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INTRODUCTION

Sintering is thﬁvproaess by which solid bodies
are bonded by atomie foreces through the application of
pressure and/or heat, It involves the basic concept of
adhesion of particles by the action of surface cohesive
forces. Sintering consists of three simultaneously
occurring phenomena viz,, bonding particles at the contact
points, changes in pore geometry normally resulting in
shrinkage of a compact, and grain growth. Various defini.
tions of sintering have been proposed in the last fifty
years., In putting forward any reasonéble definition of
sintering, the following factors must be taken into

consideration.

(a) A 14quid phase is present only to the

extent that it leaves a s0lid skeleton behind.

(b) A decrease in free enthalpy of the system,
which represents the driving forece of the sintering process,

results from,
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(1) Diminution in the specific surface area

due to initiation and/or growth of contacts (necks);

(11) Decrease in pore volume and/or the surface

area of the poress

(111) Elimination of non-equlibrium states in the
lattice; '
(iv) Important properties approximate to those of

the compact, porosity-free material.

Based aﬁ these considerations, the following

definition was proposed by Thummler & Thomma(l) t-

" By sintering is understood the heat-treatment
of a syster of individual particles of of a porous body,
with or without the application of external pregsure, in
which some or all of the properties of the system are
changed with the reduction of the free enthalpy in the
direction of those of the porosity-free system. In this
connection, at least enough solid phases remain to ensure

shape stability, "
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The sintering protess has a unique position
in the field of powder metallurgy, ceramics and the
agglomeration of ore fines. This 1s one of the techno=
1ogicai fleld where the practical perfarﬁance is almost
perfectly mastered inspite of the fact that the aetual
mechanism of sintering 1s only vaguely understood, There
lis no general agreement about the mechanism of sintering
even after more than thirty years of cantinnad ef forts.
This is, however, not surprising since sintering does not
involve one simple aﬁd straight forward process, but
consists of many simultaneocusly occurring phanoheng. The
The phenomenon dominating at any 1natant during the process

(1, 11)

depends on a great variety of factors ) @Bey

(1) History and other characteristios

of powder;
(11) Density of the sintering compact;
(411) Sintering temperature and timey

(1v) Impurities;



(v) Doping sgentsi

(vi) Sintering atmosphere ete.

Various sintering theories have been proposed
to relate the rate of shrinkage, the rate of neck growth
or the change in pore shape, size and distribution to the
nmechanism of material transport operative during sintering.

f
At present there are two major schools of thought viz,

(2, 3, 6, 9, 10)

agssuming either a diffusion mechanism a

plastic f10w4machan1sm(4'-5' 13). It 1s now unlvorsgally
accepted that the driving force for the material transport
during sintering is the lowering in total surface energy

of the perticulate system,

The sintering of metal powders depends to a
large extent on the surface state of the powder. Migration
of atoms along surfaces is usually fast, but owing to the
small quantity of material involved, and also the presence
of contamination, it does not contribute materially to
sintering consequently, to attain the desired properties,

long times and high temperatures are usually required.



To achleve fastér rates of sintering and to 1m§ruve the

physical and mechanical properties of the powder compacts,

& subgstantial amount of'métorial must be moved in a short

time and the lattice as a vhole must contribute to the
(12)

process of transport » The concept of "activated

gintering® was doeveloped in this connection.

To éactivate' sintering it is necessary to
1ncréaee the driving reéceé far'sinteiing‘and to decrease
the resistance to material transport. It refers to the
sintering.operations in vhiech the rate has been modified by

gsome chemieal or physiesl meanscao).

Physical methods of activation ineclude the use
of varying nagnetic field, deformation, irradiation, statie |

loading, cyclic heating or ultrasonic vibrations(aa),

Chomical methods, which appear to be more
practical, may involve dissoclation of hydrides, sintering

under atmospheres containing a roactive (aggressive) gas,
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sintering in the presence of very small quantities

. of alloying elaments or sintering of metal powders having

reactive surface 1ayers(22),



REVIEY OF LITERATURE

11,1 All the recognisable factors influencing the
pattarn of material transport during sintering have been
recently classified by Thummler and Thomma‘l) are given

in Table I.

A, Tomporature dependent properties of the metals
(4) Free surface and interfacial energy,

including the pore surfaces.

(11) Diffusion Coefficients (lattice, grain

boundaries, surfaces)

(112) Viscosity Coefficients (with amorphous

substances)

(iv} Critical shear stresges (combined with the
action of plastic flow)

(v) Vopour pressure and rate of vaporisation
(combined with the actlon of vaporisation and

condonsation)



(vi)

(vii)
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Crystal structure and state of bonding

Naseent state conditions, modification

ehanges

B. Povder propertles, pretreatment and sintering condltions

(1)
(11)
(111)

(iv)

Effective integral area of contact
Surface activity

Lattice activity (cold working, tensile
and compressive stress, lattice defects

governed by manmufacturing conditions,

erystallite sizes)

Reciprocal orientation of the contact faces

C. Foreign constituents (including those introduced

by sintoring conditions)

(1)
(11)

(414)

8oluble (homogeneously or heterogeneously)
Ingoluble

As surface layers (e.g., oxide films,
soluble and insoluble, reducibie and none

roducible; dissociating and non-dissoclating

under sintoring conditions) ¥
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(iv) Gases (adsorbed, occluded and dissolved

and effeets of sintering atmospheres)

The quantities listed under (A) govern
essentially the trangport processes and are responsible

for their relative importance.

(B) also includes, though not mentioned, the
particle size; particle size distribution, and pressing

conditions.

Rumerous possibilities exist of influencing,
the promotion or inhibition of sintering, either delibera-
tely or othervise. These include all the seéondary faétors
1isted above in (B) énd (C) which relate both to povder

and processing oriteria;

These factors may influence the sintering

process in positive or negative direction and can take

place in the following ways'D
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(a) The surface or contact conditions detween

the particles are altered.

(b) The activation energies of the tramsport

mechanisms are ralsed or lowered,

(¢) The type of particle transport or of

transport path is changed.

() The number of particles capable of

migration is changed.

In general it is not always possible to predict
vhich of these factors cxert a promoting or inhibiting

impulse.

The influence of important variables and the pro-
bable mechanigm of "activation" has been explained in the

following lines.
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(1) Bffect of Structure, state of bonding and
nddi fiention changes ———— —

A comparigon betvween metals possessing cubie,
hexagonal and tetragonal lattices shows that the tempe;ature
at the gtart ol sintering, rererwgd to the relevant melting
point, increases with deoreasing symmetry i.e. the slator-
ability decrsases correspondingiy(47’ 48)* This could be
due to oceurrence of non-metallic homopolar bonding

constituents, at any rate with loss closely packed

gtructures.

The allotropic modifications and transformations
also influenco the sintering rate. During transformation
the sintering contacts can be festroyed or distorted by

Poagon of volume ehange(ég).

(2) Effect of Powderactiv;tz(5zs 53)
Tho total activity of powder particles is

composed of the surface and lattice activitios.

(a) Surfaco activity s~ This is direotly

related to the particle size and shape and hence to the

gelentific surface.
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Bigh surface activity powders are oharacterized
by sharp surface irregularities, as well as by a high
specific surface area, Atoms are particularly mobile on
surfaces having a strongly convex curvature, which leads
to the initiation of sintering at very lov temperatures
with sueh powders. An inerease in surface values naturally
gives lower sintering temperatires and a higher

snrinkagecsl).

(b) Lattice activity :~ This depends @n -
(1) Particle and orystallite sizes

(11) Lattice defects, arrangement of
dislocations and internal stresses

(1) Particle and orystallite sizes t- OCenerally,
finer powders give higher shrinkage than coarser material
and that favourable distribution functions improve the
apparent powder density, tap density and green and sintered
density, on the other hand, fine powders give lower apparent

and green densities.
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Atomie processes in flnematerialé usually
take place more rapidly and easily during sintering, because
surfaces, grain boundaries, and all lattice dlstortions are
present within a more restricted space and hardly any

undistorted region exists(l).

The finest powders, especially in the pressed
state also have a large "integral contact area® per unit
volume, provided that their surface is not too severely

fissured.

It has been establishad(ea) that powder from
single crystal particles exhibits slight grain growth at
high sintering temperatures, while polyerystalline particles
ghow a strong grain growth, corresponding to their higher

activity,

(11) Lattice defects, arrangement of dislocations
and internal stressos t-

Fonequilibrium states within the volume (s.g.,
excess vacancies, dislocations and internal stresses) also

arise from the method of production., Excess energy can
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be introduced 4into powders sspocially by cold working

(1: €, gﬂndmg) (54) »

An inérease in densification with grinding time was
found in the case of 41,0, powder (calcined at high
temperature)css' 56). The vesults on the influence of
deformation-induced. gtregsses in metals are not in sgreemort,
The stresses are eliminanted at temperatures much lower than
those at which @ensificatinnﬁbegina, and are thus without »
practical importance so far as sintering processes are

concerned,

(3) Ihe infiuancé of stoichiomotry

‘Special type of lattice activity is obtained with
certaln oxide compounds, as & rasult of the presence of the
non-stoichiometric states in the catlion or anion sub lattice.
In the case of uranium-dioxide (Uaz*x) excess oxygen is
present at elevated temperatures in the foym of inter-
stitials, which are extremely mobile‘5?’, Due to this
uraniun dioxide (U0, ) sinters more easily than ordinary

stoichiometric oxide under many, if not all conditians(sa).
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(4) The influence of foreign constituents

The sintering procass can be affected in
various ways by foreign atoms and foreign constituents,
which are present in different forms. These factors are

dascribed below $-

(a) OxiGe layers

In some cases e.g., in copper and iron it was
found that an optimum thickness of oxide layor promotes
gintering. Only those oxide layers which are reducible
or solublé or digsocliated during sintering are

beneficial (14, 69) .

A sinter promoting effect has baen reportedcao)
with metal/oxide nixtures (of Cu - Cu0, Fe - Fe,04,
W - W0,) as long as the water vapour formed and other

enclosed gases could be removed sufficlently easily.

Oxides that are not removable under sintering

conditions have in general an iuhibiting effect, becsuse
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they act as diffusion barriers. In the cage of aluminium,
stainless steel and uraniun paﬂders‘ei) thelr respective
oxides (e.g., A1,0g, Cr,0, and U0) shov inhibiting effect

in practice.

{b) The mfluene_e l'!Of' sintgrmﬁ aﬁﬁamhege{ai.' 62)

Inert or reducing gases are generally preferred
for metéls. Addition of aggr9991Ve or nascont gases
promote the reactions. In removing enclosed or adsorbed
gases from the compact a'vacuum is superior to other

sintering atmospheres.

Sintering was freguently promoted by the addition
of chlorine, HCl ahd réactive nascent hydrogen (e.g, by the
decomposition of T&Hé). In such cases new sinter active
surfaces are continually formed, thus accounting for the
promotion of sintering. This method proved successful in

the case of iron powaers(27' 42, 63)

Chlorine contained sintering atmespheres promote

the sintering process in iron =ui steel by the formation of
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volatile or low melting point halides, especlally in

the early stages of sintering.

(c) Small additives

Strongly inhibiting or promoting effects of the
second component were observed, according to the materlals
uged, sinte#ing conditions and stage of sintering. Here
the declding factor 1s not the solid solution formation,
as such, but the different partial diffusion coefficients
(hetero-diffusion effect) osourring in esch case in
practice. New vacancles are congtantly deing produced in
this woy. These can assist the process by increasing the
effective atom mobility, provided that they remain
"digsolved” in the lattice. If vacancies coagulate to form
new pores, they naturally bave an inhibiting action by
producing the well known Kirkendall offect. Favourable
results have been reported in the systems Fe-Ni, Co-N{
and Ag-Cu‘l) and also in tungsten vith swall additions of

metals of the iron grouwp and platinum group(zs’ 24).



i 18 3e

A

The marked promotion of tungsten sintaring
by small additions of the iron group metals, especlally
nickel, can be considered as a special case, in which
the temperature of extensive densification can be decreasedv
to 1100%C. With about 0,25 § Wi addition, almost the#retioal
density of tungsten have beén abtained(64)¢ It 1s
explained th#t netal addition should be effective only upto
the point where a continuous surface layer is formed on
tungsten particles, a further addition appearaito hﬁve‘no
ertect ), Tungsten diffusion s these layers should be
rate datermining; because tungsten is soluble in the added
‘metals but iron.group metals do not dissolve much in
tungsten, Larger additions hafe a very minor effect or’
may even prove inhibiting if intermetallie phases, with a

high bonding energy are formed.

More recently the &nhibited sintering character~
istics of powder mixtures, e.g+, in the Cu-Ni system, have
been investigated. Under certain conditlions expansion

phenomena were observed instead of cantxaetion(73’ 74).
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According to Fisher and Ru&man(es) these are dirsctly
related to the degree of homogenisation. The expan-

sion is also attributed to other factors sﬁch‘as pre»l
ferential gas wvolution during the formation of solid

solution§67).

(6) Other factors which may promote sintering

The formation of new phases during sintering is
asgsoclated in many ocases with particularly marked expansion

phennmenag(sg’ 69)-

By using specific pressure sintering
eonditions, sound and fairly pure phases can be manufactured
by such 'reaction sintering' e.g., UC from uranium and |

carbon mixture is obtained.

This 1is 6ccupying a speclal position because of
ease of diffusion process and of the possibilities of

reordéring of tho phase remaining solid in the melt and of



rapid dissolution and reprecipitation. The process

can be divided into three stages‘’0? 71 72) .o eo110ws.

(1) Particle rearrangement stage

The rearrangement of the particles of the
residual solid phase by viscous flow in the 1liquid phase,

helps in densification.

(11) Dissolution and reprecipitation atage.

For these to take place, at least a limited
solubility of the solid in the liquid phase 13 necessary.
This stage promotes densification with slower rate. Small
grains, with strongly convex curvatures then'disappear

while larger ones assume a more regular shape.

The driving force for material transport results
from the increased compressive stresses and hence from the
enhanced chemical potential and higher solubility in the
contact zones, The solid substance is then carried away

and precipitated again at location of lower stress.
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(111) Coalesoence Stape

In case of incomplete wetting (angle of contact 90)
the s0lid grains are‘ﬁartly'in contaet without the-interpp#_
sition of the melt, A nonewetting liquid phase (contact
angle  90°) 1s ineffective or inhibiting and usually exude.

partially from the sintered compact in the form of droplets.

I1.2 ACTIVATED SINPERING OF MSTALS AND ALLOYS

Maurerilz) has shown that physically absorbed gases
can help migratianlor'atbmsat relatively low ﬁemparatures;
A greater effect may be expactad.whén chami sorption preceeds
the formation of a‘new phase. In this case, a large scale
'atomic rearrangement in the surface occurs, Also chemigorption
involves transfer or sharing of electrons between the metals
and the adsorbate. This reduces the surface bond energy of
the subsgtrate, which may thus provides the surface with
increased numbers of atoms to participate in material transport

if the nevly formed phase s removed before or during the

sintering cycle.
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Surface c¢leaning (to remove impurity) like absorbéd films
otc.y is noceésa:y to activate the sintering process. One
method of clqaning is to oxide the layer and reduce 1t
(oxidation 1s done 50 that reduction will be easie#) to get =
fresh surface., Metallic oéystala are activated by alternate

oxidising and reducing.

Copper, and iron ﬁawders sinter best' ¥ yhen they
have optimum amount of oxide, they are capable of reducing.
This of course limit the cold welding. Also much oxide will
give much water vapour (when hydrogen is used for reduction).

This gas will rupture the compact,

CIaaing(sg)

suggested that optimum oxide layer

on copper to get good compact properties in vacuum sintering
is about 400-5600 2. We must have low oxide and low tempera-
ture treatment in air so that activ@ted sintering 1s possible.
This practice does not require lubricants., For iron powder
300 - 360°C 1s tavournb-le for activated sintering and the
optimum oxide layer is about 400~600 2. 1 oxidés are not

reducible then other compounds are formed on the surface.
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In case of molybdenum we add controlled amount
of oxygen in hydrogeﬁ atmosphere, possibiy OH (volatile)
takes part in the resction. Molybdenum is sintered at
1630° C 4n hydfogon saturated with Hao at 400°C. These
have similar density of compaeﬁ sintered at 2200°C with
dry hydrogen. The same ¢ase hags been noted in the‘easd

of tungsten.

(42, 43) 4. ¢o introduce

Another method by Eudier
11§uids into the system by using halide compounds
(NH4F and Hﬂecl).'This gives more extended range of
operative temperature. Fe-3, and Fe « Al alloys have

been tried by this technique.

Use of bromine atmosphere for chromium alloy was

suggested by CGalmiche (probably oxybromide is formed).

The literature on catalysis reports(lz) that
formic and acetic acid vapours decompose catalytically via
chemisorbed formate or acetate intermediates on the surfaces
of copper powder, leading to the formation of microcrystals

ol copper formate and acetate, respectively, after prolonged
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exposure to the vapours. It is also known that these

newly formed phases can be removed by heating at low tempe
ratures.

{
According to Koroveskycea)

activation technique
during sintering is same as 1nt11£ration. Despite the
improved properties industrially it is not used due to
‘dangoroualy halogen attack. Chemical reactions by diffusion
is ingide the compact and this has good possibility similar

to gurface treatment of fused material.

By alloying the powder surface characteristics

can be changed and acceleratod‘sintering can be achieved.

In the case of few ferromagnetic materials
sintering under magnetic field has been done and accelerated

vate has been reported,

The effect of ultrasonic vibrations on the
sintering efficiency have also been studied and some improvet

properties have been reported.

An attempt was made by G.V. Samsonov to explain

the activating phenomenon on the basis of !'stable Electron
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Configuration Model'. He suggested that during the formation
of condensed solid state, valency electrons can be divided

into localized and non~localized parts.

His model 1s based on the results obtained by
Morsunskii & J enl:in about the distribution of vaiancy elec~

trong by X-ray studies in the following transition metals.

Metal Electronic No, of valency poaa1ged N‘onélocnli sed

) ggzgcgggg.in electrons ds part part
zr 44? gg2 4 2,6 1.4
b ad® 55t 6 2.8 = 3,8 1.2 - 11
Cr aa® 4¢l 6 3.5 2,6
Mo 4a® st 6 4,1 - 4,2 1.0 1,8

According to Samsonov the localiged fraction of
these-electrons (valency electrons) fbrma a fgirly broad
spectm of contlgurationa. These configurations 4iffer in
their energetic stability i.,e. in their astock of free energy,

so that along with the very stable conflgurations there appear

some which are less #table or even unstable. In view of the

fact that the statistical weight of most energetically stable
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electronic configurations are. considerably greater than
the statistical weight of the unstable ones, each atom
can be assigned state of a Xmited number of stable co,nﬁ-
gurations. Between the stable cbnﬂgﬁrations as the
nonlocaliged fraction of the valenocy electrons, there occur
exchanges, which are responsible for the bonds between the'
pair of stable configurations. Stable electronic configura-
tions, accarding‘-to the degree of descending energy

stgbility are 65 S 610 — do’

The statistical weight of atoms having stable
electron configuration (SWASC) in the metallic crystals

can be obtained with the help of following expressions.
swasc d° = g— x 100 %

" -d°n-§—‘;—-9-—xmos

1f o q £ &
where, ¢ = No, of localiged electrons.
and SWASC 45 = —-m-g—l-— x 100 &

10 -5
a = 2 x w0

| 4]
1f 6§ S q < 10
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G. V., Samsonov snd V. I, Yakovliev studied the
activating effect of iron group metals (Fe, Co & Ni) and
platinum group metals (Ru, Rh, Pd & Os) on the sintering
of tungsten. They observed that the activating effect
ineroeases from Fe —~ Co—- Ni direction and also optimum
quantity decreoases in the forward direction. In the other
ease they found that activating effect rose from Os - Ru ~FRh

- pd direction, They explained these results on the basis of

stable electron configuration model as follows s~

Tungsten atoms are showing very little donar
characteristics, since with increase in SWASC (shown in
TABLE II) the donar capacity of various transition metal
atoms decreases, The attainment ot a0 configuration 1s
easily achieved in the case of N1, Pd & Rh additives, because
they are having higher SWASC dlo. It ig difficult to
achieve in the case of elements which have lower SWASC dlo.

s

This is the reason why in the gerles Ni ~—Co-~ Fe and

pPd-» Rh »Ru-—>»0s, the optimum quantity of additive

increases.
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TABLE « IX Electronic Structure, Solubilities and

BWASC of some additive metals in Tungsten
(suasc _a®~ ge)

;wﬁlectranic §>801ub111ty ;Solubility M? SWASC
Additive i structure ,or Tungsten i 6 .1
olement } ' in {Tungsten }1n addttive § & &° 4
[ free atom 1 i }

Pe 3a° 4s° 0.8 wt. § 32,5 wt. ¥ O 44 56
7 .2 |

Co 3a’ 4 0,3 ® 45,0 v o 28 72
8 2 - |

N’. 34 49 0»3 " 42,0 n 0 16 84

0s 6a° 6s° 156 atomic § 48 Atomtc § O 84 16

| ? .1 L

Ru aa’ &g 18 0 a8 " 0O 8 20
8 _1

Rh 44" B&a Negligible 12 " 0O 60 40
10 . O "

Pd 44™ 8a ~ 0,3 Atomiec % 10 0 18 82

The various rosults on activated sintering of

metals and alloys as reported in various Ht.eratures are

being summarized in Table III.
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II,3 SCOPES OF THE PRESENI WORK

In view of the wide applicabllity of sluminium
bronze and the difficulties enccﬁntered during its casting,
it 13 worthwhile t¢ develop powder metallurgical techniques
for the fabrication of such alloys. This will definitely

have much saving in the waste scraps.

Séme work has already besn conducted(aa) on the
study of activating effect of Boron on the sinteiing of
tin bronze. A simllar study was planned in the present
investigation for Aluminium bronze, '‘[he progress of
sintering was followeﬁ by studying parameters such as
volune change, hardness = marc as well as miero, porosity
and degree of homogenisstion. A comparative study was

made on the sintering behaviour of aluminium bronze with

or without Boron addition.
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EXPERIMENTAL _DETATLS

IIT.) METAL POWDER SPECIFICAT IONS

Riedel copper powder of 99,99 % purity was used
in the present investigation. The sige of the copper powder

was = 200 mesh.

Aluminium powder of 99.9% purity (laboratory

~ chemical) manufactured under arrangement with E Merck AG.
Darmstadt (Germany) by SARABHAI M. CHEMICALS LIMITED, BARODA
(Batech number OE 00493) was used. The size of this powder was

~ 100 mesh.

Boron erystalline powder manufactured by Koch-Light
Laboratories ktd., Coinbrook, Bucks, England was used., The

size of the Boron powder was approximately = 65 mesh.

IIX.2 PREPARATION OF GREEN COMPACTS

A compogition of 7% Aluminium-bronze (rest 93%

copper by weight) was selected in the present investigation.



Boron powder was chosen ta study the effect of its addition
(0.05% by welght) on the sintering characteristics and

mechanical properties of the Aluminium-bronze alloy.

ITI.2.1 Mixing of Powders

The first lot of powder mixture (i.e, 7% Aluminium
bronze in which Boron was not added) was mixed by paséing |
through 100 mesh screen about 5 times and then 25 Limes

through 65 mesh screen,

The second lot of powder mixture in which Boron
has been added, was first mixed in batches (about 20 gms.
of powder mixture in each bateh) with the help of pestle and
mortar with a view to reducing thesize of boron powder and
avoiding the segregation of the Boroh particles.in.the
powder mixture and then finélly the same procedure was adop-

ted as in the first lot of powder mixture.

ITI.2.2 Making of green compacts

Universal Testing Machine and high speed steel die
and punch were used for making cylindrical green compacts of
powder mixture of approximétely 1.0 cm. dlameter and 1.5 to

2.0 gms weight.
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Three compacting pressures 1.6., 3.82, 5,09 and

6.36 tonne/sq.cm. were selected for making these compacts.

Desired compacting pressures were obtained slowly
(in about 1 to 2 minutes) and then were kept constant for 2
minutes in each case. Pressures were also released with the

same rate as these were applied initially.

IYI.3 SINTERING
Before each sintering operation, entrapped gases
in the green compacté were removed by heating‘theae samples

at 250°C under vacuum for 1 hr.

-

Sintering of the greén compacts was performed
under vacuum of the order of § microns at temperatures of
550°C and 700°C resgeetivoly. These temperatures were
selected with a view to making comparative study of solid
phase sintering (at 650°C) and 1iquid phase sintering (at

200°C) of the alloy under investigation.

Liquid phase sintering was done for five différont
periods 1.0.4 1/2y 1, ¥y 2 and 2§ hrs, In the case of solid
phase sintering comparativély longer periods were chosen

viz. /2, 1, & and 10 hrs,
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I1T1.4 VOLUME CHANGE MEASUREMENT 5

The dimensional changes of the samples after
sintering were measured with the help of micrometer screw

gauge (least count = 0,001 ems),

ﬁitficultf was encountered in the case of Boron
added samples that the liquid phase exuded in the form of
droplets and solidified on the outer surface of the spegigén.
Thug before any megsurement ﬁo be taken, this ooged out

matorial was removed by gentle rubbing and polishing.

f About 5 to 7 readings were taken for diasmeter
measurements, whereas 10 to 15 readings weré taken for height

measurement in order to get an average picture.

111,65 HARDNESS MEASUREMENTS IN V.P.N.

Sintered specimens were properly polished upto
3-zero emery paper énd then the hardness was measured along
the diameter at ghoug 8 to 7 points by the Vickers Diamond
nyamid hardness tester using a load of 6 Kg. The medi#n
of these readings was taken as the hardness value of the

specimen concerned,
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I11,6 MICRO-HARDNESS MEASUREMENIS
Sintered sanples corresponding to only 6,36
tonne/sq.cm. pressure were selected to analyse the pattern

of microhardness variation,

-

Microhardneas Tester Model D 32 attached with
large Incident-Light Camera Microscope "NEOPHOT 2" was used

for measuring microhardness.

Sintered specimens were properly pclished

(mechanically) and then etched with forric chloride solution,

Three different loads vigz. 10,78, 21.96 and 46 gms.
were applied for maldng indentstion in the selected area of
the microstructure, But the results of microhardness were

reported $n this work for intermediate load.

After measuring the length of diagohal of

indentation, calculations were made as follows 3

where, Hm = general microhardness in kg/muz

P = Test load in gnms 1.e. 21.96 gnms
(obtained with the help of Calibration Curve)
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Thé micrometer reading end the scale interval

yield the indentation diagonal as,

d = m$

where, m = Reading of indentation size, expressed
in drum dtvision. |
§ = BSecale interval (varies ﬁith magni £i-
cation used)
d = Length of dlagonal of impresston in L

(micronsg)
111,7 MICRQSTRHCTURAL STUDIES

. Metgllographic studies were conducted on the'
Large IncidenteLight Camera "NEOPHOT 2". The micrcstructure:
were examined at different magnifications and mierophoto-

graphs of selected specimens corresponding to 6.36 Tonne/

3G.Cm. pressure were also taken,

I11,8 X~ray STUDIES

Required quantities of powder samples for X-ray
studies were obtained by filing the sintered specimens and

then passing through 150 mesh sereen,
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X-ray diffraction patterns of powder samples of
some of the sintered specimens were taksn on the Xeray unit
model No, XR-DA-2 with the help of two camera's of diameteré
€0 mm. and llé.slmm respectively, for the sake of estimating
the eitent of solid solution formation of the component

powder mixture.

The time of exposure was tried from 8 to 26 hrs.
and the rating was varied from 20 M.A., 35 K V. to 26 M.A.,

40 K.V.
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RES E‘L T8

Iv.1 VOLUME CHANGE

In this multicomponent system volume expansion
was observed instead of contraction in the s0lid phase as
well as in the liquid phase sintering, Thus the density

of the sintered product decreases in this alloy.

The results of volume expansion (as percentage)
of simple and boron added aluminium bronzes are given in
" Pable IV and V respectively.

TABI.E IV - Variation in ¥ volume change of simple and

Begetivated AleB rongze snecimens sintered in
s0lid state at 5500(3

i1Simple Al-Bronze Be activat ed Al-

{
i
statertng | | | T i i ;
Prosse hosi 1§ R
ure of ) %0.5l 1 ;s 10 §0.5{ 1 ; 5 10
°°mggggg%q cm. ¥ { i % i 1 i
) { + ¢ 1 1+ 1t 4
3,82 0,66 0,66 0,67 90.:4% 0.44 0.42 1.61 l.41
5,09 0.68 0.69 0,71 0.68 0.42 0,61 1.56b6 1.656

6436 0,80 0,69 0,69 0,78 0,46 0,65 1.66 2,32
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TABLE V - Varigtion in 3 volumo change of simple and
Begctivated Al-Brongzo spocimens sintored in
Presence of 1iquid phese at 7000C : . ,

Simple AIwBronze -g Be activated AldBronae
Sintering“% 1§ ¥ 1§ & T 1
time in | i . F .1 B | ¥ § §
| ~ hra.d i I { I i i i
£ 8UFo & il.o 1e6 §2.0 12,5 f 0.611.0 [1.6 §2.0 I 2.5
ssuro . _ 8 {oxnf ool gx0f 2xol 2xnl  § 0§ 1
o R N U U S S A S B
ne/sq.cm. A S (U RN (N GH SN SRR S
3,82 3026 3.04 3.14 3.96 3,31 5,67 5,66 5,33 5,49 6,22
5,09 3041 3,21 3,21 3,05 2,45 6,25 6,11 6,37 6,32 6,22
6!36 4*6 4;}39 4o89 5042 6927 64;58 6061 6650 6062 6343

IV,1s1 Volume change during solid state sintering

Volune expansion results of simple aluminiunm bronsoe
pinteored at 560°C for varioﬁs poriods are shown in Fig. 1.
Hope the ini¢ial volume cxpansion is comparatively vory largo
in ooch sample, Tho 6.36 tonne/sq.cm. prepsure compacted
somples shov a typlcally more expansionindtially, but at 1

hour of sintoring sll theso samplos shov almost equal oxpansion

irrospocﬁive of compacting prossure. 1n tho lator stagos

st
of sinterins oaly o olg axvansion wos noted in 6,36 tonna/sq.cm
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SINTERING TME, HRS.

i0.0

FIG. 1. VOLUME EXPANSION OF SIMPLE AL-BRONZE
DURING SOLID PHASE SINTERING AT 550 °cC.
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prossure compacted samples and no expansion was detected in

3,92 and 5.09 tonno/sq.cn, prossure éompacted samplos,

Volumo expansion results of boron added aluminium
'ﬁranzo sinterod at 550°C for various poriocds are shown in
Pig. 2, In this caso volume oxpansion occurs almost contie
nuously (with a slight deflection in samples compacted at
3.82tonnq/sqacm.‘presaﬁre betweon 0.5 & 1} hr, duration) at
the ca-nétant rate upto & hour of sintéring in all the samples.
Beyond this period, a slight contraction has been observed
in semples compacted at 3.82 tonne/sq.cm. pressure, but
further ;xéﬁnéion_has boen noted in the césa of samples
compacted at 5,09 and 6,36 tonne/sq.cm. pressures. The rate
of % volume expansion for 6.36 tonne/sq.cm. pressure compactoed
gomples s fairly high than the expansion rate of 5,09 tonne/
0g.cm. pressure compactod samplos in the laoter atages of

sintorlngg

IVale2 quuao'Change during iiquid phasoe sintering
Voluno expansion rosults of simplo aluninium-bronsgo

sintorod at 7oo°c for various periods are shown in Fig. 3.
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In this case also initial volume expanaion i1s comparatively
large 16 each semple. But the expansion behaviour of~6,86
tonne/sq.cm. pressure compacted samples 1s quite different
from samples compacted at 3.82 and 6,09 tonne/sq.cm,
pressures. Initial expansion itself in 6,36 tonne/sq.ém.
pressure compacted sambles is comparativelylmore and remains
constant upto i hour, but beyond th;s expansién occurs cohti-
nuously at constant rate upto the enﬂ.of sintering time.
However, volume expanslon 1s almost constant with sintering
period in samﬁles compacted at 3.82 and 5.09 tonne/sq.cm.
pressures. In the later stages of sintering a slight contrac~
tion has been noted in samples compacted.at 5,09 tonne/sq.cm.

pressure.

Volume expansion values of boron ddded aluminium
bronze sintered at 700°C for various periods are shown in
"Fg. 4. Here glso it is very_large in the initial Qtages of
sintering itself and remaina almost constant with sintering
time in each case grrespective of compacting pressure. It is

- comparatively more with higher compacting pressures. In this
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casc one peculiar phenomenon has beeh.ohaerde almost in

all the sintered compacts. Liquid phase exudes in the form
of droplets and solidifies at the surface of the samples.

Onc photograph of such sample with its oozed out liquid phasc

has becn taken and shown in Fig. S,

Thus in general we find that volume expansion
{0 comparatively very low in s0lid phase sintaring than in
1iquid phase sintering, Initial volume expansidn of boron
edded aluminium bronge in solid phase sintering is comparaw
~ tively slightly less, but beynné 1 hour 4t is quite higher

than that of simple aluminium dbronze.

Inttial as vell as overall volume expansion is
comparatively more in case of boron added gluminium dbronszo
than simple aluminium bronzo vhen 1liquid phase sintering s

donao.

IV.2 HARDIESS

Hardnoss values4(medinn of various roadings) in
V.P.l. of sintored spocimens of simple aluminium brongo and
boron nddod aluminium bronze are given in Tables VI & VII

reopoctivoly.
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Iv.2,1 lHarﬂnass of solid phase sintered specimens

Hardness values (in V.P.N.) of simple aluminium
bronze sintered at 550°C for various periods are shown in
Fig. 6. A glight decrease in hardness occurs in the initial
stage in case of samples cqmpacted at 5,09 and 6,36 tonne/sq.
em. pressures and then it remains constant almost uptols hrs.
of sintering, Further a slight decrease in hardness has been
noted in the last stage of sintering. The hardness values
of samples compacted at 3.82 tonne/sq.cm. pressure remain
almost constant at 55 V.P.N. throughout the sintering period
of 10 hrs. Hardness level in general is high in case of

samples compacted at highor pressurag.

Hardness values (in V.?.N.) of boron aﬂded aluminiy
bronze sintered at 550°C for various periods are shown in
Fig. 7. ﬁerg 8 slight increase in hardness in initial stage
of sintering was noted in all the three types of samples, but
hardness goes down beyond 1 hr of sintering. Sampleg
compacted at 6.36 tonne/sq.cm. pressure show a further drop
in hardness beyond 5 hours of sinterigg. Whefeas in samples
comnacted at 3,53 and §.09 tonne/sq.em, pressure, a slight

increase in hardness beyond & hour of sintering was observed
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iV.2,2 Hordness of 1iquid phase sintered specimens
Hapdness values (in V.P.N.) of simple aluminium
bronze sintered at 700°C for various perfods are shown
in Fig. 8., Here in the inltlal stages of sintering the
hardness values were found to be very high in all the three
t&pes of samples, but the hardness drops rapidly as
sintering wroceads further, After 1 to 1§ hour of sintering
anh increasing trend In hardness values has been found in
all the semples. In generaly we observe that the ha:dness

curves are of Uwshape in all the three cases.

Hapdness values {in V,P.N.) of boron added
aluminiur bronzé sintered ot 700°¢ for varioug periods are
shoun in Fg. 9. The noture of hariness curves shown in
Mg, © 43 similar to that of ¥Fig, 8, Thug we £ind that the
hardness level of 1liquid nbhage sintcred simple aluminium
brenzo 1s highest in comparison to others. In genoral

Boron pdded aluminium-bronge is showing lover hardnose -

values as comparod to the simple aluminium bronze if sintorod

undoyr similar conditions,
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Though the nature of the haréness curves for
compacts sintered at 700°¢ is alost similar for simple as
well as for btoron gdded sluminium bronze, but the ievel ol

hardness is low in the boron added bronze,

The nature of the hardness curves for specimens
sintered at 550°C 13 not similar for simpie and boron added
alnﬁinium bronze. in the case of simple siuninium bronze the
hardness goes down initlally whereas 1t increases in boron.
edded agluminium bronze. The hardhess level in both cases is

not much different from the other.

IV.3 MICRORARDNESS

Mierohardness results of some selected sintered
conpacts of simple alumg@nium bronge and boron added aluminium

bronze are given in latles VII & IX respectively.

1V,3.1 Microhardness rpamnilk of =solid phase sintered
sintered specimens

14 erohardness results of solid phasge sintered
gpecimens, corresponding to 6.36 tonne/sqg.cm, pressure of
simple aluminium brounge are shown in Fig. 10. The Yevel of

mierohardness values of copper rich region is quite highor
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than that of aluminium rich region, The microhardness

of copper rich region in initial stages of sintering decreases
from 106 kg/mma to 94 kg/mm2 and thon remaing almost constant.
The mierohardness of sluminium rich region, which is quite
1ov (33 kg/mmg§ initially, continuously incronses first with
slover rate and in the later stages with fastor reto and
finally reaches a 1eve1‘of 63 kg/mm?. Thus a large

di fference of sbout €7 kg/mm2 in microhardness values, which
-axlstéd_initially betwasn the two reglonsy has reduced to

only 27 kg./mmz_in the last atage of sintering.

Hicrﬁhardness results of boron added aluminium
bronge compacts corresponding to 6,36 tonne/sq.cme prossure,
sintered at séooc for various durations are shown in Fig.ll.
Although &n thé initial stage of sintering the mierchardness
values of copper rich reglon are higher (about 17 kg/mnz) than
the gluminium rich region, in the intermediate stage tho
microhﬁrﬂnoss of aluminfum rich region goes upto 93 kg/mna
and that of ecopper rich region goes down to 70 kg/me' At

.8 later stage of sintering the hardness of copper rich region
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increases dlovly and that of aluminium rich region
decreonses rapldly and consequently in the end of sintering
1.0, after 10 hours, the mierchardness of both the régions
are almost the same.

IV.3.2 Microhardneoss &f liquid phase
sintered specimens,

Microhardness resuits of simple aluminium bronge
compacts, corresponding to 6.36G tonnes/sq.cm. pressure,
sintered at 700°C for various durations are shown in Fig. 12
Here the microhardness level of copper rich region is gbout
60 to 70 kg/?mma lower than the aluminium rich regiop. The
mlcrohardness of bdth copper end aluminium rich reglons
increases with sintering time although with different

rates,

Microhardness values of the outer surface and of
the interior of the specimens (boron added aluminfum
bronze) obtained by sectioning are shown in Fig, 13 and 14

respectively.

In both the cases the level of hardness of copper

rich region is much 10&0? than that of aluwninium rich region
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vhich increasen vith sinteoping time.

Fig. 13 shows that the hardmess of both‘the
roglons increases continuously upto the end of sintering,
but at a fasteor rate in tho case of aluminium rich rogion,

vhoreas very slowly in case of coppor rich rogion.

Fig. 14 shows that the microhardness of both
reglons firét inereases and then decreases with sintering
timos Here Alsc tho rate of hardness increase of aluminfium
rich region is faster than the other region. The rate of
f2ll of tiicrohardness observed during the lator stage of |

sintering is almost equal for both the curdos.

IV.4 HICROSTRUCTURE
Microphotographs of simple and boron addoed

alurinium bronze ecorpects, corresronding to €.36 tonne/sq.

ecm. prespurs, sintered at 55000 for various periods are

shovn side by side in Fig, 15 (aYy; b and e).

It is evident from Fig. 15 (left) that there
is no detectable change in microgtructurs with sintoring

time. Only In the later stagos of sinteringy somc gmallor
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- vhich increases with sintoring time.

Fig. 13 shous that the hardness of both the
rogions increases continuously upto the end of sintering,
but at a fastey rate in tho case of aluminium rich region,

vhoreas very slowly in case of coppor rich region.

Fig. 14 shows that the miecrohardness of both
regions firét inaresges and then decreases with sintering
time. Here glsa the rate of hardness increase of aluminfum
rich region 1s fastgr than the other region. The rate of
£211 of fiicrohardness observed during the lotor stage of

sintering 1s almost equal for both the curvos. '

IV.4 05T RUCT!

Microphotographs of simple and boron added

aluniniun bronze compacts, corresponding to 6.36 tonne/sq.

cm. prossure, sintered at 55000 for various periods are

shovn side by side in Fig, 15 (aq, b and e).

It is evident from Fig. 15 {(1left) that there
1s no detectable change in microstructure with gimtoring

timo., Only In the later stagos of sinteringy; some smallor
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. 15, MICROSTRUCTURES OF SOLID PHASE SINTERED 7% Al1-BRONZE
AT 550° C FOR SIMPLE (LEFT) AND B-ADDED (RIGHT) SAMPLES
AT DIFFERENT SINTERING PERIODS ( X 250)
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aluminfum particles are shouving a change in their otching
beohaviour.

The mierophotographs on the right of F?g. 16

{c; b and ¢) reveal that in the initial stages of sintering
only very fine alumninium particles are prone to alloying,
which 13 manifested by distinction in the etching behaviour,
The alloying tendency is naturally mere in case of compacts
gsintered for 10nger-£2:;:; From Fig. 156(b, ¢) (iight) it is
oﬁident thaﬁAthere is a sort of rim formation Around the
aluminiunm particles, suggesting the solld solﬁtion formation.
But in case of fine aluminium particies this tendency is so
great that 1t is difficult to identify the samé from the

copper natrix, At the same time 1t 1s cbserved that around

all boron particles a dark reglon is present.

omd.
Microphotographs of simple (boron added aluminium

bronse compacts corresponding to 6.36 tonne/sqecm. pressure,

sintered at 700°C for various pericds are shown side by side

in Fig. 16 (as"bp cle

It is obvious that the aluainium particles have

jost thelr individual identity. Fig 16(a)(left) showa two



(p) SINTERING TIME

(c) SINTERING TIMBE 2% HOURS

-« 16, MICROSTRUCTURES OF LIQUID PHASE SINTERED 7% Al-BRONZE

AT 700° ¢ FOR SIMPLE {LEFT) AND B-ADDED (RIGHT) SAMPLES
AT DIFFERENT SINTERING PERIODS (X 250)
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distinct roglons ~ one darker and the other lighter in
shade, The darker regicn is around the site of aluminium
particles in the green Gmppact and the lighter one is

copper rich rogion.

In the cage of boron sdded 2luminium bronze
[Fig. 16{ay by c) (&aﬁti}wé find one marked difference that
the perosity 1s much more as compared to sisple aluminium

bronze [fig. 16(gy b, c) (left{] sintered under the sane

conditions.

In general homogenisation 1s more in the case of

boron added aluminium bronze.

Hicrophotographs of the interior of the 1liquid
phase sintered compacts of simple and borén added aluminium
bronze are shown in Fige 17{sy by c). The comparative

study of thase microghotographs showea the following

featurcg -
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17.

(¢c) SINTERING TIME 2% HOURS

MICROSTRUCTURES OF THE INTERIOR OF LIQUID PHASE
SINTERED 7% A1-BRONZE AT 700° C FOR SIMPLE (LEFT)
AND B-ADDED (RIGHT) SAMPLES AT DIFFERENT S INTERING

PERIODS (X 200)
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will produco chanzos 1n all $ho prajortic: rolated with ehis

//z*-,l,;égo,eﬁlm. - It Day oloo altor tho sintoring ehnroetoristies at
g

v EfM’ saurfaco and dntericr of the gposicon.

s |
pd

4 : '
/ Uhdle disonsoing tho varisus ponaits obtalned an
/1
afitcnet vill bo oado to eorrolato nil these featurco in ordoy

to rosess on overall porfornance af thiop asyoten duvrdnz sintoring,

It 1o ovident fran 740. 1 to 4 that thero 10 on ovors
oY voluwao omponoion dnalcad of esntrootisn ot both ointorin:
terporatares (34045 650°C o 700°C) 4n tho binnsy syotco undor

fuvopti-ation, Tho enuno of valudo avranndan rmay hoy

{3 Das to mcaﬁa of mﬁmgpaﬁ (oees, A€ onys
{41) ‘mxo to omnonslon ¢oused by coro and garo
ulloyiags
(124  Dao ¢ lar-o 41fforon00 in woaluss 3f iatrinsie

aiffunivitico of clunininn and conner, Tho GAfFunisn patos of
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alundaguz and coppor otons vary vory widely ond Shopoforo
grusos  the dovolopnont of adfitional pores im ¢ho gtructurc
by cengulation of novly fosncd voecaneles §ust almilazr to that

oboorvaed in Zilp:iondnll offoate

{iv) DBuo to the @iffeoronco in the cooffieciont of
thormel oxponsien of tho eompomontss propontly aluninius ond

agcpper ot tho ointoring teapcraturon,

£OLID CTARD SIUPRRING

28noo 0l) tho opecimenn of oirpio atuniniun bronco
ohswr porulor voluwe omponaien during o0ldd state cintoring
{Piz. 1) and no such $0 Acvor c&mgeaaatoﬁ'auring tho ontire
sdnterin: prriod, 1% 12 v-ry 1ikoly that this volumotzie ox-
poncion takos plooo boforo Sho siatoring ofartn. ho iden
of oueh nn oxponoion o furthor cupported hw_lurge difforonan

40 1incar coofficionto of thoral oxpnaniens* of cluniaiun

*Caoffiodcnt of lincay ¢horaal ezpancien .

of altiniun st 20%C © 03,6 = 107/
| O . oG 4
a AL =54 g S 272 /C

caefziczon% of linonr thornnl ompansion o
of cuppor ot 20% o 10.6 = 15°¢ /%

(Bats €200 = lotals pnd Cool: Vole I, OCh ocditiong A«S.0. 1202)
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and copnors Volume espoficion duo t5 tho ¥oeape of ontroppod
gogon 4o zuled out for all pretienl purpoces, as tho ontrapped
gnsoo have benn raasvod Ly hoating the spocineas ot 250%C undop

wiotun for 1 hv.

Gonotdoring that caeh aluminiun phrtielo pushes tao
noicheouring coppor porticlos awey fron thoisr original sitoo
aosoupiod 4n the proon esnpaet to the nev pites in tho sintored
opeciten durdng sindoring and that tho soppor particleos got
pintored ot 1onst poretally, &n thooe nov pitar an a rosult of
Sherant diffucion duping sintoring, o not omonsism of spocinon
wenlé bo posultod. 0Oa eooling tho ﬂﬁﬁaﬂmﬁﬁ.ﬁftﬂf adaplotion of
gintering, thoe sontrmetion of nll the partielon would eecur
without ;auniug dny ohift in tholr pooitions. Thuo ovorall

waluno czpennion 4n tho ofntorad snaoimons ig oxpootod,

It 4p posaible ¢ dovolop o modol basod o valumotric

hirranl ozpangion data with follouvins napusptiono.

(1) Cumulastive volunetiydc thomnl oznneaion of oll thoe
individienl oluiniunm partleleo prepent in o gpeetnen 4o eguanl o

tho not voluzo oupansion of tho oouivolent voluse of alusiniun.

{41) £11 tho oluniniun particlos peonin £ixcd in
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tholy origicnl siton, whilo copmor particlos ohift Shodr
pasitions as n rosult of relotivo onpannion snunod by o noapby

~laainium papticlo.

(414) On cadldng $ho oposimon aftor sintoring,

gappor porticics contrnet ol thoir nov pitos only.

(iv) %Bho onponsion of aluciniun particlos 89 £roo

of nny oonsbrolitite

Thug with tho Lolp of those casunpticno thoorotieal
values of voluse oxponofon for eoch opecinon voro ealeulatod

2nd oyo given in Toblo %

Thaopotieal valuen of volume oxponsion of gpoeinmcno
Lacping in viow tho a™avo agsunptions woro pluﬁtéﬁ_asaanst tho
Qﬁ&gh& of tho gposdmon and phavs dn Migs 18, I the sone
fpuro netunl ommonsion valuos of various sscelucus havo olco
beon ploticd, Uhilo comporing the thoorotiecal and amporimontal

vodaoe of vOluTo emponsien folloving fnetn are ovidont.

(1) For n pivon ecuprneting npossuro, Gho curvo rope
roseRSing cotinl viluro emmnapion with peopoet €o t:o voinit of
tho ppoedcct s o sbpoinht 1ine nioilar €9 tho Shonrobicsl

Lkt § i fg Y
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(2) In gonorol tho cetunl ompousion of the spoeioen
dc lovor then thnt prodictoed by ché thoaroticeal surve, Thio fo
obvisun dDosauoo tho oxpancion of sluiniun particles in eonnnge
te@t corplos dueins oating g Cacsins oluao wador sonstzained
conditiong, whopcan, in tho proponcd mofol oxpansion &= opnunch

o ocoupr froaly.

{3} %hn awponoion o° opocinon glso Qearassos with
inepgnoing progsoure. It 1o dun to tho Cnot that durdng tha
ﬁayanaian»of aluniniun pgrkiﬂiaa in compnetef panplen, copposr
portieclos offor moro ond morn posiotonco as the cunpooting

progsurs in inepensed,

Tho initiol volums omponoion 4 tho s01i8 phaso oloe
torins of boron afifod nluniaim bronpo (Vige 2) 40 annin eainly
Quo €2 tho diffoponca in coofficicats of thoroal ounpancion of
ccmoencat notalo, whopcas largor voluno onpemnions at losgor
norlode of ointoring 2o povhkans ainly Quo to tho onhonecd mto
of plieying cs o pooult of netivating offoed of Yborom. I hao
bcen notallogeaphienily ocboerved that o pnogoo probably suldd
golution 4s progsent peaetienily aspoumd o'l the sluningun partie
6leg 4n tho boron aetivatod canplon ointored for 5 hiro ond 10
hra, vhoreas only nmogligiblo altsyinr hao boon noSiced in tho

cape of piopleo aluniniun broase sanplro whon cintorod for 10 hirs,
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Thuo tho omprooion 4o golld ctate sintoring of tho

bimary oyoten ponolts ing

(1) sho eroatisn of gnero~porcenity duo to @ifforcnaeon

in ecefficicnto of thornal oxpancion, ond

(11) tho crontisn of miecrs-poracity 6uc to coague
Yation of voeomsios in tho rozion of ﬁhﬁt coanonont vhoso &if¢-

usion ccofriciont in eannarativoly nors.

¥ho poranity in gonoral offoots advorooly the meochae
nicol ﬁyagaeﬁian of tho pzaﬂueﬂ; Tho anounty ohnpo, oige ond
dioctribution of porsnitics affoet tho noerd os woll ao nicroe
hardness ropultn, I the pigo ond anoant of porositiod afo
largo thon Gho come will hovo odvorso offeot o2 nacroshordnooo,
whoroae the nroconee of nicroprranity will havo comparativoely

moro advorto influonce on plorolaminans pooulto.

0o elioht lowerdnn of hardnagss (VeDeH.) 42 tho inftdal
otane of polid otato oslntordag for osinplo N\l-Brouso oa7iples
(P2~s C) eomprotod at highor prooauros ($.0. 5427 ond 6433 2/
08,0041 &8 nOP0Ys malnly duo to Cho oreation of nmoro poranity
oround aluniné i partielos anuged by tho uncqual expansion of

nlusinium ond capnor particlos. Hovovor, the lovoring of hardnong
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in tho intar staporn of sinBoring (FPin, 6) £o2 almnle Al«broage
a7 be ottributed t2 the rvolinving 20 wor: hapdoning offoet, ond
nerhans dus to develvomont o nieroporssity in tho struetuse as
n roanlt of difforontial ratos of diffucion of conna? ond aliue

ninius atons.

Tho hardnoss voluos (4n Ve®.0l.) of 20114 phaso sintopod
boron added cluzinium bronpo spocinras (Fin. 7} oy oyotoatically
louor thon thono of cisplie aluminfun bronze (Pig. G). This 4o
porhaps d40 10 tho arcation of larzoe cneunt of niaroporositios oo
n result of conrulation of vnoenneios in the ropgisn of that edapo-
acnt vhsce diffusion ecoaxfficiant 40 sonparatively wore (1.-. 4n

coppar rlah rorion which 1o prasont 4o bull amoumtd,

The variean niorohnrdnoos tostn wvoro porfermed fron

Siio vicwy,

{4} to corrolate tho voluno ompansion and anpdnosd

resuits moro potions’ly, nod

(44) to ptudy tho benofiainl offcets {12 ~ny) of boron
a@litien in tho Pormation 07 nlloy fron tho ninturs of tho fwo

gampoacalty vig, soppor and aluajolunm,.

The nforobardnosa valuas of 80144 otatoe sintored oioplo
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an voll as boean addod aluniniuz brongo (Pir. 15 and 11 poopoce
tivoly) ongoont that tho Giffusien of aspmer fu aluminium {n
£antop than vien voren, 05 & very nignifiont riso in nieroharfe
£oos valuos vith pintoring timo have boon aoted in tho alunminiun
rich razfono only ond at the sono $4no 4m genoml o olight doe-
'voaao in Dierchardnoos valuon of coppoF rich resiens havo bocaa
mto’s Thue a9 a pooult of Ririendnll typo of offoct cluninium
rdch eegién nifforn canPosoiva ntroensos Que to soroe than pragér«
tlonoto inaremss of corpor atoms in Sto iatiieo, whtlo egppor rich
rozion piffors tonailo or dilational ¢yno of ptrosgec €fuo o conu
1ntion of veoanelos in tho form of nicrsporo~{ty. %Thus Cho nierse
herdnes - of clumintw wich 9@g1@n.ﬂh@&1ﬂ be obhvioeisly highor with
rospoet €2 olantoring tice and for aanpor rieh razion {1t shoald bo

Louoyr witi sospeet to nintoriag tioc.

Mehoush data in 18¢omturo oro avallable for tho

cobivation cnorry of interéiffusien of 3o ia altningun7G 77 ™
as ~ush poeurato €ota oF0 avoilablo for plundniun indo coppor.

dndop ouod ofpounotnRecs oup omplonotion 4o boscd on oboorved
rooulto only, Joyovep, 03 tho bapio of otablo oloetronie cinficue

poblon nedol 1t 4o ovident that conpor otons vill have o tondeney
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ts donobo tholdr voioneo olcztrons %o stadliso tho apﬂ confie-
garzation of niumfniun otono. This poons ¢ oecur at tho
'p$ozc3% Gcoporature mngzo, howovop, thin pracogs may not scous

at o 86111 highor olatoring Lconornturd.

Harlted dosreonpo in picrohpsdnonss valuos 4n the eeppor
#ieh poglons of boron n€dcd cluninium brongo (ﬁiﬁa 11) as eszpared
ﬁa‘eémgla alunindus brongo (Pige 19) confime tha large amount of
mieraﬁarnsity dovolopod prabably due Co eaahnancod ralte of 4iffu-
pion by tho netivotion of boron. Tho cxtont of nicpapordnity
i1l dopend on tho difforcace in intelnsie diffusion eccfriciconts.
Obviously higher Gho @ifforcnsc, moye will Bo tho nicroporooity.
“ais confirms that horo tho 4iffusion proc~oo Ls wory font and
cong2uontly olloyiag ascurs (FA. 18) fn 99L4d stato alatering

of barsn nfded siuninium broago,

LIGJED POAST RTINS

Large voluno omponoiens in 1icudd phnco gintored opoois
nran (M. 3 and ¢) 40 nerhnpn mninly duo o large éiffaronco &n
gocffioiont (volunw) of thormal oppansion of 1liquid oshaco {(cadmly

roltca cluainiun) and 00144 phase (gorpor Pdoh 03114).
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Tho 1iquid phoos formed ot 739°C puchoo tho oolid
(coppor pich) particles awoy ©9 now pitos. Thoso dloploecd
pariielas do nat peturn Co tholy orininal oitos whon $ho
oncpled apo 2g0led ond amnao@manﬁly 40 phenononan poonits
&n lorgo overcll omnansisn. Tho above amalysis oangooto tho
proccase of inepcaced poryonity &n tho poglobs whoxe erininclly

ploningun snpticles vore prosont. Thin $8 confirned from

Pé-s 1C onfl 17.

Gvornll omponsien 1o obvioucly highor in expo of Namples
compoetod ot comparatively Richor proo-agos boeause of poloe
tdvoly inpne aneunt of cloocod poros ond ovosall 1s6as porasity
avniloblo to neconrofnto tha oxpanding phose (moiten 1iquid

phage of nlumdniun containing ceno auound 20 ~appey aliods

Cicplo cluniniun brence camploo esanpooted af 6.33
¥/0qe D, pProocuro hovo ghovn an inerosoing Grond of valuno
crponcdon oved affor eno hour of nintoring porded at 7099C,
tide de ptiribubed mainly ¥ corpo lntonsive slloyion cffcat.
Jowovep, tho volulo pomaing almogt eonotnat with wospeel Go
pintoring tina in tho enocen of 3,00 and 5,09 $/ca.cD PROOIVIO

econpacted spocinons of olopla Droago (°40. 3) and alps in oll
tho throo typeo of ecanpoets of Doram-nddod aiuninimm beonpo(i’dz.d



In o1l the above ensoo tho oromt of porooity 4o obviousiy
2aros thich probably aceonmadatos the veluse ozponnisn oo o

result of elloyin: vith fnsrenpo in sfatorinn tiso.

Compamtivoly pore voluno onpancien 4n thoe enno of
boron added rlusdnduz bronge (PLig. 4) than that of sinpls olue
dnfun brovco (Fine 3) oay Do otteibuted to the mogo voluxd
of liquid nhnso fornad rg a reostlt of aotivntion offcet of borin.
It 4 quito probablo Chat 4% pay aetivato the furaati&n of ceno
tormary alley (botuvooen coypmr; aluninien ané bovon) which poy
gosult in lowvering of Bho liquiéﬁ euro of tho 1ilauid nlley
formed, Thus the puporhooting of the 1i~mid phase (Sorary
alloy? in the baraﬁ oddod bronpo oy he comporativaly pore thaa
the l4gquld phaso (binopy) forped in spitplo bronpo, thun in turn
ponualting in eemporatively ooro volums 9f 1iquid phase. Thio
caperacating ooy alce eouno tho hishop pato o€ dinnolutisn of
eonpor 4a tho 1icudd chaso, ¥hich may faepengs the dansity oo

voll ae arount of Sho corrooponding 1iqald shogo,

hs poouliags phononenon of voninr cud of 1iquid phogo
obporved prooentiy 40 probablly CGo €0 choupo in woltiuz elnpige

-«

torloties of tho molton phaoo (olumindian zich) vith | -



wi W o

In oll tho abavo enpos tho aronnt of porooity 4o obvicuoly
oroy vhleh probably ccoermadotos tho voluso cxprnolion as o

pooult of clloyins vith increnpo in sintoring CGico.

Cozpar tivoly moro voluno ompanoion in tho anso of
boron added sluniniuz dronge (Plg. 4) thas that of sispls olue
nindun brovre (Fire. 3) nay Do attributed to Shoe coro volumn
of liquid phoge fornad re a roesult of aotivotion offcet of borda.
It is quito proboblo that it nay aetivato the formation 9f cono
tomary alley (botucon eoppor, aluminiunm ané boron) which cay
gosult 1n lewering of Mo Mquido ewrvo of tho liquid alley
formrd, Thus the capoyhooting of Che 1i-uid phaso (torasry
4dlloyl) in the bmraﬁ oddod bronge my be conparativaly ooro thaa
the 18auid phaso (bincey) forncd in plinplo hronzo, thus in turn
gooulting ia eomparatively core volums of 1iguid phase. Ihio
gaporhcating ooy alco couro tho hirhor pato of dinnolution of
conpor in tho 1iculd panco, Waich mny Aaszenpa tho danslty oo

voll ac ocnouat of tho eorpopponding iiqald ningo,

£ho nemulﬁaé plicnoneasna of oosing oud of 1iquid pheoo
obporvod progontly io probably Guo to cho.po 4o wolting char Ge

tortaties of tho molton phuso (oluminiun riech) vith
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rospect £0 golid phaco (eoppor vien ollay) by the cddition of
Baron. %Tho sphorieal shapo 38 amadod patorinl ocnd vory cooll
aron of contoet of $hwso Graplots on ¢ho antor supingo, Code
f£irn Sant tho 1iquid pheso oo Qovolopod nouewsiting naturo

vhen in eontoet with tho p31id phono (edppor »ich alloy).

Tz Quo 5 doerenno of woetirbility, 112aid shnoo go0%n
ropolled fraa tho solid surfanacs. Although this namsotidng
13gu44 »unoo oonmot ontor tho intoreoancsicd porous oy nnola
ont 1ts ovn bubt guins to ito inercnoiap esopPooasive progouro 4%
is éerecd through these ehannols ond thus vhoyoever tho 1fcuid
gots sush an apportunity, 4t hac a tondoney to came ont to tho
purfacs of tho orocinon and o galidify 1ater an in the O3

of gphopieal drepo.

Yotallozraphic coxanfinctiens havo aine revesles Shat
&n boron added oluninium bBronpo cunplos boecuse 2 erping oul
of tho 14quid nhcoo, o lapge cxount of aornolty ondots near tho
outer puricen (Vic. 18) in couporicon o tho laterier of the
cpreimon (Pig. 17).  Thio 42 obvioun boc.ugo of 1ek of intope
connoctod voroadty upto tho narfaoey the nolton olloy fren €ho

fnterior doog Bot aono out and o ouch 4¢ 4o forecd to pcroteale
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dnto the leen? {ntoresnncetcd poranity oo o poonlt of

crpansiine.

Tho ongzd out 114uid phese will bo obviouoly rich in
sluninivun ond Chas Bhio avorall eonposition of the natorlnl
ncay tha outor surfaca af tho specinan d)peara te VO Do
ratively sonpor rleh thinm that of the interior of the gnced-

nen.

“hus the lerge omponsion in 14qudd phaso siatosing
of aﬁmplm and borgn added aluninium dbronge mainly rocults in
erontion of largo amount af mioroporaoity duc tq thoe G1fPce
rence in coofflcinonts of tharaol oxpancion. ?ﬁé narosity 4n
gonarsl gffceto vory ndversely tho naerohardnose ropulis,
Thue hardness voriotion with rocpoet to ointoring variadlon,

in geaoraly dorconds min walinly on the Lelloving feoctorss

{4) D&oepibution, nmount snd anturc (ohapo and

slze) of porasitics ~rocent dn the gnoeinmen.

(31) Hardnoss of differcnd omiating phapes 4n tho

conednen,
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Thus mach lover vmiuos af hardacos in tho 1iquid phaoo
pinteped sposinmns than thooso sinbored in poldd oloto (P, 8 ond
D) nro dug ta tho proscnes of large anouwnt of porosity ae dig-
cucrod Gorliors Thio o0 ovident fron tho microstructaral examie

potion (Fa~e 315 and 7).

The naturo of hardness eurves for liguid »hose pintoped
cpoelnens (Mire 8 and ©) can bo nainly atifibuted €5 tho alloyin-

offoef, vhich in turn Qoponds on se

(1) <the typo of phiso or phapes prosont &n tho

ointored oncelinen,

{11) 4Qisteivution nad cnount of vnrious ozisting

phncegy and
(814) tho extent of nlloyinz or ovorsll honstcnication

ho ontoat of alloying arpd econsonuontly homogonisation
antarc1ly inerecacos vith {nep-~ano of sintoring noriod vhieh
oaltg 4o pige of h-rdness vnluos, MAeraotructarnl oxoninntion
alco vonfizmg this viow plnes tho gaoust af noresity doos not

fazrenge Ut tho oxtont of alloying and honageniontion at tho

camo time hag Golfinitoly lnercacod (Pigs 18 and 17).
_ <D
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In addition, tho Rawdnone voluocs of boran added
gluniaiun broago are esmparotively lowor and chov nn irrosulas
pattorn thea the simle nlunindun bronso. I8 may be ottpdbue

ted S0,

(1) mavo owpansien in thoe eape of Yoron ndded than

pioplo plunéntum branro uhieh roouiSe 4n moro porosity.

(1) tho osstng out of tho lieuid phase rosultins in
vory lorgey drecgularly dictribulod porooiticn at tho outory

ourfann,

Tho proponco of liquid phaoe noturally cahbnteos tho
intor-Aiffugion of doth compononts ubleh ultinntoly pesulto &n
coro nalid nolutlon fornation in tho 1liquid phape than Cho golid
ntat~ sintored ppecimont. Thio 4o ovidont fros tho niervotruge
tural otndi-as (Flo. 16 and 16). [Oighor rotos of incrcase of
niersinprdnans valucn of aopper rich ond aluminiun pieh popions
0f 14qui4 790 ointorod spocimons (Pic, 12 and 13) nico sunpness
thot tho ratos 9f diffunion 2f bath eomor and alendniwd have

faeressnd,

Benofieinl offoet of baron nddition 45 ovideng f£pon tho

€0t that tho patos of inercasc of hardnogs of Aleprich as woll
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ap Ghot of Guerich posions in tho outor os woll oo in tho
intorior of $ho boron aldad bronzo &8 cuempnrativoly noro thon

tio aimpleo bronza e¢oupositioen,

J14ghtly hichor paton of inéfnuﬂﬂ of nmicrohordnose
and -
volves of Cuepich/qlepich porisnn in tho intorior than tho outor

gurfaco of boron odded brongs Lo atteibutod to,

(1) ¢he prdooneo of woro 1isuld ~haoe in tho fatorior
thoa tho ontorior of the boron added brongo papplos vileh One

haneos the diffunion phenomonot.

(1} the pragonco of more oluniniun in tho intorior
than tho oxtorior as ot tho supfoec eono molten notal oxudos

out in oach gintoring oporntion,.



CHAPTER e« VI
goucCcruziIoOonNg & BUGOLDSTIONR

(1) Colfd otato ointoring of tho povdor ninturc
corpaets of 7 11 ond 287 ecppor hoo not ylolded vory cacousae
ging goculéo o8 fmp‘ao tho henogonisation of tho otructurs 4o -

ooneorncd,

(2) Tho 14quld phano sintoring Lo noro puitobdlo
£esn tho point of vicy of alloyins %.0. homogonisation buf
thio zesulto in o produet of inforior hoxdnoos within tho 1i-

Ccited popled of 2) hrs, ointoring in tho prosont enpos

(3) Tho offoet of boron hap dofinitoly ineronscd tho
gabo of olleying 4o tho proseat syatca asnoloting of 73 Al ond
037 eappory by cahonedng tho mto of inSor@iffusion in colid
otato ao woll ao o tho 1iquid phaso ointoring. But tho daran
activatced pintored proCuets aro poorop in ovorall haxdnoso Chon
oirplo alengniul brongo. lovcver, oo o rooult of inopcapod Foto
6f hazezcadcation, tho nierohardéncos of tho phopos peeocat in

Dapon addcd obrusturo oro of hichor ordor tian 015510 4400
vithout boron added otrueturc. |
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4» Doran hoo dovolopcd o port of monevotting
cioractoriotic 4n tho liquid phono (Alepied) with roeopoot to
colid phago (eoppor rich alloy), vhich &2 in gonoral not bono-

£lcicl ao far ap bottor ofntoring 40 concorned,

6. In genopal dottor ointorabdbility 4o omnoetod near
tho outor purfnoo than tho intorior of tho opocimon, but tho

offcet of boron addition hno yleldod opnooito resulto,

Suggootions for Purthor Vork

In geloeting tho compononts of tho povder gyotea for .
dcvoloping tho utilisabdlo sintored preducts following conoi-

dorations nay bo oado,

FPor bottor ointorobility and honeo dottor honogow
anlgation, tho 4iffusion pates of atomo of varjous cocpoacats
in the ointuro oshould bo appronimatoly tho oamd ot tho sintope

inn tomperature,

¥ pomoral tho nipgo of 01l $ho povdors chould bo as
conll os noooibloy portienlarly of the conpenoats vhich aro €o
1O n@ded 4n conllor quantitios Ccege nluniniun ond boron 4n tho

~ propont ecago for tho pArpooo of bottor sintorability,
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In Qurthor favoptinntion of thio prosont ayoton

gollouinn podnto cay bo talen intoe esnoidopation.

(1) Zcmosaturo of ointoring uny by poloetod juot
cbove tho roliing point of aluninivn 4n opdor to rofuso tho

ovornll vslvoo onnnnnien,

(48) 4ilvstniu pevdor £inor thon coppor mny bo ndded,
(344) 2ino of tho boron must bo peduccd no £y oo
noooiblo and enly nopconc ¢rmetion should bo oddcd, Ppoforably

tho papticio nlpo ohouid bo of tho ordor of fov nierens,

(4v) Quontity of toron in 1iquid phaso pintoring noy
bo redused to 0,017 by wolght, in ordor to obsorve tho optimie

poticn of tho acalivation proccase
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