1.07° 143 122 1.17
61b 106 95 1.12 172 143 1.20
661 111 93 1.19 - - -
67 115 110 1.05 201 169 1.19
73 95 86 1.10 - 1ho 12k 1.13
78 120 111 1.08 - - -
81 90 86 S 1.05 - - -

On the average the 10 g load gave 9% higher readings

for the copper-

rich constituentfand 17% higher for the iron-rich constituent than the 50 g

load.
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Processing and Tensile Data
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‘Infilt.

Spec. |Fe Powder | Compact. |{Sintered | Infiltration Tensile Properties
Nol J|Mesh/Size | Pressure| Density [Temp. |Time | Density [~ T8 0TS
m psi. - % oC min. % psi.- psi.. %

12 -80 +150 | 30,000 75.0 1150 | 10 - 18,900 | 32,000 8.0
13 " " 77.0 " " - 21,000 { 33,400 10.0
16 " 20,000 68.6 " " - 16,200 | 32,800 8.5
17 " " 68.8 " " - 16,800 | 40,300 25.0
18 " " 69.4 " " - 17,700 | 40,800 28.0
19 -100 +150 | 30,000 72.8 " " - 21,200 | 45,600 .| 25.0
23 -200 +270 " 77.8 " 200 98.15 54,500 | 59,700 .5
2L " " 7.4 " " - 54,600 ] 67,200 | 3.5
25 " " 79.5 " " 98.48 54,700 | 62,700 3.5
26 " " " " 10 97.89 17,000 | 38,400 9.6
27 " " 78.8 " "o 98.15 20,900 { 38,300 7.0
28 " " 77-7 " " 97.99 20,000 | 39,100 9.4
29 " ! - ) 60 - . 33,500 | 46,800 7.0
31 " " 78.5 " " " 98.k2 28,200 { 45,500 . 7.0
36 M nil 63.3 " 10 97.96 23,200} 37,300 7.5
37 " " 62.6 " M 97 .67 25,100 § 28,500 3.0
38 " " 59.8 " " - 23,200 | 43,200 5.0
39 " 20,000 69.8 " " 97.32 23,000} 32,400 3.5
Lo " " 70.7 " " - 23,800 | 40,000 8.0
b " " 4.7 " " o7i%8 20,900 ] 35,500 8.0
L2 " 30,000 7.3 1260 " - 32,300 | 46,800 3.0
43 " " 77 .4 " " 97.94 51,800 | 51,800 0
bl " " T7.2 " " 98.27 36,700 | 52,400 8.0
L5 " " 78.0 1100 " 97.64 18,600 | 40,800 16.0
46 " " 78.3 M " 96.84 | 18,800 | 37,000 13.5
b7 R ! 78.6 " ! 95.79 18,400 | 35,700 9.5
48 -100 +150 ! 76.0 1150 M 97.58 21,900 | 45,400 16.0
49 "o " 76.0 " " 96.69 19,900 | 42,200 23.0
50 " " 75.8"° " " 196.91 20,900 | 41,300 FReH

g 7 - 20.0

. continued
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Appendix II (Continued)

~

e

Spec. | Fe Powder | Compact. | Sintered | Infiltration |. Infilt. Tensile Properties

No. Mesh Size | Pressure | Density | Temp. Time Density YS UTs E
psi. % ¢ % - % psi. psi. %
51 -150 +390 | 30,000 T8 1150 10 9776 2@,500 38,000 |18.5%
52 " " 76.6 " " 96.97 19,000 | 38,000 |16.5
53 " " 77-3 - ) ) 97465 23,200 | 41,300 |17.5
55 -270 +325 " 75.4 " " 97.52 |23,600 | k6,600 | 12:0%
o7 -325 " Th.0 ! " 97.47 27,500 | 37,400 5.0
59 -200 +275 " 75.0° " 420 98.16 {56,100 [ 66,900 1.0
61b " nil .| 60.2 " 120 98.36 [35,200 | k2,200 4.0
62c " " 58.2 " " 98.25 30,300 | k1,300 1.0%
66b " 20,000 T1.h4 " " - 98.05 | k45,600 50,700 .1 2.0
67 " 30,000 77.3. " " 97.82 {42,000 | 52,800 5.0
69 | " " 75.8 " " 97.73 |36,000 | 48,400 4.0
3 -100 +150 { - " 4.0 " " - 98.21 |36,400 ]| 53,300 | 7.5
¢ " o 73.7 o " 98.02 135,800 | 47,600 |- k5
75 " " Th.2 " " 1 98.58 139,500 | 45,400 2.0
77 -200 +270 S 77.6 1370 10 97.56 | 46,800 | 54,500 2.0
78 " " 76.9 " " 97.79 53,200 | 60,800 2.0
79 " " 76.2 " " 97.74 162,300 | 62,300 0
85 -270 +325 " 76.2 1150 120 " 97.90 |41,1001{ 41,300 055
86 -325 " 79.8 " " 99.20 |40,200 | 40,400 0.5
89 -200 +270 o 77.2 "1 300- 98.50 155,300 | 64,700 4.0
90 " " 76.9 " " 98.10 |57,7001 57,700 0

*Bpecimens broke outside gauge mark



APPENDIX I1I

Metallographié Measurenments
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Vol.%

Diameter of

Spec. ~ Mean Inter Microhardness, VHN

No. copper Iron part. Free Path | particle Fe rich .| Cu rich
S S spacingﬁ, 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 L8.7 11.8 60.5 S le2 118
31 21.3 50.2 13.7 63.9 137 117
36 39.9 43.2 - 28.7 771.9 1hs* 106%
39 27.7 L7.9 18.5 66.4 1L8* 105% .
40 (25.4) %43.8 4.9 58.7 103 -
Lk 19.7 51.3 12.6 63.9 140 118
L6 23.5 b6.7 14.3 61.0 118 110
50 22.3 81.0 23.2 0k.2 148% © 9%
53 23.2 58.8 - 7.7 76.:5 143% 106%
55 2k.o 37.9 11.9 49.8 153% 111%
57 21.5 21.7 6.0 27.7 154% 117*
59 24.0 52.9 16.8 69.7 206 111
61b 37.7 L, 7 27.3 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 -2k.5 92.7 " 30.2 122.5 124 86
78 20.9 ©50.1 13.2 63.3 165 111

85 25.3 40.9 13.8 5L.7 197% -105%
86 21.5 34.3 " 9.3 h3.7 229% 125%
89 - 25.4 53.9 18.3 72.2 203 112

* tests with

10 g load,

while the rest with 50 g load
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