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ABSTRACT
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The present investigation forms a parf‘of long term
studies carried out in the department on activated sintering of
Aluminium alloys. AlvB%. 4%, 5% Cu alloy were activated sintered
‘with addition of Eofon isothermally at 600°¢C for different
periods in vacuum. In additiqn the effect of compacting pressure
on sintering behaviour of above alloys were élso carried out and
the optimum compactigg‘pressure wag selected for this work on

isothermal sintering.

It was observed that Boron activates sintering of the
compacts such that with increase_in Coprer content the densifica=-
tion parameier and hardness peaks,'which is observed during
isothersal sintering, inérease in megnitude as well as its posi-
" tion shifts to the lesser sintering periods, The results have
been interpretted on the basis of different extent of liquid
phase formed duringmsintering-and its possible effects on the

gintering mechanism.
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CHAPTER I

INTRODUCTION

Technical feasibility for the powder metallurgical (P/M)
parts fabrication procees is derived from two physical effects,
which are green ‘'densification or compressibility' and ‘sintering'.
Both effects are highly influential on properiies =znd are related
to each other through the properties choaen tor use. ‘etal
powders possessing the right combination of compressibility and
sintersbility for part fobricstion are highly speclialized and
developed product, B0 these two import:-nt yarw.meters are
determined to a large degree.bi the dimensionel and physical
properties of individuel purticles. The secund major physical
effect fundemental to the P/0 process is sintering, which is
described as the bonding of adjacent surface of particlss in a
mass of motal powder or a compact by hoating. Practically this

process is carried out in controlled atmosphere/vacuum furnsces.

Sintering cen proceed on the bssis of solid-solid diftusion
alone, or slternatively on the basis of mixed soli d-solid snd
1iquid-golid diffusion depending upon mlloy systems and sintering
teumpersture. ﬂnder'eitner conditions the aintering process mny

(1)

be divided into three procticnlly identifiable stasges”  as follows:

1. Stage 1 ¢ 1Iuitiel Bonding: cowprises » conversion of mecheni-
cally interlocked perticle gurface with true grain dboundaries

approxinately like those formed in castinga.

2. 3tage 2 : HNeck growth: HNeck growth comprises of messive diffu-



sion across newly formed grasin boundaries and the distortion of

particle shapes to form isolated porus in locations initially not

mechanically interlocked,

5. Stege 3 : Pore shriankage : It comprises the migretion of atom
size vecanciuvus away from isolated pore surface to the compact

external surface,

These sintering stages aré ehcwn(l) in Fig.I.1., 80% of
potential mechanical properties are obtaibed by sintering only
enough to complete staxe 2, and in some ‘cases just enter stage 3
to the point of pore spherodization. Tnis relates to the fact thst
dimensional precision and economic productiviiy both are sdversely
effocted by prolonged stege 3 sintering. This practice is develo~-
ped u«round sinteridg carried to the transition point between

atages ¢ sud 3.

It is a matter of experimental obgervation that metal parts
mads by conveantional pressing and sintering quitve often i. takes
an inordinately long time to achieve the desired #ensity and
strength, ii. lack in uniformity of strength along the dimensions
of specimen, iii, lsck in physical and mechanical properties such
a8 density, elongation and impact resistances, iv. require high

temperatures for sintering.

The process of activated sintering offers the possgibility
of overcoming these difficulties by modifying the metal powder
surfaces, The abylication of an activation process rests upon
the assumpiion that sintering is mainly a phenomenon coannected

with surtfaces and therefqre an activation of surfaces of powder



FIG.I.I

TRREs STAGES OF SINTJRING: A: sST4GE-1 ¢ARTICLS BOEDS
CHALGING PRON HECHANICIL TO RYTALIURGICAL VIA 30LID
STATS DI#RUIION PORGSITY COMrAIsSsS TAE ORIGINAL
INTUR PARPICLE SPACKS; B: STAGE~2 HMBCHAWNICAL
BOUNDAKIES HAVE BECOME GRAIN BOURDARING AKD SOME

of THEUs HAVE BEBN ReCRYSTALLIZED AND DISAPHEARED
PORGSITY HAS ISOLATED AND I8 1IN THE FROCESS OF
SPHERODIZATION; C: STAGE~3 G .NERAL RECRYSTALLIZA-
SI08 19 COFLETE #ND PORO3ITY T3 SPHuRODIZED.
SIYTRRIAG COETIHULS £% A SLOJ RATE VIa VACAKRCY
MIGRMIOE OD »038 3¢'Cs TO UURPACK (1)



must improve siantering. Free surface of a solid is contributed
as & zone of discontinuity w#hen the fbrces of attraction between
atoms are no lonéeriin equilibrium and lattice defects in the
form of vwcuuciea, foreign aroms end dislocations increase in
number. These Tactors influence the structure of surface and

the behaviour of the particles toward the surrounding mediun.

The expression 'Activated Sintering' is usged in connection
with the sintering of powder compacts, where the rate of sintering
is moditied by some physical or chemical treatment of pow~der or
compact by incorporating reactive gnses e.g. H2 moisture in HC]l,
NH4F, NH4CI with a view to énhénce densification, mechanical
gtrength, megnetic and electrical propertiea. Several physical
and chemical methods of activation are now availableN®)but in the
present investiguation only one of the chemical method of activa-
tion ia'tried viz., sintering in the pres¢nce of very sm.il quanti-
ties of alloying elements which have either mutual solubility or

do not have solubility in the substrate.



CHAPTER 1II

L ITERATURE REVIERW

I1.1 Introduction:

Production of Al p/m parts is quite difficult, as it
causes trouble in both of the critically import-ant production
ste~ps: compacting ;nd-sintering. In the compacting process Al
powder has a tendency to cause galling and seizure of the tooling
somewhat more resdily than otnér powders, It has a tendancy to
exmtrude between the moviag and statianary parts of the die. It
al80 has poor flow rates., 4And if the part 1is compacted sucéessfuo
11y Al has a tendency to weld to the die, so thst the part can not
be éjectea from the tooling. &ven after ;hese factors are
completed successfully sinteriug resains snother hurdle., It isv
difficult becsuse or the presence of oxide films on Al powder
purticleéfim$he scale of which ts avbout 100 A% thick and may be
broken up by the Al powder itself msking it possible for sinter-

ing to be achnieved even by conventionsgl methods,

Lubricants sdded 10 ease coumpaction of the powder cause
gintering problems by generating decomposition products., Lubrican
~-t8 act us pore generators too, The resiuues left behind would
interfere with the establishment of solid sinter bond and be the
cause for inferior properties. Hence one of the suggested(a)
lubricent is flake Al perticles suspended in steamaric acid dissolved

in a commercial solvent.



The sintered parts wnre reporteu(s) to be divtored end
exhibit either macropofouity or property debilitating microgcopic
porosity, which they attribute to the oxpsudion of air origianslly

trapyed durinyg pressing operations,

nagineers, hauve tried to overcome these difficult ieo, and
have been succesotul in obtaining properties comparable to those
obtaiped by wrought or cast alloys._ Pifficult 1eca in compaction
nnd ejoction encounteéred 1n pure *l powders are levsoned consi-
doerably by the addition of Cu(4).veince Cua particles tend to
di.lodge adheuion of 21 perticles to die wealls., The use of atom~-
ized alloy powder eliminates the molding and ejection difficulties
entirely but the resulting proJucts are ganerslly of inferior
qual ity because or gromter rigidity ol pmrticles mnd therofore an
incrsasea porosity of tne compact formed at conventional pressures
of 30-50 tis (4.65 -~ 7.8 tonne/aq.cw.). ©n addition of particular
-ly Cu to ’l the powdsr on compaction (5) behaves as if it were in
a semiplustic utate, esnd compacts with grest esse under the presg-—
_ure applied rrnging 3-20 tsi (.47 - 3 tonne/sq.cm) depanding upon
the desired denaity, the juantity of powder being preased and the
surface to trenaverse crosseectionsl area ratio. 7The high plasti-
city allowing high deuuification also produces good sintering
characteristics becwuge the elemental Cu powder naditive Jdiffuoves
into Al very repldly sud diovuoional coatrol is fairly easy to

obtain,

I11.2 3intering of £1 _.letal Powder:

The credit points ror successrul Al p/m part production

are the velection of right lubricents, «(ie design nnd maintaining



close control over ilhe sintering process. The heat up rate during
sintering is criticael and must be kept above 20°C/min. An sngular
taker of 10' on the die walls simil:r to the draft made on a cast-
ing wold helps prevent die sticking. The addition of copper (Cu)
powder avoids other problems in the pressing of compsct. The Cu
powder coals ihe Al powder so that the die does not actually press
Al and the compressibility is increased. In these alloys the high
plasticity of soft Al powder allowed for unusuel compactions(4) to
be made in particular 3:1 :: 1l:d ratios, where diameter varied less
than 1/% over the entire length ot 5" of the piece. The piece
themgelves could be pressed to density values a8 high as 97%

theoretical.

sintering of Al is usually conducted in Air, 52' Helium or
dissociated srmmonis at a temperature slightly below the fusion
temperaiure. Cremer and Cardiano(S) worked on sintering of *1 for
30 minutes at 6£0%°C and the reusults are plotted in Figs. II.2 and
11.3. These figures compure fsvourably with wrought Al as Iar as
stren;th churscieridgics are concerned, while the elongation falls
sonmewhat short of normal. The effect of compact{ng pressure on Al
compacts sintered in dissccisted ammonia for one hour at 615°C 18

given in Table 1I.

Aluminium attains complete density (2.7 g/cc) at already
moderately low molding pressures because of its excellent plasti-

city. Bickedyke(s)

obtained remurkable results with compacts hot
pressed at 5 tsi (.78 tonne/sy.cm.) arter initial cold compaction

at 30 tsi (47 tonne/sy.cm.) repreduced in Table II.
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PABLE I : EFFECT OF COMrACTING PRMSSURE_ON ALUMINIUY COMPACTS

Jompact~ Density Yield Tensile Elong. Reduction
ing Pr. g./cc Str. Str. in of area
tsi psi psi 1 in, %
| 4
10 2.44 6160 8900 4.7 3.1
20 2.60 6460 11810 46 .8 63.7
50 2.69 6660 11850 48.4 59.4
40 2.69 7600 11780 37.5 47 .7
EABLE_II : MECHANICAL PEROFERTISS OF ALUMINIUHY_COMPACTS
Hot-~Pressed at 5 TSI after Initial Cold-Compaction at
30 Tsi.
Pressing Brinell Ultimate Elongstion
Temperature hardness Strength ?
. psi
200 570 53.7 12,600 1.0
500 930 28.4 12,200 4.5
600 1110 26.4 15,400 34.0




kffect of an incressing cdmpacting pressure on density is
pronounced only for low pressures, At the moderate pressure of
30 tsi (4.7 tonne/eq.cm.) nearly theoretical density values are
obtained while higher pressures result only in minor increase-in

'density. The physicel properties closely follow the same rule.
11,3 sdniering of sd=Cu Alloys:

Sintered Al-Ca slloys are probably of greatest promise,
These incluue biaary alloys containing 1 - 10% Cu, and also dura-
ljuanin type containing about C.5% each of Mg, Mn in addition to

4%5Cy.

11.3.1 Binary Alloys of #l-Ca:

trddition of copper from 4 to 6 wt.% to 1 yieldé strength
near to thet of sintered bronze. 95-5-~Al-Cu powder mixture wss
compacted by Eemf(7) at 40 tei (6.2 tonne/sg.cm.) and sintered
for 4 bours at 550°C. He obtained & tensile strength of 32,330 psi
(2264 Kg/cmd) with an elongation of 2%4. The attainable physical
properties ere shown in Table IIIl. Cremer and Cardiano(7) have
successfully sintered Al-4% Cu mlloys at 600°C i.e. above the
entectic temperature 6f these slloys, in spite of the ususally
obgerved tendency of alloy compact to slump or otherwise deform
during such treatmeny. The beneficial effects of increasing the
nmolding pressure on deﬁdity #nd the incremse in tensile properties
with rising initisl presasures are shown in Fig, I1.4. The specie
men were sintered at 600°C tor 30 min. in H2 , Alr and B2 as well

and wers yuenched Irrom 510°¢ immediately after sintering.
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TABLE_III : PHYSICAL PROPERTIns OF 95-5-A1-Cu COMPACTS

Sinter- Sinter. Yield Tensile Elongation  Reduc~

ing ing Strength Strength in 1 in. tion

time atmos~ psi psi % of area

~hr. phere

1 NH 15,300 19,700 4 1.6
Adr 15,600 19,100 3 1,8

4 NH3 14,900 27,400 4 3.6
Alr 16,500 38,600 17 15.3

TABLE IV: PHYSICAL PROPERTIKS OF ALUMINIUH -COPPER COMPACTS
CONTAINING 6% Cu

Cold Sinter Furnace Bringll Ultimate

Pr. ing atmosphere = hardness strength Elongation

tsi  __Temp., _ ' psi

CH Op

1% 500 930 Alr 43.6 12,000 1.0

15 500 930 Vacuum 59.0 22,000 1.0

15 590 1090 AMr 713.2 - 31,600 1.0

15 590 1090 Vacuum 88.7 40,200 5.0

50 500 930 Air 74.7 30,400 2.0

50 5C0 430 Vacuun 68.8 35,400 7.0

50 590 1090 Vacuun 91.8 48,000 7.0

5 620 1150 Vacuum 90.7 35,000. 3.0
15 620 1150 Vacuum 110 36,200 3.0
50 1150 . Vacuun 104 26,600 1.5
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Bickeraixe(®) sinvered Al-6Cu in vecuum using colloidal
grophite as o die lubricant, «hen sinterin; below the ent ectic
teapera.ure the density was found to increrse stendily with the
compnciing pressure. Cowpsctu pressed st <0 tsi (3 tonne/sy.cm)
from the mixzxture aad sintered at 57008 tor 2 hours exhibited a
high strength of 42,600 pal (2955 kg/cmd) with an elongation of
4.5%., A *1=-6Cu compact cold pressed at 15 tsi (2.3 tonne/eq.c¢m)
and then hot pressed at % tsi (.78 tonne/sq.cm.) and 500°C gave
a BHN of 44.6, & tensile strengih of 24000 psi (1540 kg/cmz) and
an elougation of 6%. The beneticiel effect on Hardness and tensi-
le propurties olniered in vacuum as compared with sintering in

Air become appurent from the dnta (Table IV),

The effect of compacting pressure and sintering tewpersture
"on tenvile stren,th snd elongation is shown in Table V, while the
influcnce of copger prriicle oize on hsgrdness end tenaile strength
13 shuwn in Table VI, All properties usually improve wit h rising
siutering témpirctures uand with decreasing partvicle size of Copper
cuosponunt, shereus the.trand with rising coumpecting pre.sure is not
clearly marked, w»nd for higher sintering temperatures optimum

values are obtained Jor medium preuvsures.

Jantvanabe und.Yamada(g) atutied A)=10% Cu alloys of 85%
density. Using mixed, prealloyed nnd covaposite powders uvinterod
st 560°C. They obiulned nmnximum strength valued with a +ve incr-
ense in volume in 1-2 hours sand the mixed powders showed maximum
‘effective strength of 17 kd/mma « The sintering was carried out

in the preusence or the liyuid phase, which appears bocause of the
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ABLE_V : EFFECT OF VARIATION IN COLD-CLIFACTILG »RASJURE AND SINTERING
T PE:FERATURE ON ULTINATE TEUSILE STRONGTH AND ELONGTION OF
94=-6_Al=Cu_CQ:1PNCTS

inter- Ultimate otrength (in psi) for cold~eompuct1ng presaure
ng in _(%si) of: . .

8mP,

c Op 15 20 25 30 35 40 45 50

10 950 = - 16000 21000 27400 27800 31000 32800
128 82 - - 19600 35000 38200 (28400) 34200 41000

60 1040 - 27800 42500 43600 44800 37000 - 23800

7% 1067 23000 42600 349600 36000 1 3200 ~ - -

50 1094 42000 42600 40000 29400 - - - -
jinter- E%ongution (in %) for culd-compacting preagsure(in tai)
ng - of: .

‘emp, , :

\a op 15 20 25 30 3% 40 45 50

75 1067 (1.0 4.5 7.0 4.0 1.0 - - -
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contact mefting of the particles of uissimilar metale cofrespond-
ing to the sutectic .ystems. The maximum strength obtained in
‘case of mixed powders is due to the fuet that during tormation of
liguid phase in dissimiiar partical boundaries the Al oxide film

coating the powder particle is broken.

The microhardness ofmetals and alloys in Al-10 Cu compact
using mixed powders during sintering is shown in Table VII and

PFig.II.Y gives the liyuid phase percent in mixed prealloyed and

composite powders during sintering,

fartasunova et al(lo) worked on fine Al powders of 5 to 15 p
siée alloyed with « 50 p Cu, pressed at 10-50 KN/cma (1.2 - 5.8
tonne/sy.ci.) and sintered in tempersture range 460—64000 in silie
tubes &t 8 .ressure of 1.33 N/m2 (.014 tonne/sy.cm.) for 1 hou r.
1-5 wt,% of Cu in 71 wes investigated, The densificstion was
found to incresse with increase in pressure only till 30 KN/om2
(3.48 tonne/sy.cm,) and reanined constant beyond this, 95% of the
green density of the theqretical wsas obtained at about 30 KN/cm2
(3.48 tonne/sy.cm.). Cu perceantage has an influence on the poro-
s8ity of green compacts because of its different formsbility end
elustic recovery properties as compared to AL, The sintered
density too depends upon the Cu coﬁtent. #t higher pressure the
the contiraction is obtained only in slloys with lower Cu céntent,

and this increases with the increase in sinterim, temperatures,

Initial and final porosites relations with compacting pressure

Cu coumposition nnd sintering temperatures are shown in Figs,II.6,

T and 8.
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TABLE V1 INFLUSHCE OF COPPLR PMRTICLE oIZE ON HARDNSSS3 AND ULTIMATE
© ThisiLey STRENOGTH OF SINTERED 94=0 Al=-Cu_COM:ACTS
Copper __Sintering Temp, Brinell Ultimate
particle o o hsrdness teusile
size c P atrength
B : pai
¢ 45 520 968 71.7 26,200
45 - 19 520 968 64,3 19,600
45 - 719 552 1026 $6.0 36,200
7y - 160 554 1026 60.3 23,000
TABLE VI CHAKGE IN MICROHARDHEGS OF WMETALS & ALLOYZ IN Al-104 Cu
COMPLCT USIHC MIXMD POUDER DURIEG JINTERING
Hardness - Hetal Green Heated Heated at.566°0
& Compact upto for 300 wnin,
Alloys 560°¢
Al 34 £ 1 29 1 almost disappear
ed
ficro=~
Cu=-Al
Tarduses Alloy () - 95 + 3 6121
KV (50g) “
Copper 60 £ 4 disappesred -
entectic

alloy(am + ©)

12 3 3 116 ¢ 6
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The vuthor suggzests a compacting pressure of 30 KN/cm2
(3.5 tonne/sg.cm.). The hardness increrses with increase in Cu
coutent tand/or ainte;ing‘temperature. Very high teunperatures nay
of courseyield coarse grains, which i1z because of the crystallize
ation from the melt whose yuantit, in the alloy pervvolume is
higher than the #olid phsse e.g. from 45% (3% Cu) to 75% (5% Cu)
close to b40°C. The composi‘ion of phase precipitated oé separa-
ted from the melt corresponding to the solid solution of Cu in Al

is deterusined by the sintering temperature.

Maximum hardaess of the alloy is obtained by such an alloy=
ing ot Al 4ith Cu at which the astructure remains fine. However,
the hardness is sufficiently high even when the structure of alloy
becomes coerse. The hardness plot has been shown in Pig.II.Y.
X-ray snualysis reveslod thet the lattice constant is decreased
during dissolution of Cu in Al, Higher the sintering‘temperature
till the appearance of lijuid phese more and more Cu is dissolved
in Al by means ot s80lid state diffusion, The lattice constants of
alloys in the temperature range of liquid phsse sintering nust
increase with increase of sintering temperature., On observetions
of all‘the sintering temperature intervals they concluded that the
curves corredponding to lettice conagtants of alloy w.r.f. sinters

ing temperature have minimum.

The method of sinteriug above entectic teampersture can be
studied by sesing the tl-Cu phase diumgram #ig.I11,10, hen heated
above 54300. the Al and Cu particles completely disappesr and

there apysars a large amount of e@tectic alloy ( oo+ ) having a
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nelting point of 548%C. The appenrance of this liquid at just
nbove the sutectic tempers.urs and approaching a maxinum value
(337) until the beginning of a asteady 560°C stage, after which it
should graduuxlly docreanse slong with timo and temperature to near
the minimum value 10%, X~rsy stuuies reveal thut the part around
ihe sntectic alloy become Al=-Cu alloy (ac Yoy diffusion of Cu estoms
trom the eyteciic alloy, but the greater pari of the renmainder
mointains a state, close to pure #l, st higher sintering periods
the structure aspproaches a state of equilibrium by furither diffu-
sion of Cu stoms, that is, the entectic slloy decrosses, while

nenrly all the Al matrix become 41~-Cu (oo )alloy.

The alloying ic restricted by the presence ot ﬁ1203 scale,
Thus it depends ugon the metellic content of both powders follow-
ing brenkage of Aldo3 scule ot the Al owder in the coampacting
sress, On raie¢ing the teuwpersture a suall amount of entectic alloy
becomes liyuid. 3ubseyuenily the liyuid phase becowes the nucleus
around which a lerge ecmount ot liquid is rapidly proxuced. This
is believaed to be caused by the yreat rapidity in the diffusion of
t1-Cu atoms into the liyuid phese compared to the solid. This
large quentity of liguid prouuced on the polint of contact helps to
scatter the ﬂ1£03 gscale snd thus impaerts high asrrength values, it
is therotore desirable that the liyuid appears in the neighbourhod
of the Alao3 scale and moreover it should be in large qusntities,
In the green compaots using mixed powders the Al and Cu powdors
nlrendy have metallic contacts through the cracks of .'*1205 gcale.
Phan this cowpact is heated, Al and Cu powder sturt alloying at

éompurativaly low temperatures along this ares of metallic contact,
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and as a regult omall amount of sntectic slloy is forwmea. Abo§e
the cutoctic tempsrature the alloy becuvmes liquid, which by foro-
in, nucleii increascvs rapidly. This phonomenon continues till the
Cu powdor dise,pears, Becausve of this lurge guantities of liguid
phase, tho ﬁlaﬁs scale along ithe particle boundary scatter into
liquid phage resulting in marked increape in streangth of the
compact. .hon kept at Séooﬁ\for a8 long tiée thoe copper atoums
| diflusing into the Al mstrix cause the lov strength entectic alloy
to decreasse in wmount and alwmost all the sl-aatrix to becose tl-Cu
alloy (oc) possessing high strength so that the stremngth valuec
depends upon the amount of lijyuid phuse appearing in the compact,
when the emtectic tempersture is exceeded, end the position of its
appearaﬁce. Jdixed powders develop more liquid phase over pre=

alloyed una composiie ones und honce develop meximum streagth.

F.J. bLeper and . Leuzacll) investigated Al=4.4 Cu coupro-
gosed to Y5 density, sintervd in a muffle furnace with NZ as
protective rimosphere at dew point of ~45°C 16 -65°¢ at 590°C for
30 min., VDilatometery w:s uae¢ *0 study the sintering process, It
wag found thol the size ol porooitvies decreases with decresasing
particle size of alloying elements. The varintion of *luminium
pariicle size did uot give any signific:nt results. Tho pore
sice is also effected in the ssze wey. The dialetion wap caused
above 540°C. Since 54600 is the eqtectic teaperature in #1-Cu
Binary sysem. This temperoturc at vhich the dialation bogun
depended upcn the perticle size of Cu powder. The finer the
copper powder, the lower is the temperature at the beginning of

dialation, The wnount of dialation is determined by the particle

aize of Al and Cu powders, and the influence of Al powder is’
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stronger than that of Cu powder, It is socen that the liquid phase
couscs the dislation, The particles of a fine powder are very
quickly liquified, so that the big dialation begins at » tempera-~
ture compared with o ¢oerase Cu povder. Since a samall particle‘siﬂa
of Cu and 4]l ensbles the liyuld vo disappoar rapidly by difrfusion
the total dialetion of the same is lowest, Therofore the amount of
.dialation decreases with‘incraaéing tineness of Cu and Al particles
The tensile strength also increases significantly with decreasing
particle size of Cu and varied from 2.0¢ k/mm2 (200 kp/cmz) to

10.5 kp/mm2 {1050 kp/cmz) as the powder particle size of Cu varied
from -250 um to =32 pm respectively. It was correlated that as

the pure size of siructure dacreéeed tenaila strengih increased.
The dialatoneter curves for Al-Cu alloys are shown in Fig, II.1l1

and 12.

11.3.2 DBurplumin Type Alloys of Cu:

Compositions containing 10 and 20% Cu eatabliahed(lz) that
in alloys in & state of pertisl equilibirum obtained by
controlled eintering proceuvs, the properties aroe much depandéat
not only upon the degree of diffusion but also upon the presence
of impurities. The ternary additiouns in Al-Cu systems have honce
been inveotignted. Cremer and Qardiano(s) included 95~-4-0,5~C.5
Al=Cu~-dg-lo composition. Onr sintering sand rYurther heat tresting
they obtained hsrdness voeluo of 50 RB (Pig,11.13). The specimens
here pressed at 50 tsi (7.8 tonnes/sq.cm.) and sintered in dry N,
atmosphore for 30 minutes snd at 580°C and pBove a teansile stren-
gth of 33000 psi (2310 Kg/sq.om.) snd elongation in 1 in of 10%,
These conpacis were water quenched at 51000 after sintering at

580°¢,



~—— Mixture 2
=== Mixture 3
; | ———Mixture 7
- we Mixture 8

5 et
¥ 4 3
[ O I ~- p
£
4
: ; 3 ——
E‘ . T
WL ) G S
1
. 480 500 540 580
% Sintering temparature °C
[ P o m e aad

FIG.II.12
DILMTCQ.T -

CUnVad 2R

ALU I IUL~COkraR

MIXTo 9.

(11)

FIG.II.11
DIL:TOJETHY CURVES
ALUmINIUG~COrF IR
LAXTURS S, (11)

FOR

~— Mixture & H
6} ——— Mixture §
== Mixture 6

Sovveteminls wr--petet SECESD g

M A
/7 /
3 Sl 7
/

17
¥ A
AT

Elongation Al/le (%)

460 500 540 680
Sintering temperature °C

€01 A8 ALUMINUM

PIG.IT.13

CO:FRE3 5 1BILITY CURVAGS OF
ALUMINIU:=CO. : 2R 601 AB ALLOY

IN COmp A RISOYN w.TH C UmrRuwS3I-
RILITY O R4DJCzD CCF ER - (13)



18

For 97-2.5-0.5 Al-Cu-ilg compositions produced by compacting
the elemental powder mixture at only 30 tsi (4-7 tonnes/sq.cm.)
followed by sintering at 610°¢C for 30 minutes in N2 atmosphere
they report a tensile strengih ot 40000 psi (2800 kg/sq.cm.) with

an elongation of 20% in the sintered state.

Systems containing Silicon in Al-Cu have also been investi-

gated aend render well to sintering and precipitation hardening.

Aluminium Corporation of America (AlCoa) has investigated
syatems containing .25% Cu, 4% Cu, 4.4 % Cu alloys, added té gene-
rate low melting intermetallic phases. The other additions are
Mg, 5i, %Zn and other combinations, their compacting and sintering
processes depend upon the composition, particle size and shape.

The compressibility curve't13)

for Al is compsred to sponge iron
or redugsed Cu in fig,I1I.13, Al-Cu pmrts have 8 high degree of
reproductivity hence for the conirol accurste sintering tempera-

ture is auggested(14).

It is observed that at higher densities
amount of shrinkage decreases. Density is affected more at higher
temperatures of sintering. The effgcta of density and temperature
on dimensions is shown in Fig.I1.l14. Dew points and atmospheres
too effect the dimenwvion changes, Higher dew point yield in exp-
ansions of compacts. Thus thére would be a éhary decrease in
properties. The dimensionel cracks provide a +ve indication of
furnace dew point conditions., The effect of dew point on dimen-
sions and tensile strength are shown in PFig.11.15. The stmospher-
ic effects of Nz , dissociated NH3 rand vacuum have been reportSGS)

Best sintering properties are obtained in Nz . The results are

snown in Figs. 11.16-18.
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0.25° of Cu elloys are designatod by Alcoa.as 601 AB 601 AC
cod 6&& #B coazercisl alloys. Thoir compositions aure given ia
Teble VI1 (a)., The blendus with Ac suffix aa#main no lubricant and
ure uped for isostatic ,ressing. The £) powder'laOd is tho bage
neterisl in thepe alloys. The particles are irregular and noduiar
in ghapo which permit good pmnriicle interlocking during compnacing
to provide high gresn and cintered sirength., The alloying addit~
ions hnve also been sdded to increase the sintered strength. Theoge
have been compacted «t low prespures end obtain good densit iep nt
gonpar.iively low pressures. M 12 tsi 001 AB hus boen compacted
to 90~ theoreticel densivy and to Y57 density at <% tei (3.Y tonne/
aq.ca.). Tho conpression ratio ranges frop 1.5 to 1.y :: 1 depend
ing upon conpreting pressure end tﬁe method of feeding. The
giat.red properties huove beun detulled in Teble IX and grown densi-
ty of 601 AR in Teble X (a). 601 AB alloy achieves n tenaile
gtrength of renjging from 16000 to 36000 poi (1120 to 2520 kg/8q.om
depending upon the density and hegt trestment. Hot forging at

42706 followed by hont traatment 5nve(16)

tensile atrongth of
32000 poi 1o 38000 pui (2240-2660 kg/om®) ultimste cnd 20,000 psi
{1400 kg/caS) yield along vith 6-167% elongution { in 1 is,) with
601 AB=T,4 nnd 44,000 to 50,000 psi (3080 - 3500 kg/cmg) ultiaate,
44,000-~40,00C pai (3080 10 3240 kg/cmd) yiold and 0.87% elongntion
with 601 AB-T, dopending upon foruing predaure nnd Page reduction
duriog rouging. Hurdoods hus b&qn udsed oo an upproxinate indica-
tion of atren;th for A1 p/m perts. Tho value raanges from 55-60

fockwoll H for thou. The hirdnoss teut weg convsidered particuler-

1y beneficial as & control check during proceusiqg.
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TABLE VIII : NOWMINAL COXPOSITION OF Alcos ALLOYS

(a) 42§§u99“ﬂl;915

Blend Cu 81 g Fe Al Lubricant
601 A B .25 6 1.0 .3 mex., 1202 powder 1.5

601 AC .25 N 1.0 «3 max 1202 powder -

602 AB

(b) Duraluein Type Alloss

Blend Cu 34 Mg Fe Al Lubricant
201 AB 4.4 8 0.4 .3 max. 1202 powder 1.5
201 AC 4.4 .8 0.4 o3 max, 1202 powder -

202 AB 4.0 - - - 1202 powder 1.5
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TABLE IX : DESCRIFTION OF VARIOUS TE#PERS_FOR SINTERED Al P/M_ALLOYS
(a)

Alloy Green

5 Thermal Tensile Yield Elongation
g:’ Condition Streggth Strepgth % in
E—-l—-g MN/m MN/m 2.5 em
% {g/cm
AB ;{e;;* e T - -
PRI 74 0 4 . -
g . 224 214 2.0
Sintered 30 min
at 621°C in N, .
95  2.55 Tl - 124 58. 4 8.0
T, o152 103 5.0
e 252 241 2.0
601 90 2.42 T, 137 54,5 11.0
AC 7, 187 102 9,3
Sintergd 20 min.
at 543°C _ ‘ | )
95  2.55 T 154 - 53.1 10,7
T, 189 98.5 10.0
‘ T 269 261 2.0
602 4O 2.42 Ty 121 58,4 9,0
AB 7, 121 62 7.0
. Tg 17y 169 2.0
Sintered 15 min. ,
at 6359C ' -
90 2.42 T, 138 121 3.5
T4 134 76 9,0
45 .55 T, 131 62 . 9.0
T, 134 65.5 10.0
‘ Ts 186 172 3.0
G5  2.55 Ta 141 114 : 5,0
T4l . 141 79.5 10.0

%) 193 176 3.0
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TABLE_IX ¢ D&SCRI(TION OF VARIOUS THMPLRS_FOR SINUSRED Al P/M ALLOYS
(b)

2lloy  Green Thermal Tensile Yield Elongatior
Density condition streggth wtreﬂgth % in
» { 8/cn
201 A |
AB 90 2.50 Tl 210 170 3.0
‘ T4 246 206 3'5
T6 323 - -

Sintered 30 min,
at 5939C 1in N2
76

95 4 T, 228 181 3.0
T4 262 214 3.5
Te 332 327 2.0
201 9¢  2.50 T 183 136 3.3
AC - 1
T4 286 223 4.1
Sintered 20 min, at
59390 in N2
95 2.64 Tl 205 147 4.0
T4 319 230 6.0




TABLE X (&) :

Compactiag
Pressure

N AT GRS SR S R vy

1
12
25

TABLE X_(b):

Compacting
presaure

o

12
25

Green Density

g/c¢ %age
2.89 85.0
2.42 90,0
2,59 %5.0

Oreen Density
g/ce % age

2.33 83.7
2;49 8905
2.63 9405

GRIEN DENSITY ARD STRENGTH OF 601 AB BLENDED ALIOY

Green Strength
pai

450
950
1500

Green sStrength
psi

550 -
1150
1900
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Repressing improved the results, on reprecging at 25 tei
(3.9 tonne/sy.cm.) the density was improvea from 2.45 g/cc teo

2.58 g/ee, elong with a 4000 to 5000 pesi (280-350 kg/cmz) increase

in tenaile strength.

Alcoa 202 AB grades contain 4% Cu(17). Itie easily wmecha-
nically or isostaticaelly compacted and is specially suitable for
application im puris requiring high strengih coupled with high
ductility. The relation of compscting pressure with green density

of #1l-Cu blend iu shown in Fig.11.,1Y% end their properties in
Table XI.

Alcoa 201 AB and 201 AC are 4.4 Cu ternary alloys having
nominal composition ss in Table VIII (b)., Their green densities
is shown in Teble X (b), 20l AB develops higher strength levels
upto 48,000 psi (3360 ag/oﬁa) in the fully hest trented TG temper.
?rdpertiea of 52,000-58,000 psi (3640-4060 kg/cme) ultimate,
37,000-38,000 pai (25502660 kg/cmz) yields and B-18:" elongation

have been achieved with 201 AB=~T, gnd 57,000-«63,000 psi (3990~

4
4410 kg/¢md) ultimete snd 56,000-60,000 psi (3920~-4200 kg/cmz)
yield snd .5 to .84 elongation with 201 AB-T,. After cold forging
the tensile properties huve been evalusted as 26,000-50,000 psi
(18203500 kg/cn®) ultimste strength, 13,000-48,000 psi (410-

3360 kg/cmd) ¥ield strength and 1-137 elongation,
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TABLE XI : GRUEN AND SINTERLD FROPERTIES OF 202 AB COMPACTED AND COLD
FORAuD PARTS

Green | Green{ sint- vimen, | Beat |Ten., {14 [Comp, | Elong | App.

Den- | 3tr. [ ered change | treat [Str. [Str. [f1d % Rard-
3“iliz“ psi | Den- % ed 1000 {000 [str. ness

gm/cc ait psi |psi [000 Ry
| 33 £m psi
Ce ]

Compacted Performs:

. . N Lo L ;2109 - 100 -
90 2.5 510 9 b =20 g 282 M2 - 80 -

T6 3300 21-3 - 703 -

Cold formed partas:

g0 2.5 510 95 2.64 2.6 T, 33%.9 31.4 33.4 2.3 80

- 2
T4 3403 2105 - 800 70
Tﬁ 39,8 25,1 <2u.,6 8.7 85
TB 40.6 36.2 - 3.0 87

Notei Presinter 3 hr. at ?00~800°F in N2' 8igter 15-30 min. at 1165 in
N2 with avg. dew point -45°p,

T 28 sintered cooled to 800%F (426.700) in H2 air cooled to 6'0p
solution heat treated 30 min. =t 1000°F (537.8°C) cold water
quenched aged 4 days at 68°p = 1900.

TG same o8 T4 except aged 20 hr, at 3000? (148.900)

Same asg T4 except immediately cold formed sfter water quench
and then aged 20 hr. =t 300°F (198.9°C)
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Test results obtained wiith sintered Al sp-cimens are compsred

with the physicel propvrtics of cast and wrought pure Al in Table XII,

TABLE_XII : PHY3ICSL PHOPERTIES O CAST, WROUGHT AHD_SINTERED A1

Material  Pres- Sinter Density Tensile Elong. Red.
sure ~iug # of Strength % area
tei gycles Theore~ pai
tical
Cast Al - - - 8000 -~ 12000 20 - 40 30 - 60
Trought Al o~ = = 10000 - 15000 35 = 45 50 = 70
sintered 10  615°C 1 hr £8.0 9900 33 357
Al from 20 eracked Y5.4 11810 471 59
~%0 mesh 0 NHB 9.0 11850 48 57
powder 40 $8.8 11740 48 59
50 99.9 11400 46 55
aintered 10 85.0 4700 37 44
*l trom 20 —dom 44,2 11810 47 63
«~100 gesh 30 97.3 12000 49 66
powder 40 Yy, 4 11970 48 63
50 44.0 11900 46 60

It is particularly interesting to note the high ductility values
found in sintered ametsl., Indicating that not only refractory netsls,
but nleo low melting bosically ductile metsls can be produced by'P/N
to high degree of duetility provided thnt they are practicelly froe

ot pores.

11.4 Activated Sintering of Al end its_alloya:

Ro work on the activated ointering of 1l-Cu slloyds is

available, The activation efrect may be well achieved by chemical

pothot ©f activation e.g. in the presence of very small quantities
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of alloying elements. The possible groups in this case are:

i. Use of alloying elements with mutual solubility.
ii, Use of alloying elements that do not have solubility in the
subsirate. The substrate however has large solubility in t he

added element.

An activating effect of churmcter i) depends lergely on the
chemical neture, mobility, snd mode of introsucin g the alloying

element. The second group system is characterized by three impor~

tant aspectis:

a. The added metal is almost insocluble in the base metal.

b. The buge metal must to some extent be soluble in added metal,

80 thet it must difruse through it.

¢. The added metal should not oxidise throu gh sintering.

The operating mechénism i3 am when a solid solution exists
the diffusion process is inhibited due to higher energy formation
of vacancies. In the studids of solid solution formed during
sintering, a strong sinterability was obuerved with increasing
thickness of second element layer. By analogy with the enhanced
chemical rescticity of pheses in the nsscent state, an incressed
capucity for sintering iv readily conceivuble in solid solu tion.
This phenomenon is interprtted in terms of difrerence in partial
diffusion coeflicients that exiasts in alwmost all binery systems
and results in an wsccumuletion of vacancies on one side. The
efficacy of the activating additives depends ncot only on the nature

'

of added eleaenis, but also on the method of its introduction.

During sintering alloying of contact area betwéen the particles
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of compact is accomplished by other metnls which may be an addi-

tional vource of the properties of amintered material,

It has been found thuet uae of very swmall quantities of alloy
~-ing elements losery the sintering temperstures considerasbly,
Theoretical densities c¢an be achieved in a relatively shorter time,

Thus a sintering process is termed to be activatad(lg) if

i. The activation energy reyuired to t ransform a particulate
system into a coherent body is lowered, 1.e. the diffusion path is

changed favourably.

ii, Thg nuaber of atons participating during meas transport is

{increesed i.e. diffusion rlow is iancreased,

ii1i, The smrface or interparticle contact are i.aproved, B

The small percentages of added slloying elements may influ-
ence as follows: the non-uniformities caused by additives effec€
ihe sintaring(za) behanviour of an arrsy of particles for creating
a diffusion gradient much lurger than that normally conuidered in-’
the derivation of sintering equetiouns, Jince perfect mtomic mixing
is generally nol achisved upon the mechanicsl mixing o7 poﬁdera,'
the impurities or additivearé?ﬂﬁﬁg surfaces ot houst powders, and
thvrefire at the necks of slatering particles, If there is a
larger tendency for the hout wmateriel to di ffuse into the impurity
than the addiiive out, of the impurity then the concentrati on
gradient from the msss centre of the particle to the neck may be
rate controlling. At elevuted temperatures changes in solid solu-

pility will chunyge the driving force too, =»hen the compacis are
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first heated, surfonce impurities are still highly concentrated

at the necks and a faster vhrinksge mey be expected., As the
shrinknge proceedsa, much elloying occurs snd the driving force is
greutiy diminiched. This would be the cese i the impurities

or additive, renmained in the neck., If the 1mpurity dif fuuved
rapidly out trom the neck, sintering to high deneities would be
hihly impsired, This would cause the transport of matter away
from the neck., when the impurity cuuntent ios high Kirkendall type
of diftusion could result in the pores in the neck., Both of thede
would inhibit uneck formtion, growth rnd densificntion. Any
possible inmprovesent in the‘host pmaterial's bulk diffusivity by the
form-tion of defects would be concenirsted by a residuasl neck
porusity, and a subsequsnt decresse in grain buundery dirfusivity,
Thiy inhibity pore asnnihilstion, Thus it is eaxpected that even a
s8a8ll concentration of edditive can not slways be neglected, and

may even play a dominent role in the sinteriug process,

rathor¢2l)

studied the activution eflect on Al-3% Cu alloys
by boron following the meihod of chemical addition, Copper was
chqsen ns secound element in oéder 1o study its diffusion character
in the Al=-Cu systems, It was esimed as to improve the sintered
propetties under sane conditions, or reducing sintering period and/
or tempersture with practically no chrages in properties, —-45 po

ot M, Cu und B powders were compécted £t 5.1 tons/eBg.cm, to give

a green density of BS% of simple fl-Cu snd ¥0% for Boron added
alloy compucts, Thede were sintured at 550°C in vacuum of the
order .05 ma of Hg. The resulte are shown in Fig,.20,

Decrease ian density i.e, owelling wne obsorved on sintering,

/
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The etYect of Boron .as two fold:

l. Tt shifted the posk hardneso velue to left i,e, increansed the
rete of homogenizotion by incressed aiffusion betweon 21 aond Cu

particleas,

¢. Overall hordness was wore in case of boron added wpec.mens,
The density was found to bes constent t1ill 4 hours of sintering

nad a chunge wes uotved at the f£ifth hour, This suggeots thet the
porosity content utarted decreasinyg only atter 4 Hours of sinter-
ing (This cou%d be true as oxide rilm of Al delays the bond forma—
tion between Al particles). Grain growth and hence softening in
structure was indicnted after one hour in Boron added and after
two hours in simple Al-Cu sintered compucts. It was concluded that

the Borun activated tho procesa.

I1.5 dcops_of the Present_tork:

Although aluminium can be formed into low cost, close tole=
rance parts by other proceusas such as extirusion and die casting
yet ihere are 8 nunber of cases where powder Metsllurgy is the
ideal process, In Table XIl1 different test results obtained with
aintvered aluminium epecimens nre compared with the phyaical proper-
ties of cast end wrought pure eluminiom, It is particulorly inter
estin, to note the high ductility values found in sintered motals,
7his indicates thet 1¥ the part .. can ba produced prectically free
of pores by P/i, it can achieve high degree of ductility and
otrungth., Alusiniuw #/d psris sre less costly than ) die casting

e.3. becnuse of lower die cost and shorter lend time, Due to its

light seight, the transportstion churges ore siso winimum, Thus

]
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the cost saving ha3 averaged to 35,.4% on substituting existing
metsola and munuracturing methods with Al sintered componants(as),
It hes high wmalleability which provides esse in coming resultiing

in cloge size contrel :nd amirror like finish, Forgeability is slso
improved bocauve clotered Al posscusges & uniform structure without

alloy segrepation and xgrain orientvntion,

In the presont iavestigotion it was plenned to develop
Aluminium base copper slloy system by p/m, to study its sintering
behaviour and the extent to which it can be activated. Previous
work with 3% Cu-'1l by author‘dl) had ehown positive results of
activation with Boron in Al slloy system, althiough the properties
were not satisrucvorily obtuninea. %o the selection ot sintering
tempersiures and other parcmeters have been re-established to

optinise the sintering procedurs.
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CHAPTER I11

EXPERIMENTAL PROCEDURE

II1.1 Powder Characteristicsa:

gt

IIT1.1.1 Aluwiniua rowder:

tluminiuwm powder of 9Y.9% purity menufaciured under
asrrangepents with § ilerck AG, Barmstadt_ﬂﬁermauy) by Sarabhsi N
Chemicals Ltd., Baroda (Batch Wo. OC 004%43) was used. Its

characteristics sre as under;

l. sieve Znelysis: BS 3 Sieves were used, Fowders were shaken

in sieve shaker for 4% minutes, and 7¢% powder was =53 um.

2. VPlow: The powder was hested st 110°C and stored in descicator.

It did not flow through the Hall cup.

3. Apparent Density: It was msasured by the ASTH. B 417=64.
The powder was non-free flowing., The measured apparent density was

0.9 g/cc and a theoreticel density value of 2.7 g/cc was used.

4., Particle jhape: The stomised aluminium particles revealed
regulsr particle shape under the microscops, »t a mapgnification of

600 X,

I111.1.2 Coppsr Powder:

bl

Blectrolytic copper powder of 9YY.49Y% purity was used in the

preseéent investiygntion. The powder churactorietics ave asa
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follows:

1. Jdleve Anplyain: Powder wes shakon in B3SS Jieveas Yor 45 minutes.

gy of powder was =53 um and 60% below 37 pi,
2. Flow: Wried powder did not flow through the u511 cup.,

3. Apparent Denasivy: The appnrent density of this powder measured
by AST& B 417~64 method was 1.30 g/cc, the theoreticasl density

velie wvas talden as B.YZ g/cc.

4. Farticle Shape: The particles were irregulsr in shape ‘and
dendritic under the microacope when seen at a ma nification of

600 X.

111.1.3 3Bgron rowder:

]

anorphous Boron powder was used in the present investigation
It wos ground in pestrle aortar for 10 hours. Its particle size
was reduced 1o 4 to 6 um. The ground powder hed a spheriéal
pariicle anape, A'theoreticnl density value or 2.54 g/cc was taken

in the theoretical density caslculations of the alloy,
I11.2 Blengisg:

Three compouitions were chosen viz, 3% Cu-Al, 4% Cu, 5% Cu,
Pour lots of Al, Al-Cu alloy, end another four of Boron added
pystems wore made, These lots were blended in s double cone blender
for 8 hours ench till the uniform mixture was obteined. (The
weighing was made 1o an accuracy of 4 decimal places). The powders

wore leter stored in ¢ desicicetor,
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I11.3 Green Compact Formation:

High speed stecl punch and die of internsl dia 1.628 cm was
uged for the purpoge, The die was claaned with 7inc stearete to
the welding of powder with the die walls. The cylindrical compacts
were formeu using £.1 gm of respective powder in a hydraulic
pressing machine with a losd varistion of &+ 5 pc. The d¢dges of
green compact were smeothemed by csrefully rubbing on the fine
emery paper to facilitate the correct dimensivos measurements,

The weights euployed were 1.51, 2.206 and 3.02 tons/sq.cm. Desired
compucting yres.ures were obtsined in 1/2-~1 minute and then kept
congtant for 1} wminute in each case. The release wag made in 1/2

minute,

111.4 Sintering of Compacts:

‘The coupacts were sintered in a vacuum oY approximately 10'4
mm of mercury in a Kenthal wound resiatance turnace, The sintering
substrate in the compact wan piaced on gtainless steel pedestal,
The spucimens were hested t0 a temperature in the range of liquids
and so0lids on the equilibrium diagram i.e. at 600°C in one hour and
then maintained for the reuuired time. The sintering cycle is
ahown'in Iig . 1% wap selected »0 o8 to drive off moisture,
to volatile materisml ete. tefore the sintering temperature waes
achieved. ' The sintering time was measured from the instant the
temperafure was measured 10 within i 59C with a thermocouple placed
just sbuve the specimen.’ The vintering temperature was controlled
very approximately to the set value, by setting the voltage to the
furnace, at a coqatant value., After sintering the specimens were

cobled in vecuun.
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A sinterxng temperature of 600 > was Selected in order to
obtein. a liquid p.ase, as this temperature is above the entectic
tamperature i.e, 548 C on the equilibriun dlggram of Al-Cu alloy,.
The percentage. of liguid phase was < 1% in case of Al-3%Cu, 5.3 in
case of Al-4% Cu and 10.5 in Al-5% Cu. Sinterlng periods of 5 mts
1 houp; 2 hours, 3 hours and 4 hours were chosen. Simple an d -
Boron added Al powder compacts were also sintered at 600°C which is

esgentially a solid phese sintering.

The sketch of the experimental unit employed for sintering

is shown in Fig.III.1. v - ee

ITI.5 Density NMesapurement: S -

The density measurement wes done by mensuring the heights "of =
and along, -
the specimens at the oppo&ite ends of =& square,rihe diameter by a -
mwicrometer of least count .00l cm. and calculated. The theoretica;
Jensities data ot 2l as 2.7, Cu'as 8.92 cond Amorphous Boron as 2.54
were used in the work and the theoretical density of slloys wag

calculuted with the formula.

dt = - Mt,dx Qy
; a, dy + my dx
and
d, . ?t' dx . dy. dz
o, . dy - 4, m, dy « 4y +m, . d . dy

wvhere x,y and 2 are the differsnt components. Mt the total mass

or the powders, d d d are the densities of the required

x’ yl A

components,
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I111.4.2. Densification Parameter:

The densification parameter ( /A D) was calculated by the

Tformulae

vhere DS = 3Jintered density
no = QGreen Density

and BT = Theoretical density,

The densificstion paraaseter gives pbetter understanding of chonges
in density while takes into account the real change in dimen sions

and the green dimensions,

111.6 Herdness Meassurement:

The hsrdness measuremcnts were carried out on Vickers
Herdneas Tester at 5 Kg, losd. The observeaiions were taken along
vhe diameter, These were in the range of + 5 VPN, The medium of

theae resadin.,s was teaken as herdness value of the concerned specimen

111.7 Microstructural Studieg:

The specimens were polished per usual technigyues. The
microstructures revealed satisrectorily by etching with hydrofluo-
ric acid (HF). Metallographic studies were conducted on the large
incideat light camera as "Neophot 2". The microstructures were
examined ut different magnifications through out specimen, but the

pmicrouvtructures were taren at a magnification of 150 X,
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CHAPTER Iv

RESULTS

IV, Ef£f8ct of Compacting Pressure_on FPropervies of #1-Cu_Alloy

IV.i.1 Graen Dgnsity:

Green density velues of powder mixep investigated nanely
Al, Al-35 Cu, Al-43 Cu, Al-5%F Cu compressed at pressuraes of 1,5,
2.3 end 3.0 tonnes/sy.ca, aé?shown in Fig.IV.l (Table IV.1).
The density or all compacts incresass as compacting pressure
increases, the change in uniform particularly in case of pure
pAluminium, At e compacting'preaaure of 1.5 tonnea/sq.ém, the
green denéity is decreased wiith an increase in the copper content
but ss the pressure i8 increased to 2.3 tonnes/sq.cm., the green
density of A1-5% Cu salloy compéct increased considerably and

measurvs more than that of other two alloys.

IV.l.2 Depsificaiion Farameter: -

Densification parameter vanlue3 related to compacting
pressures are shown in Pig.IV.2 (Table 1V.2). The curves for
alusinium rises with the pressure ond then decrenges giving a
naximus 8t <.3 tonues/sqg.cm, It is contrary in cases ot alloys
which give & minimum at thejfﬁyzaaure.' The slloy mixers have
almost the same densificaetion paramatei when compressgsed at the

same pressure.
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TABLE_IV.k: BFFECT OF COMPCSITION AnD COMPACTING PRESSURE ON
BREEH DRLha 1TY OF Al-Cu ALLOYS
g Green Densi ty g/cc
vompoaition . -1
§1.51 tonnes/ 2.26 tonnos/ § 3.02 tonnes/
8¢.Cm, 8Y,.Clh, sg.cm,
Al-powder 2.34 2.43 2.54
Al-4% Cu 2.40 2.48 2.58
Al-5% Cu 2.40 2.54 2.61

TABLE IV.2 :

EFPECT OF COUPO3ITION AND COMFACTING PRESIUNE ON
DeNSIFICATION FANAZLTER OF Al=Cu ALLOYS, SINTERED
AT 6009¢ FOR_ONE HOUR

g Dengificetion Parameter A D

Composition 8
1.5 tonnes/ 8 2.3 tonnes/ % tonnes/

g 84.0m. _ sq.0m. 8q.cm,
Al - powder 0.44Y 0.049 0.0152
Al - 3% Cu 0,288 0.148 0.259
8l - 4% Cu 0.149 0.132 0.415
Al ~ 55 Cu

0.159 0.13Y 0.489
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It ia obaerved that proctically no densificatvion ie
obtained in Al when compressed at 3 touanes/sq.cm. However, the
curves reveal o very interesting fauct i.e. when the comprction
presased at ) tonnes/sqg.cn, the densitficotion paraneter increases
regulurly in the order A1, Al-3%, 4%, 5% Cu alloys. The
densificstion porameter (O D) values at 2,3 tonnes/sq.ca, cdmpact-
ing pressure cugygest that in order to obtain constant dimensicnal
chenges, this compactiog pressure of 2.3 tonnes/sq.cm, would be

ideal for the further investigations,

1V.1.3 Hsrdnegs:

The variation of hardneuuy with compacting pressure is shown
in Fig.lIVv.,3 (Table IV.3). Hardness increases with coapacting
pressure in cases the Cu content in Al is less than 5%. In
Al-5% Cu alloy maximum hardaoess value is obtained when it is
compacted at 2.3 tonnes/sd.ce. It is seen 1hat ss the Cu content
in Al increuses the hardness value oY compacts increases but for

Al=5% Cu syatewm it is pronounced oanly upto compacting pressure of

2.3 tonnes/sy.on,

Iv.2 gffeci of Boron Addition on fluminium Alloy Systems:

A v et e " g

The effect of Boron addition on Al and Al=-Cu alloy syatems
for different sintering periods upto 4 hours is studied in the
present investigmtion, The physicsl progerties i.e. densification

parameter ond hardness are compured in #igas. 1IV.4~11, Tables IV.4,

5.
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EFFECT OF CORPOSITION AND COUPACTING PREbSURh
ON HARDNESS OF Al-Cu ALLOYS, SINTERING AT 600°¢

FOR_ONE HOUR

x Hardness (VPN )

Composition g : .
8 1.5 tonnes/ 2.3 tonneg/ ., 3 tonnes/
0 sq.cm, 8q.cm. sq.cm,

- ] _—

Al - Powder 16 23 24

AL - 3% Cu 40 42 47

Al - 4% Cu 42 44 48

Al - 5% Cu 50 61 57
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TARLE 1V, 4 ¢ EF<CT OF COMPOSITIUN AND SINT&RING PHRIOD ON |

DeNSTRICATION PARADTER OF Al-Cu ALLOYS SINTERED
AT 600°C

(a) BSINPLE

[] ' % -
Alloy g 5 mis, 1 hr. § 2 hrs. E 3 hrs, 5 4 hrs,
Al 0.018 0,041 0.025 0.021 0.018
AL - 3 wth Cu 0.131 0.148 0,157 0.309 0,366
Al- 4 wi% Cu  =0.016 0.132 0.125 0.272 0.226
Al - S wtd Cu  =0.280, 0.13Y 0.112 Q.252 0.158

(&) BORON ADDED

T 4 ¥

Alloy _ g 5 mis. g 1l bhr. g Z hra. g 3 hrs. § 4 hrs.
Al «0.007 0.051 0,052 0.000 -0.022
Al - 3 ut® Cu -0.007 0.193 0.425 0.251 0,261
AL - 4 atd Cu ~0.214 0.262 0.280 0,286 0.140

Al = § Wt Cu 0.292 0.337 9.313 0.350 0.234
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IV.2.1 Denpification Parameter:

In the case of Aluminium (Pig.1V.4) A.ﬁ is positive in
Boron activated compacts 111l 2.30 hours and negative later, as
compared to simple Al powder. However, expansion of Boron added
Al compacts is observed when sintered for five minﬁtes. Again
expansion in Boron addedvagec1men was marked at a higher.sintern
ing period of four hours. The A D value at three hours wss zero
for Boron added compact. MNaximum densitication in caée of simple
Aluminium wes obtained when sintered for one hour and it is
decreased es sintering'period is increased. #s the Cu content in
Boron added Al increases, longer sintering periods could be made
possible to obtain a positive densification as compared to
simple Al-Cu cowpacts. PFor Boron added Al-3% Cu, as compared to
simple Al-3% Cu, a positive A D value is obtained till two hours
sintering period, which ( positive A D velue) increases to three
hours for mc¢tivated Al-4% Cu and to four'. hours(throughout
positive) for Boron added Al-5% Cu compositions. Expansion in
case of Boron added alloy mixtures containing 3% and 4% copper was
cbserved when sintered for a period of 5 minutes. But contrsction
was obgerved in case of Al-5% Cu-.05% B compacts sintered for a
period of 5 minutes, For Al-3% Cu the contraction remained
conagtant till 2 hoursa and then increamssed, but this increase vas
small and gradual after a'sintering period of 1 hour., Ffor
simple Al=4% Cu compacts the contraction increases till 3 hours

cnd then decreases whereas in case of Boron added samples there is

a constent contraction when sintered between 1-3 hours.[&ﬂ valuesg

decreases later. In Al-53 Cu compacts expansion is observed in
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aimple compacts when sintered for 5 minutes and then contréction
with a maximum at 3 hours. In Al-5% Cu-.05% B compacts contrac-
tion gfadually increases till s sintering period of 2 hours =snd
decreases beyond this period. It is also observed that at any
siotering period between 5 minutes and 4 hours A D values
decrease aé the Cu percentage is increased. This could not,

hovever, be confirmed in case of Boron added samples.

Comparing the densificuation parameter values in Table 1V.4
it becomes evident that the peak shifts towards lower sintering
periods as the Cu content in Al increases, The [\D values at
peaks in Boron added specimens increase with incresse in Cu
content and lowver sintering periods. This is, however, not

clearly evident in case of simple Al, AZ«Cu compacts.

IV.2.2 Hardness:

o marked change in hardness values of Al and R1-B compacts
with change in sintering period is observed., 1In cases of alloy
gyastems the Boron added specimens show gignificant chenges in the

hardness values. as compared to simple ones.

Changes in hardneas'yalues tor Al-3% Cu-B and Al-4% Cu-B
are throughout positive i.e. 1ill 4 hour sintering. But for
.A1~5% Cu-~B the positive effect is obteined till a sintering period
of 3 hours and is negative later. The pesk values as pointed out
in Table IV.5, on éomparison illustrate that as the Copper content
increases the peak shifts to lower sintering periocds. It is

further seen that maeximum haerdness {(peak values) increases with
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TABLE IV.5 EFFSCT OF COMPOSITION AND SINTERING P:RIODS ON
HARDNESS OF Al-Cu ALLOY3 SINTERKD AT _600°C
(a) SIMPLE
¢ |
Alloy E 5 mts, 8 1 hr. g 2 hrs.g 3 hrs., g 4 hrs.
Al 20 23 20 21 » 22
Al = 3% Cu 37 42 46 48 48
Al ~ 4% Cu 58 44 46 51 49
Al - 5% Cu 53 61 55 49 54
(b) BORON ADDED
Alloy § 5 mts.g lhg. 8 2 hrs.g 3 hrs.% 4 hrs,
0 | L
Al 21 22 22 21 22
#1 - 3% Cu 40 48 52 54 . 51
Al - 4% Cu 45 55 69 56 51
Al - 5% Cu 56 66 59 50 49
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increase in Copper content in Aluminiua in both activated and
non-activated alloy miXtures. The ebove mentioned effec¢t is amuch
proncunced in case of activated ones, and is in consistence with
the chenges obtadned in case of densification parameter values
(Table IV.4).

1V.3 Hicrostructural Studies:

oo

1V.3.,1 Bffect of Compacting Fressure on Microstructures of
Aluminium Alloys:

icrostructures of simple Aluminium end its alloys with
3%, 45, 5% Copper corresponding to compacting pressures of 1.5,
2.%, 3.0 tonnes/sy.cm. respectively sintered at 600°¢ for 1 hour

are shown in fig.lV.1l2.

In simple Aluminium compacts porosity seems to interconnects
as the pressure is increased. The Al-37% Cu compact yressed at
3 tonnes/sg.cm. i8 a compact structure and the pore size is small.
This reveals maximum denuvity as compared to other alloys pressed
at the same (3 tonnes/sq.cm.) pressure. In microstructure of the
M-5% Cu slloy, compacted at 2.3 tonnes/sq.cm., the pores gather
along the grain boundaries and is a homogenized structure. The

pores spherodize when compact@d; at & pressure of % tonnes/sq.cnm,

Mierostructures of Al-3%, 4% and 5% Cu slloys reveal more
porosity at a compacting pressure of 2.3 tonnes/sq.cm. than those

compacted at other two preasures,

IV.3.2 Effect of Sintering Feriod on dierostructures of
Aluminium Alloys:

The microphotographs of.simple and Boron added Aluminium
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compacts corresponding to & pressure of 2.3 tonnes/sq,.cn,
pressure, sintered at 600°¢ for various periods are shown in Pig,
1v.13 (a,b,c,d,e). The microstructures or Al compact show some
peculiar structures which change with incresse in sintering
vreriod. These can not hence be correlated with exporimental
results. Boron addition has modified the structure at 1 and 2

hours, and increases the grain size at 3 and 4 hours,

Hlicrophotographs of simple snd Boron added Al-3% Cu

compacts are shown in Fig.IV.1l4.

The microstructiures or simple Al-3/4 Cu compacts show
densification with the increase in gintering period. The micro-
gtructures at 5 minutes show 1ncomplete sintering. Homogenization
seems to start at 3 hours of sintering. The élloying tendency
is naturally more in case of cohpacts sintered fur longer periods.,
Sintering period of 4 hours yields best microstructure smong

others obtained till 4 hours.

The Boron added sesmples shows densification in microstruc—
tures ot compacts sintered for 1 and 2 hours, as compared to

simple ones.

The microstructures of simple and Boron added Al-4% Cu

alloy are shown in Fig.IV.15.

Simple Al-4% Cu structures densify with increase in
gintering period. The decrease in A D value at a sintering period
of 4 hour is not interpretable. The quan activated structures

can not be correlated with simple ones. More alloying of the
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structure is eviaent due to the change in etching behaviour of
slloyed purticlus beyond 2 hours, which could be due to the

presence of liguid phase,

Miorophotogra ho or eimple nnd Boron added Al-59% Cu alloy
sre shown in'?ig‘IV.lﬁ. rlthough the pore size decreases with
incresse in eintering period till » wintering period of 3 hours,
the increassed graln growih cen not be overlooked in this casé.
The homogenization is revesled by the difference in etching
behaviour, ©CGrain growth follows homogeneizavion. Grain growtih
is more in the c¢rse of Boron added compacts. It seews that
grain growth commences only safter sintering has proceseded to s

meximun extent, which corres,onds to 2 hours,
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CHAPTER V

o . . — o—

V.l. Effect of Compacting Pressure on Sintering Behaviour
of Al-Cu Alloy Compacts:

4s the compacting pressure iqcreases, porosity decreasges
+il11 an optimum density is obtained. The densification is
effecteq by the tendency of the particles to shift and reorien-
tate themselves to the state of minimum energy, thus reducing the
gize and amount of pores.' Both Al and Cu being FQC metals deform
readily without getting apprecisbly work hardened. Accordingly
only a low specific pressures will suffice to form green compacts
from their powders. On raising the compact ing pressure in case
of Al-powder a uniform increase in green density is observed
which becomes 93% of theoretical at a pressure of 3 tonnes/sq.cm.
Sintering for one hqur has improved the'density of Al«compacts
when compacted at 1.5 and 2.3 tonnes/sq.cm.‘respective;y. This

is verified by the microstructural studies (Fig,IV,12),

Thehardness of Al-sintered compacts increases with increease
in compacting pressure in_the initisl stage, but it ;emains
a1m05t constant when the pressure increases beyond 2.3 tonnes/sq.
cm., An increase in con?acting pressure decreases the inter-
particle distance snd thus increases the internal stress in the
compact. This cases the brittle A1203film to break at some of
contact points. The improved interparticle contact raises the

hardness and other physical properties after sintering.
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In Al-3% Cu alloy as the compaction progresses, more and
more voids between the particles get filled up. This feature has
been identical to the one observed by Martsunova et al (10>. The
densification parameter values of Al-3% Cu compacts give a minimum
at a compacting pressure of 2.3 toqneg/sqtcm. which is in consis-
‘tence with the microstructure (Fig.IV.12). The hardness variation
also bears a similar plot and naturally interparticle sirength

improves with compaction.

51-4% Cu a}loy compacts show lower green densities than
A1-3% Cu compacts. This may be attributed due to the bridge
formation‘by copper particles at this composition Which inhibits
the complete flow of powqer into the interstitials. ‘The densifi-
catiog parameter‘however. shows a similar character as 21-3% Cu |
al;oy! and achieves a better value when compressed at 3 tonnes/
sq.cm. This could however, be not confirmed from the micro-
structural (Fig.IV.l2): The hardness too ghows a similar

varistion. 1

In AlfS% Cu alloy the green degaity increases, which is
due to the'incregsed Cu'content in Alf The densification para-
meter values ’show a .similar_variation, the maximgm A D value
being at a compacting pressure gf 3 tonnes/sq.cm., which decreases
oh further increase_of_pressure; This decrease in hardness méy
be due to the pore'cparsening pecause of different gas preésure

thus providing a driving force.

The densification parameter values of Al, Al-3%, 4%, 5% Cu

at a compacting pressure of 3 tonnes/gq.cm. sShow opposite
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character as obtained in compacts when pressed at 1.5 tonnes/sq,cm
the incréase in AD value with respective increase in Cu content
takes place, which is‘due to more alloying and hence more amount
of equilibrium quantity of liquid phgse. This fact is well
established from the microstruc?ures, ag the porosity changes

directly confirm with A D plots. The change in hardness values

with composition also confirm the fact.

V.2 Effect of Sintering Feriod on Properties of Al-Cu admixed
Powder Compacts:

v.2.1. ﬁ;uminiumlPowdef Compsacts:

sintered sluminium compacts pressed at 2,3 @onqas/sq.cm.
revealed contraction on sintering at 600°¢C (Frig.Iv.8). The
contraction increases with s;ntering period till one hour and
beyond this pgriod decreasesd. Densification parameter vealues
show a positive effect of activation, till'2é hours by Boion
addition as compared to simple Al compacts. Beyond this period
expansion is caused in Boron added Al compacts. Boron addition
has delsyed the achievement of densification in early stages of
sintering, heqce expansion is obgerved in the compacts sintered
for 5 minutes. At such an early stage of sintering, it appears
that Boron atoms are not interacted with the matrix and hence
its part;cles‘are acting merely as dispersions then decreasing

the AD value.

10808 ¢
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The structural and property changes show é rapid state of
sintering. The sintering rate i@ simple Al compacts has proceeded
at a decreasing rate after 1 hour Boron addition makes longer
sintering periods possible, offering possibilities to achieve
better combinations of hardness and densification parameter. %he
microstructures of simple and Boron.added Al compacts do not show
the densificgtion behav;ou; clearly. The grain coarsening at
4 hours is evident (FigTIV.13), which may be due to selective
diffusion by a fewAgrains which grow together giving rise to

increased hardness.

Aluminium sintering at 600°C does not form any liquid phase
and the densificgtion.is achieved due to enhanqed rate of diffu-~-
sion by the activation of Boron in solid state. The hardness
variation,of sintered Al compacts does not clarify the sintering
behaviour. Boron.added Al compacts show negligible effect of

sintering period on hardness.

. ‘ A
V.2.2 Aluminium =3% Copper Alloy:

The effect of sintering period has not been pronounced on
the ZSD'values 111l 2 hours. Longer sintering periods increase
the densification rates which is attributed due %to the presence
of liquid phase formed at longer sintering pgriqu._ These are

in consistence with the microstructures (Fig.IV.14). Although in

case of Al-3% Cu alloy solidus falls at 600°C in Al-Cu equilibrium
diagram, yet this alloy appears to be more akin to the formation

of liguid phase. This is evidenced by the nature of densification
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and hardness curves (Fig.IV.5 and 9), which relate to those of
higher Cu containing alloys. Hence a small amount of liquid phase

(< 1%) must have formed incipiently during sintering.

The effect of‘Boron addition on densification in this alloy
is positive at sintering periods of 1 and 2 hours, is confirmed
by the microstructures also. The AD values of Boron added compsac
-t8 increase uniformly with increase in sintering period but it
has again delayed the achievement of densification, caused due to
non-uniform pgcking of particles and gon—uniform size distribution
The hardness values of the simple Al-3% Cu compacts increase with
gintering period and give a maximum at 3 hours, Here Boron
addition increases the diffusion rates of compscts which result

in increased hardness values,

V.2.3 Aluminium - 4% .Copiz.e.u: Alloys:

The density of simple Al=-4% Cu alloy increases with sinter-
ing period upto'E_hours and there is a decreage beyoqd that,
which is not explained by the microst;uctures. Boron addition
once again delayed the Sintering rate, whichvis attributed to
the same reaaons alrgady mentioned in the cases of Al and Al-3%

Cu sintered compacts.

Boron addition increases the AD values, the effect of
which is positive till 3 hours of sintering. Densification in
‘gimple and activated Al-4% Cu alloys is confirmed by the micro-
structures. The decrease in density of Boron added compacts
beyond 3 hours is due to the redigtribution of_segregated poro-

sity. In the present slloy liquid phase to the extent of 5.6%
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could form at the sintering temperature 600°C under equilibirum
Qondition. However, since we are not reading equilibrium, the
real amount of liguid would be less than this vslue. The forma-
tion of liquid phase activates the sintering of compacts by
increasing the density because of ipcreased flow of liquid. It
could also be concluded from Fig.lI,5, that the liyuid phase helps
in scattering the oxide films and facilitates the formation of

better contacts. (9)

Borop addition may formllow melting ternary phases increas-
ing the émount of liquid phgse, resulting in increased wetting
and hence increased density. Although Borqn.addition in Al
reduces the ligudus temperature of Al (Fig.V.l) yet due to non=-
availability of sufficient literature in ternary diagrgms for

Al-Cu-B the above mentioned effect could not confirmed.

The hsrdness values of ﬁhis particular alloy increase with
sintering periods till 3 hours, Boron added compacts give much
higher hardness values?an@ at the same time reduce the sintering
period essential to achieve the maximum possiblehardness offering
a still bet$er combination of A D and hardness values (PFig.IV.6
and 10). Higher hardness of sintered compacts as compared to
Al-3% Cu is attributed to the solid solution hardening as well
better sintering because of larger proportion of liquid phase

present.

V.2.4 Aluminium - 5% Copper Alloys:

-

The densification parameter values of this alloy are much

affected by Boron addition, the maximum being obtained at 2 hours,
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Boron addition has reduced the sintering period by one hour to
obtein the maximum. The D results correspond to the micro-
structures one after 1 hour of sintering.r It is important to

note that the delayed densirication observed.

Densificstion observed in Al, Al-3%, 4% Cu alloys at an
early stage of sintering ceaused by the dispersion of Boron is
eliminated in this case due to the formation of a sufficient
amount of liguid phase (10.6%), ﬁhich forms at a comparatively

low temperature as solidus talls to 560°C (Pig.II.10).

The saturation of hardness in Al-5% Cu slloy is attained
at a relatively short period i.e. 1 hour.3his is also due to
relatively longer time available for the liquid phase to diffuse
into the matrix because of the above mentioned factors, The
decrease in hardness bgyond one hour sintering appesrs to be
re;ated to grain growth as evidenced in the misrostructure (rig.
IV.16). The densification of structure takes place by close
approaches of the in@ividual crystallites, that takes place as
sintering progresses, Hence the 1iquid‘phase introdugtion during
sin.ering is an expedient which accelerates the gqhievement of
properties., The boundarieg of the crystallite have s decidihg
influence on the resulting properties of the sintered metal. As
the original particle boundaries are wesker, the recrystalliza-
tion associated with grain growth results in hetser properties of
the material than is possible in unrecrystallized compacts. The

formation of a closely point structure is attributed by surface -

tension torces. Once a homogeneous solid solution is formed,

eagiv OF ROORKEE

et

AR UM
cNTRAL LiTReeY W



39

further metallographic changes are only coarsening of the
structure, The larger grains of Al-Cu and Al-Cu-B alloys may

have formgd due to the interparticle alloying. During cooling of
the alloy, the liyuid phase present at that temperature solidifies
and is deposited into rewmaining Al—cﬁ crystallites resulting in

rather large sized alloy particles in the final structure.

For any composition of alloy investigated presently the
hardness value increases with the increase in al;oyigglcontent
and hence with sintering pe;iod. Comparing Figs., IV,9,10, and
11 the Cu contenf increases, the maximum hardness is obtained
at a lower sintering period which is due to more rapid alloying.
Boron addition activates the sintering process, as it gets

dissolved upto an extent of .001% in Al (24),

Table 1IV.4 shows_the effect of composition and sintering
period on densification. In Boron added specimens, A D values
increase with composit%qn, but respective maxima shift towards
lower sintering period;. This does not relate well with the AD
values of simple compacts. However, hardness'values in Table

IV.5 show a similar chahge in peak values with composition for

both simple and Boron added alloys.

Thus it is obvious from the above discussion that the
activation effect of Boron on sintering is more felt in high

copper content Aluminium alloys.
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Recent work of Naidich(zs) has shown that the surfsce
tension of liquid Al, with elloying by Cu increases with concen-
traction, This change is ravher rapid one after 10% of Cu in the
alloy. In the present investigation the concentration of Cu in
liquid will be more in highgr éu content alloys. This suggests
that wettability will be poor in in;tial stage of 1iquid phase
formation (at temperatures just above solidus) in higher Cu
containing alloys. This would naturally effect the liquid flow
stage during sintering such that in high Cu content alloys,
although the amount of liyuid is more, densification parameter
is glightly lower than the lower Cu containing alloys. Since such
a feature is not observed in Boron added specimens one can be
certain to select high Cu containing alloys with Boron to achieve
better overali properties of densitication as well as hardness,
Ve can therefore conclude that while discussing the liquid phase
sintering aspect of admixed metal powders the stages of alloying

ana its related physical effects must be deeply foreseen.
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CHAPTER VI

e M eame AAn WD wun  amh e W e

Isothermal sintering of Aluminium and A1-3%, 4%, 5% Cu
alloys was carried out at 600°C in vacuum of order of

-4

10 mm of Hg.

0.,05% Boron addition was made in the above alloys and it

was observed that Boron activates the sintering process.

Green compacts of aboye gyspems were prepared at diffgrent
compacting pressures viz. 1.5, 2.3 and 3 tonnes/sq,cnm,

It was observed that with increase in pressure the green
density increases and in case of alloys the density .

approximately increases with the alloying content.

Densification parameter variation, of above alloys sintered
at 60003 for 1 hour, with respect %o compacting pressure
exhibits different patterns for Aluminium, and Al-Cu alloys
such that in case of former A D decreases wbereas in latter
cases it incrgases with compacting pressure. ’From the plots,
tbe optimum cqmpgcting pressure for the alloys was foqnd as
2.3 tonnes/sq.cm. where the A D variation was minimum,
Hardness variation of above mentioned alloys bear a g8imilar
nature except for Al, where hardness increases even with

loss of‘éSD.
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Densification parameter variation of Aluminium - 3%, 4%,

5% copper alloys with respect to sintering period, when
sintered at 600°C shows the presence of peak such that

with increase in alloying ad@ition, the ﬁeak s hifts towards
the lesser sintering periods. This feature is more reflected

in case of Boron-activated sintered compacts.

A gimilar plot variation is observed in case of hardness
variation of sintered compacts with respect to the sintering
period. The hardness pesk increases in magnitude when
alloying a@dition.is.more and is observed at a lesser siﬂter—
ing period. However, Boron addition does not show improve-
ment of A D and hsrdness in all the cases unitormly. The

microstructural observations contfirm the above relationships.

The‘results have;been interpretted on the basig of different
propertions of liguid phase in different Al-Cu alloys, such
that larger the amount better the sintering'because of the

mass transport mechanism due tolliquid f;ow. The activation
effect of Boron appears to decreage the liquidus temperature

of Aluminium as well as the binary alloys thus enhanci ng the

liquid phase sintering.
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