A Thesis entitled

THE SINTERING OF METALLIC POWDERS

submitted by
Robert laidlaw Cralk, B.Sc. A.R.T.C.
for

the degree of Doector of Philosophy of
Glasgow University.

Metaliurgy Department,
' Royal Technical Cellege,
27th November, - GLASGOW, C.l.
1952. :



ProQuest Number: 13838568

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13838568

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



Chapter
Chapter
Chapter

Chapter

Chapter

Chapter

Chapter

CONTENTS.

Intreduction ... o o o oee
Review of Literature sces ses s

Preliminary investigation of the alloy-
sintering of copper=~zinc compacts in
'~ vacuo

Further investigations of The alloy~-
sintering of bi-metallic compacts in
vacuo

XFa:

Furthen/sZudies of the alloy=sintering

of bi-metallic compacts in vacueo
Discussion of Experimental Resulls

Final conclusions and general summations

Page

13

25

29
44
57



THE SINTERING OF METALLIC POWDERS.

CHAPTER 1.

Introductlon.

Sintering in powder metallurgy consists of annealinfg
metallic powders, previously pressed into some desired shape, .
at temperatures generally lower than the melting polnts of
the constituent metals, As sintering progresses, the
physical properties of the pressed compact may be improved
and ultimately may approximate to the properties of the
metals 1In their massive state. Porosity, however, cannot
be completely eliminated and hot~pressing techniques have
been devised to reduce the porosity, enhancing still further
thé physical properties of the pressed compact. Sintering
may be controlled to obtain desired properties and th alloy
different metals. These considerations also apply in the
fields of ceramics, where ceramic oxides and glass powders
may be sintered in a similar fashion.

To discuss the subject more fully, the following
definitions have been adopted. The term "sintering" has
been applied to the heating of uni-metallic powder compacts
and "alloy=~sintering" to that of compacted powder mixtures
‘of different metals.

S8intering:

Of the properties of compacts, density measurements have

been /



CMAPTER 1. (Cont'd) 2.

been found to serve as a measure of the degree of sintering
attained on heating compacted metallic powders. These
measurements may by obtained directly from the sintered
compact or be dilatometric stmwdies during the heating of
a pressed shape. Gradual densification has been observed
on heating and 1s attributed to the sealing, gradwal isolation
and finally elimination of the internal pores in the compact.
To explain the increase of density of the sintered product,
several theories of sintering have besen proposed, each
stressing one or other of the following mechanisms of atomic
movement ,
(1) Evaporation-condensation.
(2) self-diffusion.
(3) Surface tension forces, causing plastic flow
of the metal.,
The energy gradient for atomic movement ig attributed to
the reduction in surface free energy of the metallic powder

during densification.
Alloy=sintering:

Since the additional factors of interdiffusion of metals

and the possibility of intermetallic compound formation,
have to be considered, alloy=sintering is a more complex
process, The present investigation has been concentrated
on the nature of alloy-sintering and the possible information

which cah be obtained from following experimental methods,
(1) /
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(1) pilatometric analysis.
(2) Differential thermal analysis.
(3) Electrical resistance measurements.

(4) X-ray analysis.
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Review of the literature.

Sintering:
Analysis of the experimental and theoretical data on
sintering has been reviewed by Roberts(l)and Goetzel(z)who
concluded that the evaporation—mqghanism played a minor
role in sintering. The m%chanism was analysed from the
behaviour of small metal spheres placed upon a plane of the
same metal as shown in Fig.(l)e On heating this model of
Sintering to varioue temperatures for different times,
interfacial growth was observed, the growth of the interface
being measured directly by metallographic methods.,
Kucszynski(S)concluded that the rate at which interfacial
growth proceeded at the various temperatures could be
explained by the mechanism of self=diffusion. Surface
diffusion was considered to create the initial interface
agﬁéoss which volume diffusion occurred to increase the
strength of this sinter bond. It was further observed
that the growth of the interfacial contact was a function
of the particle size of the metal spheres, and that
surface diffusion predominated, the smaller the size of
the metal spheres,

Caprera(4) recénsidered Kucszynski's results and

showed /



—Fiﬂ 1)+ Diogram illustvaling the sintering of a metal sphere
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CHAPTER 2. (Cont'd) 5.

showed mathematically that surface tension forces could
producé'similar rates of interfacial growth and also that
the influence of the size of the metal particles could be
attributed to its effect on the surface tension forece since
this force is dependent on the initial radius of the
spherical metal éarticle, Sintering of compacts composed
of regular spherical particles of copper have been studied
dilatometrically by Jones(S)whose results favour the theory
that sintering is caused by surface tenslon forces.,

At this point, it 1s necessary to distinguish between
surface diffusion and the atomic movement caused by surface
tension. Surface diffusion is restricted to the surface
layers of atoms of a metal and is the most rapid of the
diffusion processes. Flow of metal atoms in layers im
caused by surface tension. Atomic mevement is not confined
to the surface of a metal but extends to a depth below the
metal surface, by an amount which depends on the physical
strength of the metal at the various possible sintering
temperatures. This is the basis of the phenomenoleogical
tn§ory of sintering proffered by MacKenzie and Shuttleworth(é)
éu;who proposed that the mechanism of sintering of metals,
ceramic oxides and glass7§owders was the same. Investigat-
ions by Clark and White( on ceramic exides and glass

powders appear to substantiate this theéry.
Alloy-sintering: /
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Alloy=-sintering:

Both interdiffusion of metals and the behaviour at the
interfaces of different metals have been the subject of
research. The marker method studying interdiffusion,
first employed by Smigelskas and Kirkendall(S)and recently
by Da Silva and Mehl(g)has yielded useful information. This
method consists of placing an inert material e.g., molybdenum,
platinum, carbon etc., between the polished surfaces of the
metals and the external surfaces of the couple as shown in
Fig. (2). The external markers are found to remain
dtationary on heating the welded assembly whereas the inter-
faclal markers are subject to movement. Movement of the
interface can be measured by reference to the external markers
and this has been performed with various metal couples. At
the various metal interfaces movement of the markers occurs
1?éhe opposite direction to that associated with the more
rapid diffusbon of atoms and has been related to the transfer
of excess atoms which depends on the relative rates of
interdiffusion of the various matals.

Le Claire and Barnes(10)have found in the study of
interdiffusion of copper and nickel by this method that
whilst no change in the bulk volume of the couple occurs,

the total movement of the markers can be attributed to the

expansion /
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expansion of the nickel which 1s caused by the transfer of
excess copper atome since copper diffuses more rapidly into
the nickel thag%?gto the copper.

Interdiffusion experiments of this nature have
revealed that diffusion porosity occurs in the neighbourhood
of the original interface, given by the marker and 1is
assoclated with structural degeneracy of the metal from
which greatest transfer of metal atoms cccurs’'e.g., in the
coppersnlckel couples porosity is developed 6h the copper
rich side of the interface,

Compacted mixtures of different metal powders
possess similar features to these diffusion studies except
that, due to the particle size of the metallié powders, the
degree of interfacial contact is much greater and much
smaller distances have to be traversed for homogenisation
by interdiffusion of the metals.,

Dilatometrie studies:

(11)
Duwez and Martens first 1nvestisated expanslon and

shrinkage changes assoclated with the continuous heating of
compacted binary metallic powder mixtures in a reducing
atmosphere, Thelr work has been confirmed by the
investigations of Raube and Plate(lg)who have studied a wide
range of systems of bimetallic compacts. It would appear
from these investigations that the dilatometric character=-

istics are determined by the equilbrium systems formed by
the /
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the components of the compact.

Two types of alloy~sintering may be inferred from

the dilatometric of compactis during heating.

(1) Where the components of the compact form a compleie or
partial solid solutiem system, . Sintering may be
assoclated with interdiffusion and that shrinkage,
accompanying . sintering, may proceed without interruption.

(2)Where the components are capable of forming an inter-
mediate compound phase, intermetallic compound formation
was held responsible for the abrupt expansions which were
observed to accompany the sintering of such compacts.

(13)
. Moar and Butler have reported that an abrupt
expansion of 6-7% occurred during the sintering of copper-
nickel compacts. This was not observed by Duwez and
(11) h,
Martens who, however, employed muck slower heating rates
in their experiments. Although expansion may be
expected when copper and nickel interdiffuse, this
discrepancy cannot be readily discussed until the
influence of compacting pressure and particle size has been
determined. Furthermore, gas entrapment occurs during
(14)
compaction and Warren and Libsch, employing permeability
and density measurements, have found that under conditions
of rapid rates of heating, anomalous permeability and
density effects are observed. These effeets were
attributed to the entrapped gases which develop sufficient
internal pressures to cause the expansion of the internal
pores of the compact.

Electrical /
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Electrical resistance measurements:
(15) (16)
Rhines and Colton, and Rhines and Meussner, employing

resistance measurements, have studied alloy=sintering of
copperenickel compactis, It was concluded that interdiffus-
ion could be associated with the resistance changes which
acecompanied sintering, although the authors stressed that
the effects of entrapped gases and the surface conditions ef
the metallic powders(b.g., tendency for oxidation, absorbed
gases etc,, were not to be overlooked. Otherwise little
investigation has been performed upon systems which may
introduce intermediate phase formation.

Metallographlc studies:

General metallographic investigation by Duwez and Martens,(ll)
Raube and Plate,(lz)Hoar and Butler(lz)and others have shown
the development of porosity during alloyesintering, part=
icularly ihen intermediate phase formation occuered. In the
case of copper-nickel compacts, this porosity may be
associated with "diffusion porosity" which has been found
during the interdiffusion of these metals in the solld state.
Changes in crystal structure, accompanying intermetallic
compound formation, would be expected to develop marked
porosity. The compliecated metallographic structures,
obtained by different staining and etching techniques, do

not permit complete identification of the alloy phases pro-
duced by sintering,

X-ray studies: /
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X=-ray studies:

The alloy=sintering of coppere-nickel compacts has been
investigated by Duwez and Jordan(lv)who concluded that
interdiffusion occurs and assists the normal sintering process,
With binary metallic powder compacts in which inter-
metallic compound formation id possible, alloy=-sintering
may involve the combination of the metals. Duwez and
Jordan(ls), in a study of a copper=gold compact containing
25 atomdc 4 gold, determined that there was 1nitial formation
of the intermetallic compound CuAu at 31500 and that this
compound could exist in apparent equilibrium with any residual
copper, Complete homogenisation did not occur until the
sintering temperature exceeded the order-disorder trans-
formation temperature of CuAu at 42400. Rhines and Colton(m)
ﬁavé confirmed intermediate phase formetion within copper-
zinc and copper~tin compacts during sintering. In a eopper=~
zinc compact whieh contalned 70 % copper and was heated to
40000, they identified the initial formation of alpha=brass
and the eta=-compound phases. Further heating resulted in
the appearance of the gamma and epsilon compounds, Similar
behaviour was also observed during the heating of a copper=-
tin compact, although the process was more complicated due
to the complex intermediate phase formation which prevalls
in the copperstin equilibrium systeme. It has aleso been

observed that when copper and zinc powders were mixed,

accurate /
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accurate X=ray measurements revealed)the formation of
(=20
traces of the beta=~CuZn compound,

Conclusions:

The general features of sintering of metallic powders and
the factors which influence the process;fhave been
| summarised, Before any 1nvestigationjof alloy=~sintering
may be made, the effects of several factors have to be
"~ determined. Consequently, a prelimnary investigation of
the alloy=sintering of copper=zinc compacts in vacuo has
been performed, employing the following experimental methods.,
(1) Dilatometric analysis.
(8) Differential thermal analysis.
(3) Electrical resistance measurements.,
(4) X=ray analysis.
The object was to study the effect of particle size and
compaction upon the alloy«sintering of copper=zinc compacts.
Vacuum sintering with low rates of heating was adopted to
offset the possible effect of entrapped gases. Since zine
is characterised by its volatility, its effect should be
assessed, The influence of the vapour pressure of metals
during alloy~ sintering as yet has received little attention.
Duwez and Martens(ll)observed that the abrupt thermal
expansions associated with the heating of binary metallic
compacts in which intermetallic compound formation was
postulated,were accompanied by indications of heat evolution.

Differential thermal analysis seemed a convenient method of

studying /
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studying such effects,

X=-ray measurements could be used for positive
identifiqé%ion of the new phases pgoduced during sintering.
No extensive metailographic examination was made as the main
purpose of phase identification could be secured'from X=ray

datas.
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Prelimnary investigation of the alloy-sintering
of copper=-zinc compacts in vacuo.

l. Dilatometric analysis:

Dilatometric studies of the heating of copper=zinc compacts
in vacuo were performed not only to investigate phase
formation but also to determine the influence of the
following factors.

(1) The vapour pressure of the metal components.
(2) The particle size of the powders.

(8)The compacting pressure,

(4) The composition of the compact,

Experimental procedure:

Three different batches of atomised copper powder were
employed. The screen analysis of these are as follows,

(all sizes referred to B.S.3. screens):=

Copper powder (A) «300 mesh
Copper powder (B) 4100 mesh 0.09%
100/150 mesh 9.93%
150/200 mesh 21,157
200/300 mesh 17.02%
«300 mesh 51 .80%

Copper powder (C) «100 mesh

(separated into size grades)
Two batches of zinc powder were used and possessed the
following screen characteristics,
Zinc powder (A) -300 mesh
Zinc powder (B) »100 mesh
(separated into size grades)
Compacts, weighing 10 gms, were prepared by cold
pressing the blended powders into the shape of flat discs
in a cylinder mould, 3.25 ins, external diameter, 2.,4. ins.

length and with an internal bore diameter of 1.15 ins.
The /
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The mould was fitted with a tapered base plug, 1 ins long.
The compacting pressures used covered the range of 5-80 tonq/in:.

Dilatometric studies during heating, were made under
conditions of less than 1 mm. Hg., produced by an Edwardfs
Hyvac pump. The furnace arrangement which is shown in Fig.(3)

{ " was compased of a Nichrome wound furnace, contalning a
fused silica tube of 2 ins, internal diameter, Measurements
were over a range of temperature extending from O-SOOOC with
a constant heating rate of SOC/minute. Temperature readings
were obtained by a Chromel=-Alumel thermocouple.

Dimensional changes were indicated by a thin fused
silica tube, the lower end of which passed through a drilled
hole in a split Inconel vontainer within which the pressed
compact was placed vertlcally as shown in the diagram. The
upper end of the silica tube was contalned within a wide closed
end glass tube which passed through the rubber bung. Any
dimensional changes in the compact were observed by a
cathetometer, focussed on the knife edge.

The end of the thermocouple was inserted through
anotheghole, drilled in the container so that the junction was
as close as possible to the specimen under test. During
experiments, cathetometer readings were taken at O.l. mv,
intervals of temperature. The experlmental results of the
dimensional changes, caused during the heating of the copper-
zinc compacts are given in Fig. (4)«(5) and condensed in

tables /
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~ Observed Expansion ]

1

b Copper Particle Size | Zinc Particle Size
» mim. %
36/ 4tmesh | —120mesh | 366 1252
; 100/120 mesh ,,  mesh 3-38 11-57
I — 300 mesh ,, mesh 2:52 8-63
mesh — 300 mesh 1-96 6-71

{ s

Table (1): Effect of particle Size on expansion of 50:50¢opper-zinc

Specimens.
o Expansion in
i| Compact- Range 180°- Temp. of [ Temp. of | Rate of Temp.
ing 380° C. Start of ¥nd of Expan- | Range of | '
Pressure, Ixpan- Iixpan- sion, Expan- }
tons/in.? sion, °C. | sion, °C. | mn./°C. | sion, °C. l
mm. %
! 2-31 7-91 216 324 0-021 108
' 10 2-27 7-78 215 332 0-019 117
; 20 1-69 5-78 226 346 0-014 120 !
. 30 1-32 4-52 200 385 0-007 185
50 1-50 5-13 200 385 0-008 185
‘ 70 172 | 588 179 385 0-0085 206
. .

Table @): Effect of compacting _pressure on the expansion of
70:30 copper-zinc compacts.
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tables (see Tables (1l)={2) ).

Results:

(1) The dilatometric behaviour of compacts, composed of
copper powder (A) and progressively increasing amounts of
zinc powder (A), pressed at 20 tons/ins?, are given in Fig.(4).
A . An abrupt expansieh begins about 20000 and becomes
more marked as the temperature increases untll it is complete
about 58000. The compositions of the compact varied from
5=50 4 zinc and within these limits the total expansion
varies directly with the zinc content.

(2) The effeets of particle size are shown in the
dilatometric curves, given in Fig, (5) and Table (1) for
compacts which were composed of 50 % zinc powders, pressed
at 50 tons/’in.2 Mixtures of varying size grades of copper
powder (C) and zinc powder (B) were employed. Similar abrupt
expansions were observed within the temperature range noted
previously (2000u58000). As the particle size of the
powders 1is decreased, the total expansion is diminished as
shown in Table (1).

(3) The influence of compacting pressure may be observed

from a study of the dilatometric behaviour of compacts,
composed of 70% copper and 30% zinc powders (A), formed under
different compacting pressures, ranging from 10=70 tons/in.2

The total expansions observed for the different pressures

are [/
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are shown in Table (2). As the compacting pressure is
increased, the initial temperature of expansion falls and

the. temperature at which expansion ceases, becomes constant
0 .
at 385 C. The total expansion decreases to a minimum at
2
compacting pressures about 30 tons/in. and thereafter

gradually increases with increase in compacting pressure up
to 70 tons/in.g The rate of expansion in mm./oC gradually
fails to a constant value for compacting pressures of

50=70 ténq/in#.z

2. Differential thermal analysis:

Experimental procedure:

Compacts, welghing 25 gms., were prepared and'ha1Ved, each
half disc belng used as a test specimen. Differential
thermal curves were obtained by comparing the rate of heating
of the test specimen with that of a copper stgndard of
identical weight and shape within the Nichrome wound furnace
arrangement shown in Fig. (6). The standard and test
specimen were placed inside an alundum container, made with
approprilate recesses, The junction of the Chromel=ilumel
Thermocouple was located in a central hole within the alundum

container as shown in the diagram. The differential ﬂﬁmmugouﬁg

junctions were 1inserted into central holes drilled in both
the standard and test specimens. The differential
thermocouple bridge was composed of Chromel-Alumel~Chromel
wires and the défference in e.m.f. acfross its leads

measured by a Tynsley potentiometer, fitted with a null
point / ‘ ’
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point Cambridge galvanometer.

Readings of the differential e.m.f. were taken at
0.1 mv. temperature intervals under vacuum and heating
conditions, identical to those observed during the
dilatometrie studies,
Differential thermal curves are given in Fig. (7)=(10).
Results:
(1) Differential thermal results obtained from compacts,
composed of copper powder (A) and =120 mesh zinc powder (B),‘
pressed at 50 tons/in.2 are given in Fig. (7). The
composition of the compacts varied from 10=50 % zinc., A

marked exothermic change, the intensity of which was
o

proportional to the zinc content, occurred at 240 C
o
followed by a slight endothermic change at 480 C. The
o
exothermic change began at 200 C and the endothermic change at

o o
450 C being completed by 490 C. In the case of compacts,

containing 20% and 50 % zine, evolution of heat appeared
complete by 30000.
(2) The influence of particle size on the thermal behaviour
of the compacts was investigated in a series of compacts,
containing 50:50 ratio of copper=zinc powders, The
compacts, produce#at a compacting pressure of 50 tons/in?
were made up from powders of varying size grades as follows,
(a) =120 mesh zinc powder (B) with varying grades of
copper powder (B).
(1) =300 mesh copper powder (A) with various grades

of zinc powder (B) and zinc filings of a given
size range.

The /
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The differential thermal curves for these compacts are
given in Fig. (8)={(9). |

With large sized copper particles of 36/4& mesh and
60/72 BeS.2. mesh size, a marked heat absorptlion occurred
at 42000 and must be attributed to the melting of zinc and
zinc-rich phases. With 100/120 mesh copper powder, this
endothermic change diminshes and a slight exothermic change
occurs about 2400C. Withkcopper powder of still finer size
grading, the exothermic change becomes more marked.

In compacts made up of fine copper powder and zinc
powder of varying size grades, similar effects are observed.
In compacts containing large zinc particles (+36 and 44/60
mesh ), two exothermic changes are observed, the first
occurring at 24000 and the second at 5800-59000. In

compacts containing zinc powder of progressively finer

sizes, this second exothermic change diminishes until in

compacts containing =300 mesh zinc only one exothermic change

is observed.

(3) The effect of compacting pressure has been investigated,
using cempacts composed of 50/50 mixtures of ~300 mesh
copper and zinc powders (A). Compacting pkessures of
5,10,20,560 and 70 tons/in? were employed to prepare the
compacts. As shown in Fig. (10), a definite exothermic
change occurs at 24000, the heat evolution becoming more

pronounced once the compacting pressure wis greater. With

2
compacting pressures up to 10 tons/in., two exothermic

changes /
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o o]
changes occur, one at 240 C and the other at 320 C.
2
Over 10 tons/in, only one exothermic change occurs. Slight
o

endothermic changes at 420 C were ebserved on some of the
curves.

3 rlectrical resistance measurements:

Experimental procedure~:

A horizontal furnace arp;hgament was adopted as shown 1in
Fig. (11) to study the changes in relative electrical
resistance of compaets during heating. Two holes of
approximately 3/32 in. diameter were drilled through a
compact at a distance of 3/4 in. apart. The compact was
bolted by Inconel screws to the ends of two lengths of

1/4 in. copper rod, $he ends of which had been drilled and
tapped. ‘The copper rods were held rigld by two asbestos
clamps and emerged via the rubber bung as shown in the
diagram. Temperature reading were obtained by a
ChromeleAlumel thermocouple placed as near the specimen as
possible.

A constant current was passed through the discs via
the copper rods and the potential drop across the rods
measureﬂd by a Tynsley potentiometer at O.l., mv,
intervals of temperature. Thls permits the measurement
of the disC-in milli-volts since the expansions associated
‘with the vacuum sintering o£ copper=-zinc compacts prevent
even an approximation of the true electirical resistance

value, /
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value. Relative electrical resistance values were
determined for a number of copper=zinc compacts under varying
conditions of composition compacting pressure and particle
size of the constlituent powders, The results which have been
obtained are presented in Fig. (12)=(14) as a plot of relative
resistance against temperature.,

Results:

(1) The observed relations between the electrical resistance
and the composition of the compacts during heating are given
in Fig. (12) for compacts, composed of copper powder (B) and
~300 mesh zine powder, pressed at 50 tons/in? Initially,

there is a linear relationship between the resistance and
temperature until in all cases within a temperature range of
ROOO-aZSOOC, an abrupt drop in resistance is observed. The
total resistance drop decreases as the zinc content increases.
At 58000 this fall in resistance ceases and an irregular
variation in resistance follows before a final constant value
of resistance 1s obtained at 50000. This final value of
electrical resistance depends on the zinc content, generally
becoming higher as the zinc content of the compact is éncreased.
(2) Changes in compacting pressure and particle size cause
variations in the electrical resistance behaviour as shown

in Fig. (13)=(14) for varying grades of powder mixtures,
compacted at 20 tons/in? and 50 tons/in, As the compacting

pressure is increased, the initial value of resistance is

decreased, /
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decreased, and the lowest initial resistance value is
assoclated with compact containing the coarser grade of
copper particles. The drop in resistance which begins at
2000-25000 decreases with the increase in the compacting
pressure and the particle size, At temperatures above
58000, the fall in resistance ceases and then tends to a
constant value 5OOOC.

8. X-rgy analysis:

Experimental procedure:

10 gm. samples of various copper zinc powder mixtures

were prepared in the form of discs which were heat treated
in vacuo at the various temperatures associated with the
dilatometric and thermal changes. The following procedure
was adopted.

(1) Campacts, composed of varying amounts of fine copper
powger (A) and zinc powder (A), compacted at 50 tons/
in,” were treated under the same conditions of vacuum
and heating rate as prevailed during the previous
experiments., The compacts were heated to 750°C and
cooled slowly in the furnace.,

(2) Compacts, containing 50/50 ratio of copper powder (A)
and_zinc powder (A) were compacted at 50 and 100 tons o
/in? and heated to temperature of 250°C, 305 C and 525°C.
The specimens were cooled slowly in the furnace in all
cases

(3) 50/50 copper=zinc powder compacts were prepared from
different size grades of copper and zinc powders.g These
mixtures of powders were compacted at 50 tons/in. and

heat treated at 250 C, 350°, and cooled slowly in the

furnace.

After sintering the specimens were inevitably dis-
torted@
to a certain extent by the thermal expansions

which occurred during heating an® prior to X-ray studies,
the /



260 Values, degrees - Miller Indices

Copper Lines |

43-2 222
50-2 211 |
73-4 , 111
B-Phase Lines
: 434 110
‘ 62-76 200
| 79-8 211
Zinc Lines
36-3 204
38:95 222
42-25 300
54-20 402
69-90 X
70-40 501
: 81-80 510

i
Line probably dve to Cu Kq vadialion.

Table @) X‘Y‘QY lines used in phase identificafion,




Chapter 3 Cont'd) 22,

the surfaces of the compacts were machined and then
polished with successive grades of emery paper down to
000 grade.

X=ray back reflection technique was adopted and
measurements made by means of a Phillips X~ray machine,
equipped with a Geiger-Muller counter. By means of
this instrument, planes of reflection between 10—45O
angles could be obtalned and were sufficient to permit
definite phase identification within the sintered compact.
Copper radiation of wavelength 1.5412 Kx uwnits, preduced
by a high tension voltage of 5Kv, and a filament current
of 6.0 milliamps., was employed.

For phase identification, planes of reflection
were measured from prepared specimens of copper..zinc
powders and beta=CuZn fil-ings which had been pressed
into compaects. These reference lines are given in
Table (3). Analysis of the copper and zinc powders 99.9%
purity and consequently were sufficliently pure for the
determination of the X~ray pattern of these elements.
Pilings of the beta~copper~zinc solid solution were obtained
from a prepared alloy, the analysis of which corresponded
to the stoicheiometric proportions of the formula-Cu Zn.

Thé Geiger-counter readings, taken at intervals of

o
0.2 were plotted as shown ina typical set of results in

Fig. /
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Major Lines in X-Ray Spectra
Composition
of Compact,
% Angle, Plane of Phases
degrees Reflection Present
43-3 229
Cu 100 50-3 211
73-9 111
43-3
36-3
.20,
Zn 100 éi‘z’
69-9
81-9
. 42-9 222
Cu 90 50-0 211 a
| Zn 10 733 111
. 427 292
g o 497 211 a
in 20 72-9 111
. 425 229
52 Zg 494 211 o
. 724 111
| 42-2 229 a
Cu 60 43-3 110 B |
j Zn 40 49-2 211 a i
| 71-9 111 a |
A4 43-3 110
. Suab Il & 200 B
3 U 791 211

Table (4): X-\'cy data_for Copper-zinc powder Compacfs.

Series made from olemised Copper powder (A] and Schori grade A Zinc Powder
Al compacts were made under o Compacl’mﬁ pressure u{, 50 ’i‘ov\s/m.’; heated jmdua[ly
To 750°C and albwed to cool slowly W vacuo,



! Composition Particle Size Compacting An?ni,Tl(;nrzgf at ‘,
Compact No. o ( JiS ISLVJ\L/I Sf;%h lt . ;‘:‘:}‘l"‘;‘; l‘exnp;l:;fxture,
1 Cu 90 — 300 50 2 ‘
Zn 10 — 300
2 Cu 70 — 300 50 2
Zn 30 — 300
3 Cu 50 60/72 50 2
Zn 50 120 '
4 Cu 50 170/200 50 2 |
Zn 50 — 120 ‘
! 5 Cu 50 — 300 50 2 |
: 7Zn 50 — 120 !
6 Cu 50 170 /200 100 2
Zn 50 — 120
7 Cu 50 170/200 50 4 g
Zn 50 — 120
8 Cu 50 — 300 50 4 i
Zn 50 — 120 :
9 Cu 50 100/120 50 12 ;
Zn 50 — 120 _ i
10 Cu 50 3644 50 2 l
. Zn 50 — 120 ,

Table (5): Dala on copper-zinc_compacts prepared for
X-Y‘ay examination. o




.'v" Compact Possible T'emperature to Which Compact was 1eated
. pact Phases
No. Present
250° C. 305° C. 370° C. 525° C.
1 Cu Strong Strong Strong * Absent
Zn Absent Absent Absent »
‘ Very slight | Slight Very slight s
| . a Absent Absent Absent Strong
N : 2 Cu Strong Strong ¥ | Absent Absent
' Zn Wenk Absent . »
B Slight, Moderate Weak ”
« Absent Absent Strong Strong ;
I RS D !
H Cu Strong Strong Moderate * | Absent i
/n . Wenk Absent . 1
B Very slisht | Moderate Moderate Strong l
@ Absent, Absent Absent Slight A
4 Cu Strong Strong Moderate * { Absent ‘
7n Moderate Absent Absent » .
B Slight, Strong Strong Strong
; « Absent Absent Absent Slight f
b Cu Strong Strong # Absent Absent r
/n Wenk Abseat, » ’
B Moderate Strong Strong Moderate
a Absent, Absent Slight Strong )
G Cu Strong Moderate ]
i /n Moderate | Absent
' B Strong Strong .
@ Absent Ahsent
7 Cu Moderate Moderate
. n Absent, Absent
B Strong Strong
o Absent Absent
: 8 Cu Moderate
! Zn Absent
{ B Strong
a Absent
9 Cu Strong
7n Weak
B Moderate e
a Absent
. 10 Cu Strong Strong —ee -
Zn Moderate Moderate - .
. B Very faint " .
| a Abseat Absent .

# Indicates that the copper lines showed very slight displacement owing to
the beginning of the formation of a. When this displacement becomes more
pronounced with rise in temperature, a is recorded as present and copper as
absent.

t Absent after 4 hr. at 250° C.

Table (6): X—r‘ay dala .For copper-zinc powder compacts.
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Fig. 15. The lines obtained are sufficiently strong

to permit positive identification. The X~ray data
which has been obtalned, has been summarised and compiled
in tabular form (see'Tables) (4)=(6).

Results:

(1) From the data recordeg in Table (4), it appears that
Copper=zinc compacts, pressed at 50 tons/in% and heated
to 75000, ate in general composed of those phases which
would be expected in an alloy of the same composition,
prepared by melting and casting. Loss of zlnc by
volatisation alters the composition of the compact.

A compact, containing SQ/SO copper and zinc powders may
contain slight traces of the alphaephase but there was no
indication of the gamma compound phase.

(2) Investigation of the test specimens, heat treated
according to the data in Tables (5) and (6) indicate the
following results.

(a) The initial cause of alloy-sintering is the for=
mation of beta-=Cuzn phase and even in compacts
where the alpha=-phase is the equilibrium state,
beta~Cuzn forms primarily whilst no appreclable
quantities of the alpha-phase appear until almost
all the zinc has combined to form the beta=phase.

(b) The rate of beta-Cuzn formation is assisted by
the increase of compacting pressure and the

decrease of particle size of the copper and to
a lesser extent, of the zinc. A higher
temperature appears to be required for the
combination of all the zincto beta~CuZn as the
particle size of the powder was increased.

(c)/
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(¢) The lowest temperature at which beta-CuZn lines
appear is at 170°C whilst with the finest powders,
The magimum rate of beta-~CuZn formation occurred
at 250 ¢c.
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CHADTER 4.

Further investigations of the alloy-sintering
of bi-metallic compacts in vacuo by differential
thermal analysis.

From the results of this preliminary investigation
of copper~zinc Powder compacts, the high vapour pressure
of zinc may be considered the important factor in
promoting compouhd formation in the solid state. Abrupt

expansions, however, have been observed by Duwez and Martens}n

'-; and Raube and Plate(IZ)during the heating of bi-
metallic compacts the components of which are éharacterised
by their extremely low vapour pressurégbgggggggggd with
- sudden expansion e.g., Nickel-aluminium, nickel-Silicon
and others. It was therefore decided po examine the
Possibility of intermetallic compoun§7§?zhin such systems as
the initial cause of sintering. The systems investigated
were, copper=nickel, copper=-aluminum, nickel-aluminium
and nickel-zincg. The differential thermal analysis
method was used to determine the temperatures at which any
combination of the metallic powders occurred.

BExperimental procedure:

The apparatus for differential thermal analysis was re-
designed. By arranging the furnace horizontally, more
uniforﬁ heating was obtained throughout the container with
consequent reduction of the drift previously exzperienced.

Better control of vacuum conditions was secured by the use

of /



thermocauple leads Nichrome Wound  Furnace.
+ -
\%— 1= Contamer With standard -———»
Vea and specimen. - /
+—
_ ‘ : €xhaust  to
differential thermacuple Motary pump Via

leads. ’ a Vacustat gawqe.

Fig(le): Redesigned apparatus {or studying thermal changes.

[}
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of an Edwar@{é Vacustat gauge. This experimental
arrangement is shown in Fig.(lﬁl

Cylindrical 25 gm test compacts were prepared and
drilled to receive the junction of the differentlal
thermocouple. A copper disc of the same size and welght
was employed as the standard.

The powders used with their particle size

charactlistics are as shown below.

POWDER Characteristics
Carbonyl niekel powder -120 mesh (B.S.S.)
Aluminum powder =300 mesh (B.5.5.), composed
(produeed by the stamp of flakes, of approx.,5 Mu.
process) diam.
Electrolytic copper powder =300 mesh (B.S.S.)
Zinc powder (A) =300 mesh (B.S.S.)

Specimens, corresponding to the compound compo%it-
ions of NIAL, beta-CusAl and a copper=-nickel composition
of 50/50 ratlo by welght were pressed at 50 tons/in? The
differential thermal curveé&ﬁgfﬁg these compacts, are
presented in Fig. (17)-(19).

Results: - |
(1) No exothermic change was determined over the range of
temperature of 0=700"C in the copper=-nickel compact.

(2) FPig. (17) shows the thermal curve for the copper=-
aluminium compact and reveals the appearance of a sudden
exothermic change at 50000. The reaction appeared to be

instantaneous and the rapidity with which it proceed€9,~

was /
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was indicated by the temperature difference of 175Q§

between the standard and the test specimen. An

endothermic change was observed at 570°¢ but ﬁgge at the
melting point of aluminum,

(3) According to Fig. (18) in the nickel-aluminium compact,
equivalent to the NiAl composition, two well defined
exothermic changes oecurred at 460°C and 60500, the latter
temperature being associated with the greatest liberation

of heat, The initial change created a temperature difference
of 115 Co between the standard and the test gpecimen, whilst
the second caused a difference of 610 C? which was sufficient
to upset the heating conditions within the furnace,

Since the aluminium powder was produced by the stamp
process it contained slight traces of lubricant and so
roused the suspicion that the presence of this carbon-aceous
material might have affected the magnitude of the heat
change in the presence of a very slight leak in the vacuum.
Another differentlal thermal analysis was performed on a
compact, containing filings obtained from a small ingot of
super=~purity aluminium (99.99%4). As shown in Fig, (18Db)
an identical curve was obtained, revealing the same
exothermic changes.

(4) The nickel=-zinc compact, on heating in vacuo, displays
a strong evolution of heat at 25000 as shown in Fig. (19)
and /
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and the reaction was sufficient to cause a temperature
difference of 350 c® between the standard and the test
specimen, No endothermic change was found at the melting

o
point of zinc at 420 C.
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Further X-ray studies of the alloy=-sintering of
bi-metallic compacts in vacuo.

X=ray measuremenis were performed on heat treated compacts
of mixtures of two component metals, The systems invest-
igated, were those in which intermetallic compound
formation is known to occur when alloys are produced by
fusion and casting. The systems examined, were those of
iron,nickel and copper with magnesium, aluminium, silicon
and tin. The transition elements iron and nickel along
with copper form intermediate phases with the latter group
of metals and the nature and stability of these phases are
‘known, X-ray analysis may be employed to determine
whether compound formation has occurred and to identify
the phases produced.

Experimental procedure:

A Phillips X-ray machine, fitted with a Geiger-Muller
counter, was employed as indicated earlier. Copper
K=alpha radiationhas generally employed excepting those
specimens containing iron when cobalt\radiation was employed
due to the unfavourable absorption charactistics at the
wavelengths of copper radiation for any reflection from

the lattice planes of iron. Compacts, containing iron,
were examined by the normal photogréphic technique, using

a Straumanis camera and the X~-rays generated by a Newton-
Victor machine, Otherwise, the back reflection technique

was /
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was considered suitable for the remainder of the
bimetallic compacts, since a number of planes of
reflection are present within range of 5-45° angles of
reflection as the lattice parameters of the intermetallic
compounds which may form izrge even although their crystal
structures may be complex.

To assist the ildentification of the phases produced
during heating of the compacts, alloys of the appropriate
compositions were prepared by melting and casting, since
their structures have not been fully established within
the present classification index of X=ray diffraction
patterns, Filings or turnings from these alloys were
then examined to determine their ZX-ray patterns,

Bi-metallic compacts were prepared in the normal
manner and heat treated in vacuo to the various temperat-
ures associated with heat evolution as obtained by
differential thermal analysis.gzl) A compacting pressure of
50 tons/in? and as fine size grades of metallic powders as
possible were employed in order that a general survey of
alloy=-sintering could be made. Test specimens of
varying composition were used and the sintered products
were crushed and ground to a powder of =170 mesh particle
size wherever this was deemed necessary for X-ray

measurenents, The powdered product was mounted in diakon

and /
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and after polishing, was found to give good reflection
characteristics, This prﬁ%edure was also adopted for
the standard alloys prepared by fusion since they could
usually be readily crushed.

The results of the X-ray analysis have been
tabulated and are given by Tables (7)-=(18). The analysis
of the Straumanis diffraction patterns have been sum-
marised as the film negative could not be readily
reproduced.

Results:

The different systems of bi-metallic compacts may be
classified into three groups, (1) copper~base compacts,
composed of copper with magnesium or aluminium powders;
(2) nickel=base compacts containing nickel with magnesium,
aluminium, silicon or tin powders; (3) iron-base compacts,
consisting of iron and aluminium powders,

Each of these alloy systems comprise intermetallic
compounds in the alloys prepared by melting and casting.
Powder compacts of the metals have displayed marked ex-

(11,12,21)
pansion and exothermie¢ changes during heating.

The X=-ray patterns of back reflection have been
presented in the followling fashion. A comparison of the
reference alloy patterns, obtained from the alloys prepared
by fusion, is given to confirm the reflection lines of the

different /



; Angl Reflection "’
T ngles of Reflection
Spcctmen reatment Mine +[nten§ £y ()
Copper ¢ ted owd a4.2 Stron 74.§ Medivm.
P owm pacted powdev S| 2 Med.u?m
Magnesiom | Comp acted powder 33.0 WeaK 570 Weak
352 Mediom 638 Wk
576 Stong  b14  Weak
456 Wk 707 V.Weak
84.0 7,Copper | () Cast alloy  ground to @) (b)
Auo\{ (m””ﬂ) =170 meshh powdev: and g Ste 2.8 Stron
‘wmoonted n dwkon. 435 Strong 437 Strong
Chewical aualysis 8’4.% 453 Strowj 454 va‘ons
toppev 26 n/%l( 530  Medivm
(b) Rlloy powder, obtaiued ;‘;‘ M&d@:}éx\ '77%.%’ V. Weak
by alloy- sintering th Vacuo 3 77.3.  Weak.
e specimen , beung used
for diffevential thevmal
analysig.
570 ]/ (opper | @) Cost alloy qround to (@) (o)
~170 wesh potider aud 210 Medom 203y gy,
Aoy () | e s sk w2 Medow 305\
Chomdeal amalysis. 57.0], 4oy Stong 40,
Copper 404 403 Sbong
, 431 Srow 2 i
(b) Altoy pOWde(, obto.med 453, S ] ‘I}é‘s gl;fo"::'
by Mloqisml'ewwg.m vawo | 543 V- W M7 Weak
the specimen, beung uoed @I;)g \(IV:/:&K 497 () Weak
{‘W d&ﬁerewtml therwal 7%.0. V. Wk, 3515 C) Trace.

am\‘si&

“) Anqles of Kefteckion ave qiven by 20 where ©= Bragq Awgle.

@) Terms o} Inkensity ave,

Strong
Medum >
Wek >
VWek <

S oo Geiger Counts .
50 Gewger Counts
A0 G’eiﬂercwvxts
0 C\euJev‘ counts.

Table (7) : X—my back ve{lections of copper, magnesium

and audys )
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32.
different interme tallic compounds and to determine the

degree of homogenity of alloys prepared by sintering.
Sufficient characteristic lines were generally obtained to
permit the identification of the phases produced by the
different heat treatments. Phase 1dentification has also
been tabulated to outline the general trend of the alloy~

ing mechanism.

(1) Alloy=-sintering of copper=base compacis:

From the thermal analysis dafa(21)the heating of compacted
powder mixtures of copper with magnesium or aluminium, is
accompanied by marked heat evolution and X-ray measure-
ments have been confined to these systems.

(a) Copper-magnesium:

The back reflections of copper, magnesium and their two
intermetallic compounds, CuzMg and CuMgz, are shown in Table
(7). Cast standard alloys were prepared and their com-
positions checked by the electrolytic estimatien of theilr
copper content.

Compacts of copper and magnesium powder mixtures,
containing 90/10, 81/19, 75/25, and 70/30 compositions,
were heated to 475°C and 520°C and permitted to cool in the

furnaee., The 81/19 and 70/30 compositions of powder

ok

mixtures are equivalent to the ¢ompiasifigns of dhe formalae:
of CuEMg and CuMgz. The temperature 47500 is below
whilst 520°C is above the reaction temperature of the

compacted /



(a) Specimens, slowly cooled in vacuo from 475°C.

Xeray Analysis: COPPer, ) present Cu, M(J) absent.
MajneS\um Cu Mﬂz
(b) Specimens,slowl\/ Cooled in Va,cuof\rom 520 C.
(om ,?smon X- ray Analysis.
"70/10, Copper: Maﬂnestum: Absent.
Cu/Mﬁ. 442 S\Tmhﬁ Cu Mg, :
gl':g) Medium (broad.) 372 Trace
4.2 403 Trace
72“8) Weak (broad ). 45.4 Weak
Cu,Mg: Absent. 72.1  Trace (broad)
84 4 gnger:Stmn Magnesium: .
G / M3 5.2 Mediim (broad) /53-"1 Sh‘ons (dlsplaced)
7.3 Mediom (broad) S 0 Medium (displaced)
Cupg: A Weak (broas bisplaced)
22,8  Strong ' ,
434 Stron CuMg,:
o W (omagy 2OV Meak (dffise)
;3'2) Medtium 4-‘3 eak
77.3. Weak (broad) > Weak
7525 Copper: Magnesium:  Absenl
Co 44,1 Medwm CuMﬂ ._
J/Mg. | 51.3 Weak 20.3°" Strong
;2";) V. Weak 36.9 Weak
’ 40.1( Stvon
Cu,Mq: 45.3  Strong
22.3 “ Mediwm 49.7  Weak “(2)
B3 Stong 8.7 Weak (1).
054 Medwm (displaced)
69-0 weak
- 77.0 Weak v
57/43 gngergmn Magnesiun:
- 35. edi
Cufmg | 552 Medon 575 Mediom
74.7) Weak 4%.6 Weak
T4 .4 63-9  V.Weak (diffuse)
Cu,_Mﬂ: Absent CuMg,:
20.3  Strong
2.0  Weak (broad)
36.3  Weak
40.1  Medium
40.3 Strong
43.2. Weak

Table (8): X-ray analysis of heal-treated copper-magnesum compacts.
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at fo}
compacted powders/500 C. It may be observed that the

temperatures were below the melting point of each metal, the
various compounds and the lowest eutectie level within the
coprer-magnesium equilibrium system. The results of the
X~-ray examination are presented in Table (8).

Compacts, cooled in the furnace from 475°C, revealed
only the presence of strong copper and magnesium
reflections and there was no indication of line displacement
or broadening. Compacts, heat treated to 52000, showﬁines
characteristic of a compound. Copper lines were found to
persist although they had broadened and their intensities
had diminished whilst no line displacement occurred.
Magnesium lines were absent in all cases except the CuMg2
specimen. The reflection pattern of the CuM32 compound
was observed in all the compacts whilst CuQMg phase
reflection lines appear only in those compacts, containing
75/25 and Sﬁ/pégcopper- magnesium powder mixture composit-
ions. ; |

A general concludion of the abalysis 1s that the

formation of the CuMgz phase initilated alloy-sintering and
may be followed by the formation of Cu Mg where sufficient
copper and magnesium were present to piomote the reaction.
This would explain the absence of Cu/Mg within the 5%/43 and
the 90/10 compacts.

(b) Copper-aluminium:




Angles of Reflection

Speci
pecimen Line InTensity.
Copper: PRressed 44.2 Stronﬂ 5.2 Medium.
compact. 74.% Medium.
Aluminium: Pressed 320° Medium 39:4.  45.4 Strong
compact. 65.7 Medium. 78.9 Medium.
(G-) ngsZC -(CU AL) (@) (b)
(b) 8(’)(’)% ¢ 3 4.5 Medium 4.2 Med(um
Compacted alloy powders, 45.5 45.5. K
severely quenched. from 457 Weak 45.77 Wea'
400°C inko ice andvater. | 478  (?) 473 Mediom
82.47 Cu - (;Uq Aly) 43.5) V. Weak 44.9  Strong.
Alloy powder obtainedfrom | 43.§ 40.0  V.Weak.
cast alloy.
77.6// Cu - (G ALt ) | 260 V. Weak 49.7  Weak
Alloy powder obtained. from 44.2 V. Weak 65.0 Weak.
Cast (JLRO\{. 45.0 Sh‘ona
75‘27) CU - ( CU3 ALA) 26.0 Stronﬂ 65.0) Weqk
Alloy powder obtained.from { 44 V. Weak 3.3
cast alloy. 45.1  Stvo hg
72.570 Cu- (C.Al) 24.5 \/\/\éeo.k 45.25 Strong
Alloy powder obtaned from [RG-1 eak 65.0
(Lo»sgq‘()lw. “ ined frv 44,5 V. Weak (95.5) Wealc.
54-SZCU - (QALy) R1.7 vS\/trong 42.9  Strong
. 30.3 eak 43.5 Styon
t
Alloy powder obtained | 37 o, 16,3 Tvace
from cast alloy 4.2, Mediom
’49.0" Cu- alloy. 21.7  Stron 45.2 2
A . bt\.{ L 304 V. Weak 4560 L1
oy powder oblaine 38.8  Medium 482  Mediom.
from cast alloy. 42.2 V. Weak 497 Weak
| 43.0 Mediom 578 Medium
43-5 Strong 742 Medium

Table (9): X-ray Back reflections of copper,

aluminium and aLLO\/S.
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(b) Copper-aluminium:

In Table (9) is given the back reflection patterns of
copper, aluminium and their intermetallic compounds
which were prepared by fusion and casting. Their com-
positions were verified by the electrolytic estimation
off the copper content. Of the various phases, beta Cuéﬂ
KX which is unstable below 570°C, presented the greatest
difficulty and the X-ray pattern of this phase was
obtained by experiments involving the repeated drastic
quenching of alloys from temperatures above 900°C into
ice and water.

Test specimens of a powder mixture, containing
87/13 ratio by weight of copper-aluminum powders, were
water-quenched from 540 €, 700°C, and 900°C. It was
observed that after a period of several hours at room
temperature the compact, quenched from 54000, was found
to expand and finally crumble into a powder. This
tendency still persisted in the compact quenched from
70000 but was not apparent in that quenched from 900°C.

Consideration of thisleffect would suggest thaf
quenching had inter?upted the initial stages of the
mechanism but was%sufficient to suppresgyieaction from
occurring even at room temperature.

From Table (30) immediate X~ray analysis of the

specimen, /



@) Al specimens are of composition corresponding ko the

formula Cos Al (‘372 Copper).
Treat ment X-rm/ Analysis

1 Water- quenched  from Copper: Alusinium:  Absent
540°C and immediately 442 Strong Um'de,,\c-d(ed
X~ rayed 51.2  Medwm 621 V. Weal(broad)

! 74¢  Weak (broad)  Atvikyked to AL-Yich
Solid solution.
CvhL,
1.0 Vi 33.4  Weak
§{'Z) ' ea‘(m 2;.51) V. Weak (broad)
37.4 gh‘ong 742 V- Weak (brvad)

2 Water-quenched  from Copper : Aluminiom: Absent
540°C . Speci.men found 44.2 S{,onq Cu Aly:
® disinteqrate after 513 Weak (broad) 43.45 Medium .
several hours, the 74%  Weak (brad) 449  Indefunte.
disintegrated powder Cv Aly: 46.0 (7).

- 2. Weak
was then X-nyed 37_3 Medom !
430  Mgdium (bn;a.d)
45.6 Weak (bropd)
748 V.Weak (diffuse)

3. Water-queucl\ed from Copper: Aluminium: Absent
700°C. Specimen showed | 4g.2  Strong Unidentified: ,
teudency to cvomble stz Modiom (boed) (71 V. 'Weakc (broad) 4

ter Several hours, /4.8 .W“'K (broad) 50T Weak  (broad)
the specimen was Then g’:’.?"l ‘Weak Cuq Aly:
X- ayed. 37:3 Medivm 3 23.5 V. Weak
4.9 Weak
430 Weak (broad) 460 Tvace
T T
. { e

742  WeaK ( t;‘m:ﬂ;‘ ‘

4. Water- quene heg from Copper: . Alumenion: Pbsent .

Q00°c. Specimen showed | 442 Medium CuAly Definite traces
51. .
ho tendency bo cumble. | 51 e hines of capper-rich -
C primary Solid solution al,
U@'AL‘t [ . Q4.0 Strong
gss ldefinde 307 Weak (prad)
4.9 veng T4\ Weak (broad)
46.0 V. Weak (

‘ - - o . . . .
G This line Cannot be ngidly i.deuttf«ed as = Coflly line. Furher lnvestigation
hars Swﬂ&sted 'lhqt Lt V\A(Ly bC due to & ty‘onsieht P’;\a_se) inty‘oduced b\{

watera quenching.

@ Lines attributed ts primary Al- and Cu- neh solid solutrons.

Table (10) :  X-vay analysis of heat-treated copper - aluminium
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specimen, water~guenched from 54000, indicated the
presence of copper and possible traees of an aluminium-
rich solid solution, otherwise there were no apparent
traces of #luminium . The formatien of Cual, was
apparent but no other intermedlate phase could be detected.
Examination of the disintegrated compact revealed the
presence of a copper-rich intermediate phase to which the
expansion of the compact may presumably be attributed.
X=ray studies of the other specimens which were water
quenched from 700 C and 900°C, showed more definite
indications of the copper=rich intermediate phase and

the formation copper-rich alpha solid solution, with
consequent depletion of the‘copper lines, In the latter
specimen, water=quenched from Qoooc,there were possible
traces of the CuéAlz phase but the lines were too
indefinite to establish its presence.

This examination inferred that alloy-sintering was
began with the formation of the compound Cu.Ai; followed
by the appearance of a copper=-rich intermediate phase
which however could not be positively identified. The
mechanism can occur at a temperature below the melting
points of the componemt metals and lowest eufectic
level ef‘the copper=aluminium system,

(2) Alloyesintering of nickel-base bimetallic compacts:

According /



: Angles of Reflection
Specimen LLMz‘g latensity
Nickel © Pressed Compact 45.4 Strong 52.7 3tron3
770 Mediom
Magnesim:  Pressed gzg miadl{ 2‘;2 weak
t : wm . ealk
Compac 37.5  Stvong 69-4  \aleak
486 Weak 70.7  V.Weak
7?% Nickel alloy (NilMﬂ) ) (6)
3.0
(@) Allay powder produced 234 Weak
by alloy-Sinteriag (nvacuo 249 V- Weak
at 450°C for 160 hous. 355 V. Weak
- 437  Weak A5 Y. Weak
(6) Alloy powoler obtained > 44.9 Xﬁ‘omj
.ffom cast alloy 453 Strong 45.8  Weak
Chemical analysis 76.1/Nu | 52.6  Strong 2D V. Weak
625  \LWeoK 64.5 Trace
630  Weak 7.2 Tace
75.5  Wesk 768 V. Weak
769  Medivm %0.0  Weak.
54 7 Nickel alloy (NLMSI) (@) b)
2.0 t
@) Alloy powder produced. 23.0 3(523{
by alloy-Sinteving in vacoo 27.61 \\;I:;K 27.4 Weak
<n0 0.4 . Weak 0.2 Weak
at 450°C for 100 hours. | LG LA by ek
() Alloy powder obtained 459  Medium ggg \gt \:}iak
frow osst alloy 561 Weak 175V Weak
Chawe \ysis 540N 67.6  \.Weak. 530  Tmuce
ewical analysis 340/Nef 731 V. Weak. 730 V. Weak.

Table (1) : X-my back re{[ectl‘.ons of nickel, magnesium

oncl auoy_s_ )
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(21)
According to differential thermal analysis data ,

compacted powdeqhixtures of nickel with magnesium,
aluminium,bmﬁcon” or tin, are accompanied by heat
evolution during heating.

(a) Nickel-Magnesium:

Nickel and magnésium form twe intermatallic
compounds, Ni&ng and Ni ng, which were prepared by direct
alloying and ;asting. The composition of the cast alloys
was verified by ghemical analysis of nickel by the grave-
metric preciﬁgtion of nickel demethyl-glyexime from
solution,

In Table (I¥) are presented the back reflection
data of nickel, magnesiume and their two compounds. An
alloy of Ni Mg composition could not be prepared by pro-
longed sintering in vocuo since the annealed compact was
found inhomogeneous, as indicated 5y the pres%ence of
nickel and N1 Mgo jines.

Powder mixtures, containing nickel-magnesium com-
positions of 90/10, 81/19; 75/25 and 70/30 proportiens by
Wweight were compacted and then Qater-quenched from 450°C
which was the observed reaction temperature associated
with heat evolutionfm) The powder mixtures of 81/19 and
70/30 correspond to the compositions of the Ni Mg and
Nlﬁg2 compéuhds}'

The /



(@ All specimens, wafer- quenched {rom 4‘50°C.

Com posilion X - ray Ana\\/ S\S.
%
90/\0 Nickel ; Maghesium: Absenl.
453 Strong (shavp) (,Ma:  Absent.
Ni./McJ R7 Neclkcj (bvoad) NLZMS
77.0 Weak (broad)
NuwMgq,:
379 3%/ Weak
40-7 . Weak ) Indefinife
e 439 V. Weak
81/19 Nickel: o
/N' 453 Mediom (sharp) Mcgneswm. Rbsent
L/Mj 52.7 Weak ( byvad) NLzMj: . E
77.0  Weak (bvoad) 44.0 -"(?) oherwise o Lvace.
Ni Mglz
379  V.Weak {bvyad)
40.2 V. weqK (broad)
29; Weak  (broadt)
3. i
L5s &’Is\c]:\em (Shqrp)'
73.0  (?) } Inde}inite
674 V Weak
75/25 Nickel: Magnesium :  Absent
/Mg 52.6 Weak (bvoact) 2 Mg sent.
76 9 .
7.2V Weak (diffuse)
NiMg :
36 03;L tncefinite. ) 56.1  (?) Indefinik
| . - { . . ¢ 3 e.
37.9  Weak (broad) 655  weK “,f,ﬁ;‘;)
hos %i““x ((bmd)> e1.6  Wek ((br‘oad)

: a i .
M Medimismaryy e Ghare)
64/31 | Niekel : Absent NiaMg:  Absent

N"'/Mq‘ Magnesium Absent
| Nu Mﬂl:
27.9  Weak 23. L %Weak (broad)
4do.4 V. 5 eak  (broao)
| 40§ Wxﬁk 676 Weak  (broad)
45.9 Strng 731 V.weak (broad)

(s) Rttributed to Mé\g-fich solid selubion.

Table (12): X-ray analysis o{ heal - treated

nickel- magnesium compacts.
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The X=~ray reflections obtained are shown in Table (i2).

LS I The investigations revealed that, except for the
compact of 69/31 composition, nickel lines persist although
theirs intensities diminish and they become slightly broad-
ened. Magnesium lines were absent and in all specimens it
was observed that the nickel lines were not displaced.

There were no apparent indications of the magnesium=-rich
g0lid solution. Characteristic lines of the compound
Nlﬁgz were very evident‘and only traces of N12Mg were found.
It is to be concluded that the formation of Nngz was
responsible for the initial stages of the alloy-sintering,
Similar -to that of the copper-magnesium compacts. No
~apparent magnesium~rich solid solution preceded the reaction,
inferring that there was rapid diffusion of magnesium into
the nickel, Since the specimens have been water=guenched,
the reaction to form ngMg has possibly been deterred., The
mhomogeneﬁy of the prolonged sintered ngng,compact,
however, would suggest that this alloy cannot be readily
prepared by this method.

(6) Nickel=Aluminium:

>Two intermetallic compounds occur in this system, N1:Al and
N1Al and alloys corresponding to those compositions were
prepared. The alloy composition was checked by the gravi-

metric estimation of nickel as in the previous case.

Back /



Angles of Reflection.

Specimen Line Intensity.
"Nickel:  Pressed 454 St rong 771 Medium.
compact. 52.7 Stronﬂ
Compact. 40.3
45.4  Strong 769 Medum.
Ni;Al  alloy powder | 44.6  Medium 756V Weak
‘ P\fepared by alla)\{— fs-' St\fong 765 (2) [vace.
Sintering fov (%0 hours 3.7 Weak
at 1000°C. R Weak
Ni Al alloy powder:: @) (b)
3.8 Weak 310 Trace
@) prepared by alloy- - .
Sintering {or \ﬂfw Zow‘s 452 Strong ‘;Lg medwem
e 5.2 o- (race
at 1000°C. ) Weak 36|
: 65.6 ! Weak
(b) Obtaind '{T(NM kaﬁt ’ 4‘63 StrOHS
anoy. ] ft% é’") Strong
Chemical analysis 678/ Ni. (52, —
° 3 4) Irace
— 72.0 V. Weak
50[50 ratio alloy of NizAL NiAL
Nis AL anmd NiAL- 446 S"rronﬂ' 320 () Trace
Prepared by th(u\l~ Siutev‘tb\ﬂ 45.1 e AS.S. Strong
for tgohoues ab oo’ | 355 (K 659 (?) Trace.

Table (13): X-rcn/ back re{lec‘tions of nickel,

alomintum and O“O‘\//S,
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Back reflection patterns of nickel, aluminium and
the two intermediate phases are given in Table (13).
Comparison of the patterns reveal little difference between
them, N1Al may omly be distinguished from N13A1 by the
presence of two weak lines at 32.0 and 65.5 degrees angle
of back=reflection. The N13A1 pattern differed from that
of nickel by the appearance of super-lattice lines at angles
slightly less than those associated with‘a primary nickel-
rich solid solution. An alloy of 50/50 ratio of N1,Al and
N1Al composition, was therefore prepared to determine
whether any clearer defination between the patterns could be
obtained., The reference patterns were sufficiently different
to permit a qualitative identification of the phases whose
formation was responsible for the exothermic changes,
observed at 500°C.

Test specimens, containing nickel-aluminium powder
mixtures of 95/5, 86/14, 70/30 and 68/32 compositions, were
prepared and water=-guenched from 50000 and GOOOC. The
86/14 and 68/32 compositions correspond to the compound: formulae.
N15A1 and N1Al. The X-ray data for these compacts are
shown in Table (14)-(15).

Investigation of the compactﬁ,/ﬁater-quenched from
500°¢ indieated the presence of both nickelland aluminium

lines. These were broad and of diminished intensity but

were /



(a) An specimens water~quenched from 500°C.

76.5 Indefintte.

Composition X“‘”G\/ Analysis.
4
45/5 Nt/m Nickel: Aluminm
45 4 Strong 3q.4 Tace (2) 7%.9 ().
52.6 Medium (broad) 45.4  Strong
77.0 Weak (broad). 67.7 (¥
NisAL: NiAL:
446 Trace (@) 32.0 (%)
45.4 Stron 45.4 Strong ()
5I.¢  Trace” (2) 65.2 (?).
' T6-5 Trace (). ‘
83/, N'L/m Nickel : Aluminium:
45.4 Strang 39.4 Trace (¥) 789. (2)
52.6  Mediom 45.4 Strong
77.0 Weak (broad) 67.0 ()
NizAL: Ni Al:
44.6 V. Weak (diffuse) 320 ()
g?’; Strong. 45.4  Strong.
.5 \QZV)\/eaK (diffuse) 05.7 Trace.
|70 [z, N Nickel: Awminium:
3o /m' 45.4  Strong (broad) 3a.4 Weak (broad)
526 Weak (broad) AS4  Strong (broad)
774 Weak (broad) 79.0 V. Weak (proad).
Neg AL NiAL:
44.6 WeaK 32.0 Trace
454  Strong 45.4  Strong.
219 Weak (diffuse) 658 V. Weak.
6“2/32. Ni/m Nickel: Aluminivm:
‘ 45.4  Strong (broad) 39.4 V. Weak
52.6 V. Weak (broad) 45.4  Stronq (broad)
77-1 V. Weak (bvoad). 79.0  lndefitite
NizAL: NiAL:
44-6) Weak 32.0 (2)
44.97 e SR
N 454 Stronq (broad)
5"8} Wea.K

Table (14): X—ra\{ analysis of heat-trealed nicl(el.-}

aluminium Co mpacts )




() Al spectmens waker quenched from 600°C.

Composouhon X- ray Ay\ale&s.

)

5[5 Nifal T;‘;el: | Strong Aluminiom: Absent -
52:6  Medium (broad)
770 Medium (broad)

446 Medium 32.0 Weak (brvad)
45.3  Stron 45.3 Strong .
506 Weakg (bifoad) 652 (7 )hg lnde*lml‘f
756 V. Weak

§§ /I , Ni It Nickel: Aminiom:  Absent

454  Stong  (prvad)

26 Mediom (proad)
70 Wek (broid)

Nig AL NCAL:
44.6  Mediom 320 (?)
454 thong ((mm), 464  Strong (broad)
: bvvad 3. Iy
T 6 Wfﬁk (bmd) 632 ce.
: Nickel: T b _
fo /30 N"/AL 454  Strong Abmintow: Abseutt
526 V.Weak
170 Trace
NCg AL N AL:
44.6 Medium 3.0 Weak
45.4 Stvonz] 45 4 gtr'ohs

5!;_7 Weak (broad) 634 ka(bmd)
156 Weak (proad)

"8/ 52 Nefay | Neokel: l NCAL:
. Al R ) M
- NizAL: ‘ Absent 3:5 1 g_em
Alominium 657 Wkl

Table (15):  X- ray analysis of heat- treated nickel -

aluminium compacts.
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were not displaced. In all cases lines of N15A1 were deterw
mined although there were occasional traces of the NiAl pattern.

Examination of the second series of compacts, water-
quenched from 600°C was marked by the complete disappearance
of the aluminium lines and the more definite appearance of
the phase NiAl. In general, it was observed that the pattern
tended to conform to that which could be assoclated with the
equilibrium alloy.

Since no formation of an aluminium-rich solid solution
was determined in elther of the series, i£ would appear that
the formatioen of N13A1 initiated the reaction at 500°C. ¥The
ma jor heat change at 600%c is te bé linked with the formation
of NiAl.

(c) Nickel-zilicon:

Nickel and Silicon form a number of intermediate phases and
of these NiSSi, Ni5512, N1251 and Ni S1 were prepared by
melting and casting. The compositions of the cast alloys
were checked by analysing for nickel as in the previous twe
cases., Compacted nickel=-silicon pewders, corresponding not
only to the compositions of these compounds but also of
Nissiz and Ni Siziwere subjected to a prolenged sintering
treatment in vacuo, as shown in Table (16).

Comparison of fused alloy reflection lines with those

of the ppolonged sintered products, as given in Table (18),

indicated /



Specimen Anﬂles of Re{lecti.on
Line Intensity.
Nickel: Pressed compact, 45.4  Strong 77.1 Medivm
527 Strong
dilicon Pressed compact. | 24.5  Strong 570  Weak
482 Mediom 77.1 V. Weak
NigSt alloy ¢ («l (k)
(@) Frepared by alloy-sinterin 455  Strng 454 Stm:g
for 48 hours at 700°C andl then ?72 Vﬁ;‘eﬁk 73‘3*;‘ Wea (d\H’USe)
250 h t (000°C. mvacwo. | LI YWER | :
¢ hours a in %gg \\/-/M“l/eal{ —%-_1‘:7%) V-Weak (bmm)
6 : ' Weak L
* Hv:epared bY me! “3)°Ni. 2530 &me 39.4  Trace
Chemical analysis - %6-44 423 va}/fgﬁz 426 Trace.
468 Weak
480  Weak
0%.7 Trace
76.0  Tirace
Nissi, alloy : (a) (b)v y
intori 42.% V. Weak 425 V-Weak
- sint
(a) Rep‘:ed byt ‘_‘,lcl)g!cs:" T 43z Weak 43.9 Weak
for 48 hours a ‘ on 454 Medim 469  Medivm
m%wfo hours at 1000°C 46.8  Medivm 479 Mediom
o . - 43.0  Medivm. %6 Mediom
epared py melfing. STt T ot a2 T oo s
Chemical analysis %384 No | 333 Trace %T 5 vwi‘zﬁﬁ
s . 43.0 \V Weak
2_{7’ Indefinite. %2 l%iﬁ"m
. jl'g-_ g } Weak (diffuse)
7.6
Ni, Si alloy: (e (b)
@ (epared by alloy-sinterin 2.9 V- Weak ,
{or 32: hourZ at 1Y'0°C 'MS 40.4  V Weak 403 Weak
Vi.CUB ? 43.2 V. Weak 432 Weak
' , 443\ Weak. 443 V. Weak
(b) Repared by melking. 1252 lndefinite 452 Weur
(hemicol analysis - $1.4 [N@. 46.4 Stmg 46.3 Sti‘:;n
4g.0  Weak 4.1\ Wfak
49.6  Medivm 49.6 Strong
620\ Weak 620 Trace'
(pPTO)

Tc-:lble (1¢) : continved on next page.




Niy Siy alloy: s (\‘/X‘We )
@) Prepared by q\lo\{- 44'5. M d?’ te
ﬁ;;t:nng for 350 hours at o Medai{(m«
0" C Invacuo 459  Mediom
403  Weak
46.7  Mediom
4.4 Wew
HE
66.4 } ace
T4.4
NiSi aloy: (@) (b)
@) Prepaved by alloy- %@i ‘3}2’&9 g%g) Weak
Sinkering for 350 hours al 466 Mediom %2’? wmulc(
750°C in vacvo. 4%.0 Strz;\? 372 WiZK
526 We 463 Mediom
(b) Prepared bY mel.tinﬂ 44.0 %g é gtt:;ox‘;
. . IN; 45.3 RO
Chemical analysis GZZ/ONL 459 | Toaces 3001 T
45§ 63.0] ‘
Si.0
THY
QG 1 (a)
Ni SPLZ alloy, §;§ Strong
(@) frepared by alloy- : Weak
Sintering for‘ 350 hours 2: : \\A//?tbf-
at T50°C w vacwo. 59.1 Hedi,::ﬁ
6.0
6620V Weak
66.4
774 e

Table (16): Xeray back re{lectioné 'o{ nickel ,

silicon_and _alloys.




(@) All specimens sfowly cooled in vacuo from 675°C

Co'"P?,/ii-tWﬂ X‘Y‘QY Ahal\/sis.
QF—/S NL/SL NicKel : Silican :
454 Strong (broad) NG S '
527 Strong (broad) N(: ‘2
77t Mediim (brgad) LS : Absent,
Y SL 35‘? : . ?
31.0 V. Weak (broad) .LS,S""” . () L. .
4.6 Weak (broad) frincipal lines coincide with
gg.g nﬂ#y‘?& ?pse of NiSL bul subsidiary
PR Sy Ines are absent.
855 NL/SL EJ‘CKeL: Lines have Silicon: !
W&f:e’:}ég f&:tnqde :II:S;;: f Absent.
45. Stron .3 .1'
,51-'73"? Medidm NLZS‘- :
N“‘; ‘ W-aK (broad) 22.4 Trace
LSi: 2. V. W
320 V. WeaK (broad) 432 Inol:aK't(bmad)
466 Medium (_displa.ced) Ab-4 J flm ¢
52.5 Tvace 22-% V. Weak (brvacl)
Nis$iy e ior |ir ' o e
5942 tl‘:.l;:!;’::c . Czt{hcg:nttwg hoge of NLSL observed
phase has forvesd. a 7 Suﬂﬁests That this
7 /H Nu / .| Nickel: Lines have i
Si | shited to coina Silicon:
inacle wilh AP }
War N% SL;}- Absenl
NL Si: ‘ Nts SLJ_!
3220 lndefinite 44.4 W
2‘(39 ‘; g;mCi 45.3 Sfaokn
: ron - 45.9 i
A8l Strong 423 Slrt\?beiwte
436 Medivm. 4.7 Mooim
NiaSi: _ 485 Trace
430 Trace NL:-,S‘L;: Presence inclicated
z(;? g‘iy;i’\‘g b\[ line al ©8.7
446 Medi.gm.

Table (17) -

(PT.0.)

continued on next page.




75/25 NL/S'L Nickel:  Absenf Silicon : Absent except
Nise: (O or traces at,
46.6  WeaK (br‘oad? 29.0 Troce
481 Weak (broad 4.1 V.- Weak (broad)
NizSiy: Ni,5i
43.2.  Trace 40.4 Trace
44.4  WeaK 46.3 Stronq
453 Medivm 48.1 V. Weak (broad)
459  Weak 49.6 Weak
46.3 Stvon Nis St
454 Teuce Niys. | Absert
65 /35 M/SL (NicKel : Qilicon:
| 454 Weak 9.4  Weak
52.7  Weak (brad) 45.1  Weak
T \V.Weak (broad) 569 V. Wek
o 2 11 V- Weak
NL S(. ( ) Nl SL .
. ; . -
Fra NG S| Absent
481 Mediom. Niz Si:
N(s SLaf AL lines o{ this phase ave presenl but
are og weak (nfensity
55 /45 NL/SL Nickel : Sulicon:
454 Weak (broad) 2.4 Stromi
27 Weak  (broad) 48.1 Medivm
T V. Weak 771 V. Weak.
NEge Ni, i
NisSi ;} Lines of these s Abseut
P N‘Sstz sgal .
phases are present DU NeiSt j
are o} weak [nfenS(fz' 3
45 /o Nif. | Nickel: Stlicon :
/53 /SL 45.4  Medwwm 29.4 Sbv‘on(j
527 Weak  (broad) 48.1  \Weak
TLL V.Weak (bread) 6.9 V. Weal
77. | V. Weak.

No compoond  phase lines were found preseat .

Table (l?)t X- ray analysis oF heat -treated nickel-

silicon compacls.
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indicated that the sintered alloys contained traces of ncomplete
alloying by the presence of faint lines which could be
accredited to nqéhbouring intermediate phases at the alloy
compositions which were prepared. Otherwise, there was
good agreement between both sets of alloys. Sufficient
referance lines were available to identify the new phases
formed at 67006, the reaction-iemperature of nickel-silicon
powder compacts.ao

A range of test compacts were made, containing
mixtures of powders, as given in Table (17), along with
X=ray data of the heat-treated compacts. The nature of the
reaction can be best realised by considering first those ,
specimens, containing a high proportion of silicon. After
heating, the 45/55 compact of nickel-silicon powders dis-
played only the lines of nickel and silicon, whereas the 55/45
mixture revealed weak traces of Ni Si and NiSSi2 along with
the component elements. As the proportion of nickel
increased, the patterns were characterised by the disappear-
ance of the nickel and silicon lines which were replaced by
the appearance of the other intermediate phases in the

order Ni 81 , Ni 51, and Ni_8i along with the other previous
2

5 3
compounds. Nickel lines, slightly broadened and of
diminished intensity, reappeared in the 95/5 specimen along
with faint traces of Ni S8i.

Interpretation /
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Interpretation of the data indicated that the
reaction, although complicated, possibly began with the
formation of Ni 8i which promoted a series of reactions,
resulting in the formation of the other phases. Sufficient
nickel and silicon must be present to maintain the reaction.
This may accouﬁt for the absence of the compounds in the
higher s%licon compacts and the isolated presence of Ni Si
in the §5/5 compact. In all cases no traces of primary
silicon rich solid solution were determined nor was there
any displacement of,eithér the silicon or the nickel lines,
inferring that rapid combination of the metals had occurred.
(d) Nickel=tin:

Nickel and tin form two stable intermetallic compounds,
NiSSng and Nio8n3, which were prepared by prolonged sinter-
ing treatment. Back reflection patterns of nickel, tin
and their two compounds are presented in Table (18); the
patterns were weak but were of sufficient strength to permit
‘identification of the phases formed at 180 oC, the temp-
~erature at which reaction occurs according to differential
thermal analysés data.gzl)

Table (19) shows the results of the various nickel-
tin powder compacts after heating to 25000 and cooling in
the furnace. This has revealed that NiSn_ was initlally

formed. Nickel lines persisted in all cases except in the

compact /



Athes of Re{lectton.

Speccmen Line [ntensity.
NicKel: Pressed compact | 454  Strong 171 Medivm.
52.6 Strong.
Tin : Pressed compact. 36 Medium 04.5 Trace
324 Medium 653 V. Weak
ART . Weak 73.1 Trace
gz ‘IK v/eﬁxak 139 TTrace
: . We 0. | .
e Taed §0.2 race
Ni, Sn, alloy gl‘:g} Weak 453 %’eak’ (broad)
obtai by allov- sinter 55.49 race
ained by alby-sinferiny B Wex 54.6  Troce
{or 48 hours at 200% and . W 62.5.  Trace
t 0 ) 4.3 20K
fhen (50 hours at 400% 4‘“5
NizSny alloy: B Wew 58] el
. o (6 Indefinite §9.0 | indeflnqe
Obtained by alloy-Sintering 325 V. Wﬁ:\k 73.0) Traces.
for 4% hours at 200°C and | 440 Weak
fhen (g0 hours at 4ot°C. 453 Weak.

Table @) @ X- ray back r‘eﬂections of nickel,

tin and altoYE.
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All specimens slowly cooled in vacuo from 250°C.

Composition

%

X~r‘a\/ Ano!\/Sf.s.

%0 NL NCCKCL‘. T(‘f/‘ : 1
fro Ml 453 Strong NigSn,: J Absent.
526  Strong
1 711 Medium
N‘LQSn :
3 -
) A4.2 Weak
33,'12} Weak %gﬁ Weak o3 ..
60/, Ni Nickel Tn:
/QO "/Sh 454 StVOﬂﬁ Ni:ssﬂ } Ab?&\t
26 Mediom
T V. Weak (broad)
NG, Sng
31.3 325 44.2 Wek
jiof Weak 327) Weak 454
40 N¢ Nickel : Ni, Sn
feo Nsy Tin :]Z Absent 35 0 Wek 442 Weak
Nig Su,’ gggg Tuce 454 Mediom.
6“/ Ni Ni Kel: T r
3 ickel: " |
© 4 /Sn' 45.4  Strong N‘éggnz,. § Absext.
26 Medium
T4 Medlium.
Nt;Sngz
gl‘:z;} Weak 325 Trace 222% Medivm.

L

4
@l T‘NS Specimen

was Used {or d(“&r‘ev\ﬁﬂl thermal onalysis amd  Which.

had  revealed an 2xolhermic cMange at 155C. The speccmen has
been allowed to Slowly cool iw vawo -f—v‘om 20°C.

El_e(‘q): X-ray analysis of heat- trealed

nickel- Cin Compacts .
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compact, corresponding to the Ni Sns composition. No

2
displacement of the nickel lines was found nor were there
lines of any primary tin=rich solid solution, preceding the

reaction as” indicated by the X~-ray patterns.

(3) Alloy=sintering of iron-base bi~metallic Compacts.
Differential thermal‘analysis has established that com=-
pacted iron=aluminiup powder mixtures reacted on heating
with marked liberation of heat at 600°C. Since copper
radiation is unsuitable in studying iron, the compactis were
tested by normal X~ray diffraction technique, using a
Straumanis Camera with cobalt radiation.

(a) Iron=aluminiums:

Two compacts of 86/14 and 67.5/32.5 ratios
(corresponding to the compositions of the intermetallic
compounds Fe Al and FeAl) which had been previously employed
for differeniial thermal analysis experiments,were examined.
The various lines in the diffractlion patterns were identified
by comparison with similar patterns of iron and aluminium.

The specimen of?ﬁi composition gave no lines,corresp-
onding to those of iron and aluminium but a new pattern
appeared in the diffraction photograph. This pattern could
be assoclated with the intermetallic compound Fe Al. On
the other hand, the compact of Fe Al composition was

3
characterised by the presence of iron lines along with

diffraction /
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diffraction pattern whieh is associated with Fe Al
There was no indication of the presence of primary aluminum
rich solid solution. The reaction would therefore

appear to consist of the formation of Fe Al.
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Discussion of experimental results.

- (4) Preliminary investigation of the alloy sintering of

copper=-zine Compacts in vacuo.

(@) Dilatometric analysis:

The sudden expansions, approximately proportional to the
zinc content of the compacts and occuring over the temp-
erature range of 200°- 380°¢C agree with the results which
have been determined by other investigators(1ll,12,22)
Raube and Plate(lz)have found that maximum total expansion
occurred with a zinc content of 80%. These investigators
concluded that expaﬁsion was due to the formation of a
copper-zinc compound, containing approximately 80%, and the
internal pressure created within the pores of the compact
by the volatileation of the zinc. | Duwez and Martens (11)
proposed that a number of intermediate phases were belng
formed at overlapping stages. The 1n1t1a1 phase formed,
was not considered until Cranston (zz)claimed, from
metallegraphic studiesfthat beta=CuZa was initially formed
and that this phase possessed a degree of stability over
the expansion range observed by the dilatometric studies.
No other intermediate phases were reported by Cranstob.

The effect of particle size of the powders had not
been previously examined. As the particle size diminished,

swellinlg of the compacts decreased. Thbs may be explained

on the basis of phase formation. Decrease in particle

size /
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size of the powders causes an increase of the surface areca
on which zinc vapour may be absorbed and from which zinc

may volatilise. This promotes greater phase formation and
consequently less free zinc ia available to create dtnternal
swelling pressure within the compact. The volatilization

of zinc and its subsequent absorption by the copper particles
is believed to have a larger expansion effect than the
changespof crystal structure which accompany phase formation .
Fpom gq&etrical considerations of packing;the growth of
largerﬂéized copper partieles during phasé formation;may be
accompanied by a greater decrease in the packing density.

The pressed compact has a certain green strength and
consequently, the higher the compacting pressure, the
greater the tesistance against swelling that would be
developed. An increase in the degree of cold welding at the
metal particle interfaces would also be expected so that
interdiffusion causing phase formation, may be enhanced and
there would be less free zinc to cause swelling of the compact.
The increass in expansion noted when the compacting pressure
exceeds 30 tons/in.2 can only be attributed to the nature of
phase formation which will be discussed later. The initial
temperature of expansion fell as the compacting pressure
increased, and this may be attributed to the greater degree

of pressure-welded interfacial contact of the

powders /
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powders,

(0 Differential thermal analysis:

The marked exothermic change at 240°C tended to confirm
the assupption of intermetallic compound formation during
the alloy-sintering of copper=-~zinc compacts. It is
apparent that the possibility of this reaetion was largely
dependent upon ghe two main physical variables of the
campact, namely, the inherent particle size of the powders
and the compacting pressure employed.

The differential thermal analysis of a series of
compacts, composed of varying blends of finer sized powders
which had been pressed at §0 tonsgﬂng reveals the
general behaviour to be expected during the alloy-sintering
ef copper-zinc compacts, A compound is initially formed
at 24000, independent of the composition of the compact.
The extent of the reaction, as measured by the intensity
of the heat change, increases with the zinc content and

appears to reach a maximum intensity with a zinc content
of 50%. Since this heat 1libration is associated with
the abrupt expansions which have been observed, expansion
must be partially due to the initial formation of a
copper=zinc compound. Traces of a minor exothermic change
ocecur at 300°C for compaetg,/éontaining 204 and 50% zinc.
A second phase may form but it would be more probable that
a more rapid rate of heating during sintering prevented

the /
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the pajob change at 24000 from being complete. This
suggests that in the study of alloy=sintering, the rate
of heating may be critical. The endothermic changes at
4200-48000 are attributed to the melting of residual
uncombined zinc,

The differential thermal measurements during the
heating of compacts, comprised of a 50/50 mixture of
copper=zinc powders of varying size grades and compacted
under different compacting pressures, support the con-
clusions which have been obtained from dilatemetric studies.
The possibilities of intermetalic compound formation are
enhanced by decreasing the particle size of the powders
and increasing the compacting pressure. When relatively
coarse powder mixtures were investigated, there was little
evidence of compound formation and since such compacts
were assoclated with very marked expansion, the internal
swelling pressure of zinc¢ vapour may perhaps be regarded
as the major force causing expansion of the compactis
during heating.

The partiecle size of the powders had to be less than
~170 mesh and the compacting pressure greater than
before appreciable heat liberation occurred at 240°C.

This implies that the mechanism of alloy-sintering is

linked with the nature of the metallie powder surfaces and

the /
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and the formation of cold-welded interfaces between

the metal particles.

Differential thermal analysls appears a very
suitable method of studying the mechanism of allby-
sintering within bi-metallic compacts in which compound
formation may occur.

(é) Electrical resistance measurements:

The resistance of a compact may be considered as being
dependent upon two factors
(a) The resistance of the metallic particles.

(b) The interfacial contact resistance between neigh-
bouring particles.

The latter factor can cause the largest variation due to
its dependency on surface conditions of the powders and
the degree of cold-welding, effected during compaction.
The resistance of zinc is higher than that of
copper and the decrease of the initial resistance of the
compact with increasing proportions of zinc, may be
explained by the packing of the =~ 300 mesh zinc powder
within the voids, presented by the relatively coarser
copper particles. - The initial resistance of the compact
becomes correspondingly lowered ﬁntil the vadids have been
completely filled with the finer powder. Once the zinc
‘content exceeds 40%, the continfuity of the copper

particles is #¢ disrupted and the interfacial resistance

of /
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of the-300 mesh zinc powder causes the resistance to
increase.
) )

The abrupt change at 200 = 250 C can only be
assoclated with the previous dilatometric and thermal
changes. As the zinc content is increased, the expans~
ion of the compact increases. This offsets any resistance
drop which may be expected. Nevertheless, a resistance

precedes the alloy-sintering mechanism and would suggest
interfacial growth prior to the expansion of the compact.
Irregular resistance variation beyond 380°C is attributed
to the internal pressure of entrapped zinc vapour and the
melting of residual zinc., The final alloy is assumed
hemogenous as indicated by the regular behaviour of the
final resistance of the compact during heating.

Increased compaction decreases the interfacial
resistance of the particles by the greater degree of cold
welding effected. Since finer powders are more susceptible
to surface impurities such as oxide films, high resistance
values were to be expected.

Electrical resistance measurements suggested, there-
fore, that a somewhat complex surface rearrangement preceded
the possible formation of a copper=-zinc intermediate phase

but due to the complex nature of the several factors which

may /
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May affeet the resistance of a powder aggregate, little

further information could be deduced.

&) X-ray analysils:

From X~-ray data, the liberation of heat and abrupt expansions
on heating, are associated with the formation of beta=CuZn
which may persist since it possess a degree of stability under
the conditions, prevailing within the powder aggregate

General Summation:-

The mechanisﬁm suggested, is the transfer of the zinc
to the surface of the copper b%rticle, this transfer occurr-
ing larpely through the vapour phase. The absorption of the
zinc results in the formation of the beta Cu Zn phase. Two
faetors contribute to the rapid rate of formation of the
compound, beta-Cu 2Zn. First, the transfer of zinc through
the vapour phase implies that virtually the whole surface of
the copper particles is available as a diffusion interface.

< (g
Second, as shown by the work of SmigilsKas and Kirkendall?

zinc diffeses into copper much morg?fﬁ;n copper into zinec.
Admittedly, this 1s a comparatively simp;gfied pieture of the
reactions taking place as some slight formation of the alpha
solid solution is almost inevitable but the known rates of
diffusion suggest that this film or layer of alpha solid
solution may be very thin. 'In addition, the X=-ray results

show no evidence of alpha-solid solution.

Complete /
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Cdmplete alloy=sintering of copper-zinc compacts,
in contrast to the work, reported by Rhines and Coltonn(lg),
appeared to be exceptiﬁnally rapid. By heating in vacuo up
to 75000, it was shown that the compacts consisted.of those
phases whieh would be found In the corresponding alloy
prepared by melting and casting. The heat treatmenp,
imposed by Rhines and Colton:a on th@%eoppsruzinc compacts,
consisted of rabidly heating to 4OOOC so that the reaction
between copper and zinc powders was possibly incomplete.
Build~up of Zinc by its high vapour pressure possibly pro=~
moted the introduction of a further zine-rich phase as
indicated by their observed formation of the gamma-copper-
zinc phase. Comparison of their results with the present
work is further impaired by the possible variations introd-
uced by differing compaction and size grades of powders.
Although the nature of alloy-sintering is complex, it may be
inferred that the surface conditions at the metal interfaces
‘within a pressed powder aggreégate can interfere with the
aceepted interdiffusion mechanisms of metals in the solid
state.

. FPurther differential thermal analysis:

Since the compacts were composed of very fine powders and were
)pressed at a high compacting pressure, 50 tons / 1n2 , the
behaviour of the thermal curves represents the reactions

which may be expected during the alloy=-sintering of such systems.

Since /
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Since the aploy=-sintering of Copper-nickel compacts
was not accompanied by any heat change, this supports the
assumption that heat changes may only occur within compacts,
containing two metals which are capable of forming inter-~
metallic compounds in their alloys. It would, therefore,
tend to confirm the distinction drawn between alloy~-
sintering of complete or partial solid solution systems
and those displaying possible compound formation, As was
discussed in the review of the literature and shown by the
preliminary investigation of the alloy-sintering of copper
zine compacts in vacue.

The large exothermic changes obéerved in the copper-
aluminium and nickel-aluminium compacts would suggest that
the vapour pbessure of the metals may be relatively un-
important and that other factors accelerate compound
formatien. Since compound formation occurs at temp-
eratures below the ﬁé1ting points of either of the
constituent metals, the ﬁééhanism must be governed by
diffusbon processes which depend on the physical nature
of the metallic powders and the area of interfacial
contact between the particles.

The copper aluminium compact revealed a slight
,gndothermic change at 57000 and it was thought that Delta
Cug Al% and alpha copper solid solution had formed and

that these phsses later combine to form beta Cu, Al.

3
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In the case of the nickel=aluminium compacts, the two
exothermic,ghanges may possibly be attributed to the form-
ation of more than one intermetallic compound or to effects
introduced by compaction and size grading of the metallic
powders.

Marked heat evolution was noted in the nickel-zinc
compact. The vapour pressure of zinc, whilst it must
accellérate the reaction, cannot be as important as other
factors which may be associated with the surface of the
powders and the conditions introduced by compaction. Rapid
interdiffusion procesgses must be involved under conditions
which facilitate the movement of different metallic atoms
in the neighbourhood of one another.

B. Purther X-ray studies:

X-ray examination of compacted metallic powder mixtures in
which compound formation may be possible dn heating,

suggested that alloying began with the formation of a compound
phase at a ?emperature below the‘melting points of the
component m;tals or of any other combination of phases in the
alloy system. The reactions within these compacts were not
precegded by any signs of primary solid solution formation
since there was no apparent displacement of the principal

line of X~ray reflection of the component elements. The

lower melting point elements e.g. Magnesium, Aluminium, Tin

A,

etc., were rapidly‘éﬁsorbed in the formation of the compound

phase /
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phase as shown by the disappearance of the characteristic
lines of their X-ray spectra . The higher metting=-point
elements copper, nickel aﬁd iron displayed lines which had
become slightly broadened bub diminlshed in intensity.
Extensive primary solid solution formation was not possible
within the allomystudied and consequently very little dis-
placement could be expected to occur. . Line broadening may
indicate solid solution formation but normally this is
associated with the presence of internal lattice strams,
Comparable inyermetallic compoﬁnds were formed in the
systems, copper-magnesium, copper-alumimium and nickel-
magnesium powder miXtures\when in each case the compounds
CuMgz, Cu Mgo, Gu A12, and Ni Mg2 were initially formed.
Considering the alloy-sintering of copper-zine and copper-
gold compacts in which alloy=sintering began with the form-
ation of the phases beta=-Cu Zn and Cu Ay (18), the appearance
of a stable intermediate phase could only be found in the
case of nickel-aluminium, iron-aluminium and nickel=tin
compacts where Ni Al, Fe Al and Ni_Sn '

2 3 v
involved during heating. The behaviour of nickel-silicon

were the major phases

and copper=aluminium compacte which have been examineq,'
suggested that a series of rate reactions may be involved.
An initial compound may be considered to form such that
further reaction could be promoted. In the nickel=-silicon
compacts, the Ni Si phase appeared to form initially and this

resulted /
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resulted in a series of reactions wherebye the other
nickel-silicon compounds were produced. Compacted copper=-
aluminium poWder mixtures interteacted to produce Cu A12,
initially, féllowed by the possible ultimate formation of
CugAié.

Thus, alloyingkf metallic powders during sintering,
may be considered as an activated rate process, the kine;ics
of which are not solely dependent on interdiffusion but
also upon the acfivafional and free energies involved in the
formation of the various intermetallic compounds. The
new phases which were formed, were characterised by their
large heats of formation., f The initial compound formed
could not always be éssociated with that possessing the
maximum heat of formatien. Nevertheless sufficient local
heat must be generated to promote further reaction.. Where
insufficient local energy was liberated, it may be possible
that an apparent state of stability could produce one
intermetallic compound such as has been observed in the
formation of the compounds Cu Zn, Cu Au (18), Fe.Al,

Ni Al and N125n§ during the heating of compacted powder
aggregates of these metals.

Such a mechanism would imply that the marked
expansion and thermal changes, caused by the formation of
intermetallic compounds during sintering, may not necessarily

be attributed to the formation of any one particular phase.

Therefore, /
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Therefore, although these methods of studying alloy
sintering, determine the reaetion temperature, the
dMKbmeﬂ4C and thermal effects, only qualifatuve.c
evidence of the mechanism can be gained since these methods
are dependent to a large extent in the degree of com-
pacﬁion and size grading of the metallic powders. The
varations introduced by these physical factors can be
assessed by their influence on the dilatometré&c and
thermal characteristics, as has been found in the case of

copper=zinc compacts.
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Final conclusions and general summations.

The alloy=~sintering of compacted metallic powder mixtures

has been distinguished from sintering of unimetallic

powders by the possibilities of interdiffusion of the metals
and compound formation. Previous investigations of alloy-
sintering appear to indicate that according to dilatometric
evidence, two mechani§ihs of alloying were involved,
depending on the nature of the equilibrium system formed

by the components of the compacted aggregate; Where
intermetallic compounds were present in the sysiem, heating
of the qompact was accompanied by marked growth of the compacts.
In systems exhibiting complete or partial solid splubility,
this marked growth was not observed. Discrepanq@s,

however, existed but little could be postulaﬁed since no
consideration of the physical conditions of compaction and

the particle size of the powders had been determined.
Volatility of the metals was known to exert an effect on
growth during alloy=~sintering but 1ts'exaotﬁnfluence on the
mechanism had not been established.

Consequently, a preliminary study of the alloy=sinter-
ing characteristics of copper-zinc compacts in vaeuo was
performed to determine these factors and also the most
advantégeous methods of condueting a general survey of the
process of alloy=-sintering. Of the experimental methods

employed./



Chapter 7 (Cont'd) 58.

employed in this investigation, dilatometric and differential
thermal analysis coupled with X=-ray measurements were the
most successful,

In heating copper~zinc compacts exothermic changes
and expansion of compacts were observed at temperatures of
240°¢ to 320°C. The growth of the cempacts was dependent
on the proportion of zinc present, the compacting pressure
and the size grading of the metallic powders. X~ray
measurements proved that the intermetallic compound Cu Zn
was formed ahd that alloying of the copper and the zinc
was almost complete“once a sintering temperature of 750°C
had been attained., The growth of the compacts was
attributed to the quoqun and absorption of the zinc by
the copper particle with accompanying formation of beta-CuZn,
and the pressure developed by the zinc vapour, entrapped
withiny the pores of the compact. Evolution of heat was
associated with the combwation of copper and zinc to form
the beta Cu Zn phase, The effects of compacting pressure
and particle size of the powders were assessed by their

thermal.
influence on the dilatometric and differential/character-
istics, displayed during the heating of the compacts.
Increase of the compacting pressure and decrease of the
particle size of the powders resulted in a deerease of the
volume expansion and an increase in the heat evolution. It

was concluded that rapid formation of the compound Cu Zn.

occurs /
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occurs with quiek absorption of the zinc. The tendency to
develop internal pressure of éinc vapour was, therefore,
diminished, It was also thought that increased compacting
pressures endowed the green compact with greater cold
strength so that growth during sintering was restricted.

Results of the electrical resistance studies were
interpreted on the assumption that the resistance of a
compacted powder was dependent on two factors, the contact
resistance of the metal interfaces and the inherent resist-
ance of the metal. O0f these, the former was considered the
more important. Since this was subject to extreme variat-
len,depending on the surface conditions of the powder, the
nature of the cold welded interface etc., the information
deduced from changes in resistance,”éould only be tentatively
interpreted., Nevertheless it wé; postulated that a surface
rearrangement of atoms precegded the alloying reaction,causing
the resistance of the compact to drop. This was assoclated
with some form of interfacial growth which caused a decrease
of the contact resistance of the interfaces present within
the compacts. _

The apparent rapidity with which alloying of the metals
occurred, was considered due to the high vapour pressure of
the zinc which permitted rapid transport of the zinc atoms
to the surface of the copper particles so that there was
created a large interface across which interdiffusion could

proceed, /
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proceed. Differential thermal analysis was also performed
to study alloy-sintering and investigate the possible
intermediate phase formation within a number of other bi-
metallic compacts.

No exothermic reaction occurred during the sintering
of a copper-nickel compact but marked heat evolution was
apparent in the case of copper-aluminum, nickel=zinc

compacts, Differential thermal analysis of a wider range

of bi=-metallic compacts, comprised of elements characterised

by their relatively low vapour pressures and their ability
to form intermetallic compounds, have been found to be
accompanied by similar exothermic changes at relatively low
temperatures,(zl) 1t was observed that all indications of
the meiting pomes of
heat evolution occurred at temperatures belo@/the different
elements concerned. Unusually rapid interdiffﬁsion was
considered to have occurred due to the interfacial
conditions introduced by compaction, whereby irmevément of
different metallic atoms in the neighbourhood of one
another was facilitated.

From further X-ray investigations, as already stated
only one compound was found to be formed in certain systems
€+.8s coOpper-zinc, nickel=-aluminium, nickel-pagnesium, iron-
aluminium, etc., but in othersinstances e.g. copper-
aluminium, nickel-silicon, more than one intermetallic

compound appeared at an early stage, depending on the

composition /
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composition of the compact. In certain cases, all the
parent metals had combined to form the equiilibrium alloy.

Rapid formation of the intermetallic compounds may
be associated with ability of one metal to diffuse more
rapidly into anoffjen . The other apparent feature which was
noticeable is that very little primary solld solution is
formed.

Considerations of the behaviour of nickel-silicon
and copper~aluminium compacts suggested that the alloying
mechanism could be regarded ae a series of rate processes.
A compound was censidered to form initially by rapid inter-
diffusion and was presumably to be assoclated with the
lowest achvational energy of combination. The heat energy
iiberated by its formation was regarded as sufficient to
promote further reaction in a manner akin to that of"ignition'

From the experimental evidence it would possibly seem
that interdiffusion within powdered metal aggregates,
differs from that which had been determined across the
interfaces of two "hot pressure" welded metals, as has been
investigated by various authors. According to these
investigations, volume changes were not unexpected in
either of the systems of complete or partial saélid solu-
bility én those displaying intermetallic compound formatien,
since growth was caused by the unequal rates of diffusion

between the component elements as well as through any new

phase /
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phase formed.

Interdiffusion cannot solely explain the extremely

rapid rates of reaction between the various elements which
have been investigated. It may be possible that cold-
welded interfaces behave»differently to that of hot-welded
metals since, in the latter, stress conditions have been
removed by recovery and recrystallization. Indirect
evidence can be obtained by considering alloy sintering under
conditions of hot-pressing. Goetzel(zz) has compared the sinteﬁ
=-ing behaviour of both cold and hot pressed copper=-zinc

compacts. The cold pressed compacts displayed the same

general effects, observed in the present investigation. Hot

pressing, however, apparently, deterred alloying and this

would imply that the nature of cold-welded interfaces exerts

a considerable influence on the initial stages of alloy-

sintering.

Since interdiffusion may cause porosity 1in the
sintered product, interdiffusion may possibly’ be regarded as
unrelated to the mechanism of sintering. This porosity effect

does not necessarily mean that growth of the original metal

interfaces has not occurred, otherwise it would be difficult
to visualise the rapid solid-state reactions which have been
ascertained by this investigation.

Apart from the factor of time, }unn03enisahon of the

compact by interdiffusion also depends on (1) the interfacial

area /
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area across which atomic movement can occur and (2) the depth
to be traversed by the diffusing elements for compléte
oﬂoYh\a to occur. Within compacted power aggragates,
this interfacial area is large and the distances to be
penetrated for complete aﬂovnq small; they are
governed by the inherent particle size of the metallic
powders, and the condifions caused by compactien. Under such
conditions within compacts, composed of metals which are
capable of forming intermetallic compounds, an intermetallic
compound may be formed provided that the combination requires
low energies of activation. If the resultant intermetallic
compbdund formation is accompanied by an exothermic change,
local heat may be sufficient to promote further interreaction
of the metallic powders and produce other new phases.

This mechanisim would account for the appearance of a
number of different phases within some of the compacts,
~examined by X-ray measurements and the'variation/of the
reaction with the composition of the compact, Iéégéidering
~the phasgﬁ«which were identified, each possessed a high heat
of formation. Only one compound would be formed where
further phase formation requires greater energy than is
available‘fr@m the naitral compound formation. This may
account for the pseudo- stability of the intermetallic

compounds €.g. Cu Zn , Ni Mgg , Ni Al , Fe Al , Fe Al and
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N12 Sns. The alloyi?g process, however, would probably
proceed to completioq/sufficient time was permitted for
interdiffusion to occur under the experimental conditions
which have been employed.

Differential thermal analysis indicated that the
reactions occured at a characteristic temperature. Since
the process has been regarded as a rate-process, this
temperature may only be characteristic under the experi-
mental conditions which have been adopted. It may be
' possible that at the observed temperatures, interdiffusien
of the Qarious metals can eccur at a rate favourable for
the reaction to proceed. It was noted that in the case of
copper zinc compacts, the reaction temperature may be depend-
eﬁt on the experimental rate of heating.

Turther isothermal studies are necessafy to elucidate this
possibility.

Growth of bi-metallic compacts during sintering can
possibly oceur where simple interdiffusion is involved,
€.8e. copper-nickel compacts, Marked expansion is to be more
associated with those in which compound formation may
possibly oceur since definite changes in erystal structure
are incurred and cannot be restricted to any extent by
increasing the cold-strength of the compact. It would

. measurements
therefore appear that whilst dilatemetris/establish the

nature /
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nature of growth accompanying sintering, intermediate phase
formation can only be rigidly determined by differential
thermal analysis. Furthermore, the expansion and heat
evolution effects which have been determined, vannot be
attributed in every case to the formation of anx)gzrticular

phase but rather to a series of reactions whieh are con-

tributing their effects.
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