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AB 3 T RAC T 

The present investigation forms a part of long term 

studies carried out in the department on activated sintering of 

Aluminium alloys. Ai-3%, 4%, 5% Cu alloy were activated sintered 

with addition of Boron isothermally at 60000 for different 

periods in vacuum. in addition the effect of compacting pressure 

on sintering behaviour of above alloys were also carried out and 

the optimum compacting pressure was 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 parameter and hardness peaks, which is observed during 

isother.ual sintering, increase in magnitude 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 during sintering and its possible effects on the 

sintering mechanism. 
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C H A P 2 9 R I 

I N 9 ROD V C? 1 ON 

Technical feasibility for the powder metullurgical (P/M) 

parts Inbricmtion process is derived from two physical effects, 

which are green 'densification or compressibility' and 'sintering'. 

Both effects are ,highly influential on properties and are related 

to each other through the pro~ertioc choien for use. Metal 

powders pousessin3 the right combination of compressibility And 

sinterability for part fabrication are highly specialized and 

developed product.. ; o the3e two import- nt vnri.metoro are 

determined to a large degree by the dimensional and physical 

properties of inuiviriusl particles. The aecund major physical 

effect fundamental to the /ci roes is sintering, which is 

described no the bonding of adjacent uurface of part icl= z in a 

mass of metal powder or a compact by hosting. f rscticnlly this 

process iu carried out in controlled atmouphere/vacuum furnaces. 

Sintering can proceed on the basis of sot id--solid diffuuion 

alone, or alternatively on the bouiu of mixed soil d—uolid, and 
liquid—solid diffusion depending upon alloy systems and sintering 

temperature. Under either conditions the sintering process mny 

be divided into three prscticnily identifiable itagesl~ as follows: 

1. Stage 1 : Initial Bonding: cowprisea P. converuion of mecheni-

cnlly Interlocked particle surface with true grain boufldaries 

approximately like these formed in cautings. 

2. Stage 2 : Neck growth: Neck growth cornpricies of mFt~ssive diffu- 

F1 
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eion across newly formed grain boundaries and the distortion of 

particle Shapes to form isolated portis in locations initially not 
mechanically interlocked. 

3. Stage 3 : Pore Shrinkage : It comprises the migration of atom 

size vacancics away from isolated pore surface to the compact 

external Surface. 

These sintering; stages are ehown(l)  in k'ig.l.l. 80% of 

potential mechanical properties are obteibed by sintering only 

enough to complete stage ,e, and in some 'Cases just enter stage 3 

to the point of pore mpherodizat.ion. . This relates to the fact that 

dimensional precision and economic productivity both are adversely 

effected by prolonged stage 3 sintering. This practice is develo-

ped around :sintering carried to the transition point between 
stages - and 3. 

It iu a matter of experimental observation that metal parts 

made by conventional pre3eing and sintering quite often J. takes 
an inordinately long time to achieve the desired density and 

strength, ii. lack in uniformity of strength along the dimensions 

of specimen, iii. lack in physical and mechanical properties such 

sae deity, elongation and impact .resistarnces, iv. require high 

temperatures for sintering. 

The process• of activated sintering offers the possibility 

of overcoming these difficulties by modifying the metal powder 

surfaces. The application of an activation process rests upon 

the assumption that sintering is mainly a phenomenon connected 

with surfaces and therefqre an activation or surfaces of powder 
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THRU STAOC-3 0? SIiT1tG: A: rPLG-1 jeARTICLS B0iT)S 
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TION 	COPitfl f ND FOROsITY I3 3PflQIZO. 
$19ThR1IG CULTUM43 tT t 3L0 RATE VIA VACANCY 
M1G.1IOt 0' JrOiIi JfIC6 TO URICI 	(1) 
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must improve sintering. Fred uurface of a solid is contributed 

as a zone of discontinuity when the forces of attraction between 

atoms are no longer in ejuilibrium Pnd lattice defects in the 

form of vr:.curicioa, foreign atoms and dislocations increase in 

number. These factors influence the structure of surface and 

the behaviour of the particles toward the surrounding medium. 

The expression 'Activated Sintering' is used in connection 

with the sintering of powder compacts, where the rate of sintering 

is modified by some phyjicel or chemical treatment of pow-der or 

compact by incorporating reactive gases e.g. H2  moisture in HW1, 
Nii4F, NH4C1 with a view to enhance deneifice.tion, mechanical 

strength, miz netic and electrical properties. Several physicsl 

and chemical methods of activation are now availableQ9)  but in the 
present investigation only one of the chemical method of activa-

tion Is tried viz. ointering in the prentunce of very sm..il quanti-

ties of al.Loying elements which have either mutual solubility or 

do not have solubility in the substrate. 



CHAPTER Z1 

II.1 Introduction: 

Production of Al p/m parts is quite difficult, as it 

causes trouble in both of the critically import-ant production 

stea.ps: compact int; and- s interiag. In the compacting process Al 

powder has a tendency to cause galling and seizure of the tooling 

somewhat more readily than other powders. It has a tendancy to 

extrud between the moving and stationary parts of the die. It 

also has poor flow rates. And if the part is compacted succoesfu-

fly Al has a tendency to weld to the die, so that the part can not 
. 	 o 

be ejected from the tooling. Even after thee factors are 

completed successfully sinteritag recr,ains another hurdle. It is 

difficult because of the presence of oxide films on Al powder 

particles.,, The scale of which is about 104 Ao  thick and may be 

broken up by the Al powder itself making it possible for sinter-

ing to be achieved even by conventional methods. 

Lubricants added io ease compaction of the powder cause 

sintering problems by genera in decomposition products. Lubri.can 

-th act as 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 euggested(2)  

lubricant is flake Al particles suspended in etearic acid dissolved 

in a commercial solvent, 

4 



The sintered parts tare reported (3) to be diutored and 

exhibit either macroporoity or property debilitating microscopic 

porosity, which they attribute to the oxvniijion of Air originally 

trapped during pre.ioing operntione. 

r.nineer&, have tried to overcome theme difficult ice, and 

have been uuccotul in obtaining properties comparable to those 

obtained by wrought or cast alloys. Difficult iou in compaction 

, nd ejection encounteru~t in x ure X11 powdery are leusoned conci- 

durably by the addition or Ca 	 , since Cu particles tend to 

di.. lodge + dheuion of Al particles to die walls. i he use of atom-

ized alloy powder eliminatau the molding and ejection difficulties 

entirely but the resulting pro.iucts are generally of inferior 

quality becauue of greater rigidity or particles +end therefore an 

increa€~eu porosity of tno compact for ted at conventional prey urea 

or 30--54 tie (4.63 -- 7.ts tonne/uq,.cm. ). On addition of perticulo r 

,y cu to ti the powder on compaction (5) behaves as it it were in 

a semirlt utic utr~te, end compacts with great ease under the press-

ure applied rr aging 3-20 tai (.47 - 3 for►rye/sq.em) depending upon 

the d©uired density, the 4uantity of powder being pressod and the 

surface to tr~.nev,zae crosasectional area ratio. The high plasti-

city allowing high denuification aiao produces good uintoring 

characteristics boc~►uue the elemental Cu poador naditive diffuses 

into nl very r►~laidly grid dir~of►oionnl control i,) fairly easy to 

obtain. 

I1.2  

The credit points for uuccesuful Al p/m part production 

are the eelocti.oa of right lubricants, die design and mnintaining 
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close control over the sintering process. The heat up rate during 

sintering is critical and must be kept above 20°C /min. An angular 

taker of 10' on the die walls simile r to the draft made on a cast-

ing mold helps prevent die sticking. The addition of copper (Cu) 

powder avoids other problems in the pressing of compact. The Cu 

powder coats the Al powder so that the die does not actually press 

Al and the compres sibility is increased. In these alloys the high 

plasticity of soft Al powder allowed for unusual compactions(4)  to 

be made in particular 3:1 :: 1:d ratios, where diameter varied less 

than 1 over the entire length of 5" of the piece. The piece 

themoolves could be pressed to density values as high as 97% 

theoretical.. 

.sintering of A]. is usually conducted in Air, N., Helium or 

dissociated nmmoais at a temperature slightly below the fusion 

temperature. Cromer and Cardianof 5)  worked on sintering of !l for 

30 minutes at 62000 sand the reuults are plotted in Figs. 11.2 and 

11.3. These figures compare f vourably with wrought Al as far as 

strent,th cht.rec erittcs are concerned, while the elongation falls 

somewhat short of normal. The effect of compacting pressure on Al 

compacts sintered in di a; oc1ated ammonia for one hour at 615°C is 

given in Table I. 

Aluminium attains complete density (2.7 ,g/cc) at already 

moderately low molding pressures because or its excellent plasti-

city. T3ickedyke(6)  obtained remarkable results with compacts hot 

pressed at 5 tai (.7th tonne/s ,. cm.) after initial cold compaction 

at 30  to l (47,  t onae/sy,. cm.) reproduced in Table II. 
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AtL1U : EFFECT 0 ' C 3. xACTi~wrx PRr. SSU g pN ALU ~lINT17, 4 COMPACTS 

laompact- Density Yield Tensile Elong. Reduction 
Ong Fr. g./cc Str. Str. in of area 
lei psi psi 1 	in. % 

L0 d.44 6160 8900 4.7 3.1 
?0 2.60 6460 11810 46.8 63.7 

2.69 6660 50 
 

11850 48.4 59.4 
t0 2.69 7600 117€ 0 37.5 47.7 

FABLE II : MECHANICAL PER01lRTI~."S Of ALtJt1IE+IUL1 C0 PACTS .rwrr 	 wwwr+a.~wrw.airr.~wr+~++r~wri..~w.rwr 

Hot-Pressed at 5 TS1 after Initial, Cold-Compaction at 
30 Tsi. 

v 

Pressing 	Brinell 	Ultimate 	Slon stion 
Temperature  hardness  Strength ._...K.~..r__.___.__.  psi o 	al, 

300 570 33.7 12,600 1.0 
400 750 30.6 12,400 2.0 
500 930 28.4 12,200 4.5 

600 1110 26.4 15,400 34.0 
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!effect of an increasing compacting pressure on density is 

pronounced only for log► preisure j. At the moderate pressure of 

30 t si (4.7 tonne/ s I. cm.) nearly theoretical density values are 

obtained while higher pre6suree result only in minor increase in 

density. The physical properties closely follow the same rule. 

I I.3.1 	~...?.: 

sintered AI—Cs alloys are probably of greatest promise. 

These inciuue binary alloys containing 1 -- 10% Cu, and also dura-

1nr in type containing about 0.5% each of tag, Mn in addition to 

4 

addition of copper from 4 to 6 wt.% to r,l yields strength 

near to that of wintered bronze. 95-5—Al—Cu powder mixture saes 

compacted by Kemf(7) at 40 tsi (6.2 tonne/eq.cm.) and sintered 

for 4 hours at 550°C. fie obtained a tensile strength of 32,330 psi 

(2264 Kg/cm2) with an elongation of 2%. The attainable physical 

pro~'ert ies are shown in Table III. Creaser an Ca.rdiano(7 ') have 

successfully sintered Al-4% Cu alloys at 60000 i.e. above the 

entectic temperature of these alloys, in spite of the usually 

observed tendency of alloy compact to slump or otherwise deform 

during ouch treatment. The beneficial effects of increasing the 

molding pressure on deity and the increase in tensile properties 

with rising initial pressures are shown in Fig. 11.4. The specs—

men were zintered at 600°C for 30 min. in R2 , Air And N2 as well 

and were quenched from 510°C immediately after : in ter ing . 
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TABLE III : PHYSICAL .PROPERTIi OF, "" 	=Cu CO1:AC?S 

sinter- Siater. 	Yield 	Tensile 	Elongation Reduc- 
i.ng 	ing 	Strength 	Strength 	in 1 in. 	Lion 
time  atmos-  psi  psi  of area 
hr.  phere  % 
_...~r.r.+~+wrr_+rrr_w.sw.~w.~.r~.rww.ar.~.www._r+w~r.wry.rrwrs..ww_riven.rrr~a.+ .w~..r+.wrr.w+.~.r.rrr+rrawr.~+—_r«.nww~w 

1  NH3  15,300  19,700  4  1.6 

Air  15,600  19,100  3  1,8 

4 	NH3 	1,900 	21,400 	4 	3.6 
Air  16,500  38,600  17  15.3 

TABLE IV: PHYSICAL PROP ;RTIES OF ALUt,IINIUM -COPPER COMA. ACTS 
.,..y...~ 	CONTAINING_ 	 Cu____. ,~...~, ~.. 	.....,._.......... r..,~,.... _.... 

a*__Y► 	 *+ _W~p~/IYM~..1IwNNI~.'_rY.YNl 	wMAR+lYY1ta.~.w._YFiIM~~IMM~Mwl Mal-MYMNAMfillwlr! 

Cold  Sinter  Furnace  Brinell  Ultimate 
Pr.  ing  atmosphere  hardness  strength  Elon ation 
tel 	 ` a 	 psi 

oC 0 ... ....r..._. ....w....._..,.___....._.........- . _-.__.,»,.... _ 	_ ...r ....... ___....»...._...,,._..,~...~ ........lam 
15 500 930 Air 43.6 12,000 1.0 
15 500 930 Vacuum 59.0 22,000 1.0 

15 590 1090 Air 73.2 31,600 1.0 

15 590 1090 Vacuum 88.7 40,203 5.0 

50 500 930 Air 74.7 30,400 2.0 

50 500 930 Vacuum 68.8 35,400 7.0 

50 590 1090 Vacuum 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 

50 620 1150 Vacuum 104 26,600 1.5 

E 
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Bictteruilie( ). jin'tered "l—bCu in vicuum using colloidal 

ghite un ra die lubricant. .«hen aintc rin; below the eat ectic 

teaper4n ure this den..uty wr i found to increr.ue et©ndi.ly with the 

aomp#4ctxn pre;suuro. Cowpactu preened t.t 40 tel (0 tonne/ey.cm) 

from the mixtuxe and ilnterod at 57000 for 2 hours exhibited a 

high otrengch of 44,640 psi (4955 kg/cm2) with an elon ration of 

4, 5. A 1-6Cu compact cold pre. aed at 15 to i (2. J tonne/eq. dm) 

and then hot preened at 5 is i. (.78 tonne/eq. cm.) Pnd 500© C gave 

a BHIN of 49.6, u tet~csile utrent;th of dd000 pei (1540 kg/cm2) and 

an elou&;etion of 6%. The beneficial effect on .Hardnede and tensi-

le rorurt ieu j icitered in v cuum au compared with o into ring in 

Air become apps-irent from the data (Table IV). 

The effect of couippectln,, preoaure and wintering tes pernture 

on ten~►ile etrun,,th end elonSation is shown in °, able V, while the 

influ; nce of copper ,e.rticle 4)lze on hnrdnedu and ten3ile strength 

ij ah;,*rz in Table VI. All proportioe uuun.31y improve %it h rising 

sitatering ternparz~ture.i and with dscreasine article size of Copper 

coe,lionint, •-hereaa the trend with rising compacting pre, sure is not 

clearly markt,d, s.nd for higher wintering tempura'turei optimum 

values are obtained wor medium pre4euree, 

iantanebe and Yamada(9) atuaiod Al-10% Cu alloys of 85 

denuiNy. Ujin mixed, preallo, od inc compozite powders uintcrod 

s,t 560°C. They obt,.iined maximum atrondLh vniuo rcith a +ve iner-

en o in volume in 1-2 hours and the mixed powdero shaved maximum 

effective utrength of 17 	. The uintnrin; was carried out 

in the prouence of the liq tid pha,)e, which nppoare because of the 
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AB- LE V : E 'PICT OF VM IAT IU;1 IN COLA-Ct AUTE0 	SURE HID SINTE}UNO 
TURN' Ora ULTI:OATS: T. t1, ILE )TRGUUG "H ?'.t D LLOttV't T0f OF 

6 A1--Cu C©__'S.._....__..._._.~..,.._....._..,...~.~.~ 	_.. 

inter- Ultimate utrength (in psi) for cold-compacting preauuro 

15 	20 25 30 35 	40 	45 50 

X10 950 - 	- 16000 21000 27400 27800 	31000 32800 
i28 982 - 	- 19600 35000 38200 (28400) 39200 41000 
,60 1040 - 	~7800 42500 43600 '44800 37000 	- 23800 
i75 1067 23000 	42600 39600 36000 1 3200 — 	— — 

i9O 1094 42000 	41604 40000 29400 — ,. 

;into r- 	 Elongation (in ) for ould--coumpacting pre ure(in toil 
.ng 	 of: 

tC 	of 	15 	20 	25 	30 	35 	40 	45 	50 

 

2.0  3.0  3.5  5.0 
5.0 (1.5) 6.5 11.0 

	

6.5 	4.0 	— 	<1.0 

	

1.0 	— 	— 	— 

i10 950 	— •• 	\ 1.0 1.0 
►28 982 	- - 	X1.0 4.5 
60 1040 	- (1.0 	5.0 5.0 
i75 1067 	x`1.0 4.5 	7.0 4.0 
i90 1094 	3.5 5.0 	3.0 1.5 
.....M......, •... 	,...•_....F...,..„.M.,wlr....«...~...........,win.`....»Mi.... wfl..., ....,,.._..R,...,.»,wir,».,1„M...,M,Rw M~.,..,..r1f...«i......,. ......,K.,,,.,,.~w..R....a r...,.q.► 
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contact mating or the particicu of uisuimilar inetalu correspond-
in to the eutectic ..ytems. The maximum strength obtained in 

case of mixed powders tu due to the fact that during formation of 

liquid phase in dissimilar partical boundaries the Al oxide film 
coating The powder particle is broken. 

The inicrohardnejs ofmetals and alloys in Al-10 Cu compact 

using mixed powders during sintering is shown in Table VII and 

ig.II.5 gives the liquid phase percent in mixed prealboyed and 
composite poderu during sintering, 

cartsuaova et al (lo)  worked on fine Al .powders or 5 to 15 ti 
size alloyed 4,ith ' 50 i Cu, pressed at 10-50 KN/cmd (1.2 - 5.8 

tonne/aq.cin.) and sintered in temperature range 460-640°C in silica 
tube at a k rououre of 1.33 N/rn2  (.014 tonne/sq.cw.) for 3. hou r. 

1-5 wt.% of Cu in 1 was investigated. The densIfictioa was 

found to increaab with increase in pre8ure only till 30 
(3.4d tonne/s.cm.) and reiiained constant beyond this. 95% of the 

green density of the theretica1 was obtained at about 30 KN/cm2  

(3.46 tonne/s.cm.). Cu percentgs has an infitionco on the poro-

sity of green compacts because of its different formability and 

elastic recovery propertieu as compared to 'Al. The sintered 

density too, depends upon the Cu content. At higher pressure the 

the contraction is obtained only in a.11oyu with lower Cu content, 

and this increases with the increase in sinterinb temperatures. 

Initial and final porosites relations with compacting pressure 

Cu c.tnpoition nad sintering temperatures are shown in Figu,II.6, 

7 and 8. 
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TABLE VI : I!1 LU ICI OF CO}P R P (! NCLr. .)I E ON HARD -33 AND ULTIMA S 

Copper 	_ Si,r~tor~. , 	 Brinell 	fflt imate 
particle 	 hardness 	teuusile 
size 	 0C 	 °P 	 strength 

p  psi 

< 45 520 968 71.7 26,200 
45 -- 79 520 96 64.3 19,600 
79 — 160 520 968 51.5 14,800 

45 5 1026 76.7 39,400 
45 — 79 552 1026 59.0 36,200 

79 — 160 554 1026 60.3 23,000 

R&ALI VIj : CHANGE IN MICRO t! ,DN d;3 OF E ALti & ALLOYS IN Al-10% Cu 
C0t1PJ C USIisG MIX D Poi#L)ER DU}.I U SIUTIL RIN O 

t_H_i....... _u__..i.._..._ _ _________________________4_________ _WY..Mme.....W__ W.M....,....._.fY.i'...W..__,lYM1,.4 __...... 

Hardness 	metal 	rreea 	Heated 	Heated at 56000 

	

& 	 Cop ct 	upto 	for 300 miry. 
Alloys 	 5600C 

	

Al  34  1  29 1 1  almost disappear 
end 

Micro— 
Vickers 	Cu—Al 
Hardness 	Alloy (a') 	— 	95±3 	91 ±1 
fly (508) 

Copper 	60 t 4 	disappeared 	— 
eateatic 
alloy(a'+G) 	— 	12±3 	116±6 
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The author cuests a compacting pressure of 30 KN/cm2  
(3. tonne/sq.cw.). The hardne's increases with increase in Cu 
content :.nzd/or sintering temperature. Very high temperatures may 
of courseyield coarse grains, which is becaune of the crystalliz-
ation from the melt whose quantit1 in the alloy per volume is 

higher than the olid phase e.g. from 450 (3 Cu) to 75S (5% Cu) 

close to b40 C. The composition of phase precipitated or separa- 

ted from the melt corresponding to the solid solution of Cu in Al 
ja deter.uined by the sintering temperature. 

Maximum hardness of the alloy is obtained by such an alloy-

ing of Al ,ith Cu at which the :structure remains fine. However, 

the hardness is sufficiently high even when the structure of alloy 
becomes coarse. The hardness plot has been shown in :"ig.II.9. 

X-ray analjsia revealed th<,.t the lattice constant is decreased 

during dieolution of Cu in Al. Higher the sintering temperature 

till the appearance of li.juid phase more and more Cu is dissolved 

In Al by means of solid state diffusion. The lattice constants of 

alloys in the temperature range of liquid phase sintering must 

increase with increase of sintering temperature. On observations 

of all the sinteriug temperature intervals they concluded that the 

curves correapon.ding to lattice constants of alloy w.r.t. sinter-

ing temperature have minimum. 

The method of sintering above entectic temperature can be 

studied by seeing the fl--Cu phase diagram ?ig.II.lO. Cohen heated 

above 548°C, the Al and Cu particles completely disappear and 

there appears a large amount of ea,tectic alloy ( oc+ 4) having a 
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melting point of 548°0. The sppenrance of this liquid at Jut 

above the eutectic tempern,ure nnci approaching a maximum value 

(33 ) until the be;innin , of a ateady 5600C stnge, after which it 

should grodu illy docrea: a Aloe, with time and temperature to near 

the minimum value 10 . X-~raj stuuies reveal thxst the part around 

the eutectic alloy become Al—Cu alloy ( )by diffusion of Cu atoms 

from the egte ct is alloy, but the greater part of the remainder 

maintains a state, close to pure fit. At higher uin`tering periods 

the structure approaches a state of equilibrium by further diffu-

sion of Cu stoma, that iu, the egtectic alloy decreases, while 

nearly all the Al matrix bt;cocne Al--Cu (ro )alloy. 

The alloying iv restricted by the prenence of k1203 scale. 

Thus it depends upon the metallic content of both powders follow—

in 6 breakage of Al 0, scale of ,the  Al t owde r in the compacting 

pres. On raisins thu temperature a s;aall amount of eutectic alloy 

becomes liquid. Subsequently the liquid phase becomen the nucleus 

iiround which a large cmount of liquid is rapidly prouced. This 

i believed to be caused by the great rapidity in the diffusion of 

te1--Cu atoms into the liquid phase compared to the solid. This 

large quantity of liquid prouuced on the point of contact helps to 

ucatter the Al 03 scale and thus imparts high strength values. It 

is therefore desirable that the liquid appears in the nei ;hbourhoc~d 

of the A1.Q3 scale and moreover it should be in 1'rgo quantities. 

In the Breen compacts usiu, mixed powders the Al and Cu powders 

:already have :ietallic contacts throudh the cracks of !►1203 scale. 

When whip cos pact I heated, Al. and Cu powder start alloying at 

comparatively low temperatures along this area of metallic contact, 
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and as a result oiall amount of eutectic alloy is forces. Above 

the ct,&toctic temperature the alloy becu;iet liquid, which by forci-

in,, nucleii increases rapidly. This phonomenon continues till the 

Cu po dor diva pears. tocau3e of this large quantities of liquid 

phase, the 4i'e'O3 scale along the particle boundary acatter into 

liquid phaae resulting in marked increaoo in strength of the 

compact. -ben kept at 560°C for along time the copper atoms 

dif.'using into the Al metrix cause the low strength entectio alloy 

to decrease in amo4nt and almost all the Al—matrix to become q—Cu 

alloy (oc) pousessing hi .h strength so that the strength value 

depends upon the amount of liquid phase appearing in the compact, 

when the etLtectic temperature is exceeded, and the position of its 

appearance. ::fixed powders develop more liquid phase over pro—

alloyed aria composite ones and hones develop maximum strend,th. 

.J. roper and o. Leuzethl)  investigated Al-4.4 Cu compre-- 

used to 9 	donokty, cinterea in a muffle furnace with 

protective atmosphere at dew point of 450Q tO —65°C at 5900C .for 
30 min. oilatometery ma used to study the einterin, process. It 

Wfsu found ttuct the sL a oi porooities decreases pith decreasing 

particle size of alloying elements. The u,nri ,it.ion of 'lu.minium 
pa-aruicle uize did not give any aidnificf nt result. The pore 
size is also effected in the some tcy. The dialotion s'ae caused 

above 54000. Since 54800 is the et ,test is tonpernture in p1—Cu 
Binary syftem. Thiw tomper• tcro at chi.ch the dialation begun. 

depended upon the particle size of Cu poodor. The finer the 

copper ponder, the lower is the temperature at the beginning of 

dialation. The amount of dinlation is determined bi the particle 
size of  &I and Cu powders, and the influence of Al powder is 
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stronger than that of Cu powder. It iu soon that the liquid phase 

cuoO3 the dielation. The particles of a fine powder are very 
quickly lituified, oo that the big dialation begins at a tempera-
ture compared with a coarse Cu powder. Since aumall particle size 

of Cu and 41 enables the liquid to disappear rapidly by diffusion 

the total dialation of the same is lowest. Therefore the amount of 

dialtion decreases with increasing fineness of Cu and Al particles 

The tensile strentb also iureaaee significantly with decreasing 

particle size of Cu and varied from 2.0k/mm2 (200 kp/cm2 ) to 

10.5 kp/mm (1050 kp/cm2 ) as the poflder particle size of Cu varied 
from —250 um to —32 am respectively. It was correlated that as 

the pure size of structure decreased tensile utrength increased. 

The dialatomoter curveu fo 	l—Cu alloys are shown in Fig. 11.11 

and 12. 

11 .3.2 

Compotitions containing 10 and 20 Cu oatabliailed(12)  that 

in alloy's in a state of partial ojuilibiruw obtained by 

controlled cinterinj procous, the properties are much dependent 

not only upon the degree of difuoion but also upon the presence 
of impurities. The ternary actditiow3 in Al—Cu systems have hence 

been inveotigatud. Cromer and Cardiano(8) included 95-4-0.5-0.5 

.A1—Cu—g—tin composition. On iiatering and further heat treating 

they Obtained hardness vuluo of 50 RB (?ig,XI.13). The specimens 

here pressed at 50 tai (7.8 toniaa/aq.ca.) and sintered in dry N2  

atmosphere for 30 minutes and at 580C C and flave a tensile stren- 

gth of 33000 psi (2310 Kg/a,om,) and elongation in I in of 105&. 
These compacts were water quenched at 5100C after sintering at 

580CC. 
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For 97-2.5-0.5 Al—Cu—Mg compositions produced by compacting 

the elemental powder mixture at only 30 tai (4-7 tonnes/eq.em.) 

followed by sintering at 61000 for 30 minutes in N2 atmosphere 

they report a tenuile strength of 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 and render well to sintering and precipitation hardening. 

Aluminium Corporation of America (AlCoa) has investigated 

systems containing .25% Cu, 40 Cu, 4.4 % Cu alloys, added to gene-

rate low melting intermetallic pnnaec. The other additions are 

big, i, Zn and other combinations, their compacting and sintering 

processes depend upon the evmpoaition, particle size and shape. 

The compre6sibility curve(13) for Al is compared to sponge iron 

or reduced Cu in ?ig.II.13. Al—Cu parts have a high degree of 

reproductivity hence for the control accurate sintering tempera-

ture is suggested. It is observed that at higher densities 

amount of shrinkage decreases. Density is affected more at higher 

temperatures of sintering. The effects of density and temperature 

on dimensions is shown in ?ig.ii.14. Dew points and atmospheres 

too effect the dimension changes. Higher dew point yield in exp-

ansione of compacts. Thus there would be a sharp decrease in 
properties. The dimensional cracks provide a +ve indication of 

furnace dew point conditions. The effect of dew point on dimen-

sioas and tensile strength are shown in Fig.lI.15. The atmospher-

ic effects of N2 , dissociated NH3 'and vacuum have been report~3t 5) 

Best sintering properties are obtained in N2 . The results are 
mown in Figs. 11.16-18. 
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0.e5; of Cu alloyu nre deQi6natod by A1coa.ea 601 AB 601 AC 

end 6Q,d tB comzorcinl a11oyu. Their coapoaittonu c►ro 8iven in 

Table V11 (a). The blend. with Ac iuffix contain no lubrionnt and 

are uned for iaoo1ut1c . x,roJutng. The t1 powder 1404 in tho bane 

mfitori* 1 in those alloys. The part.iol.e are irregular and nodular 

in ehnj,o which permit good pnrtfcle interlocking during eor pacing 

to provide high green and :sintered utrength. The alloying addit-

ionr hnve nice been added to incroaje the uirutored otren8th. These 

have been compacted t t low preen urea and obtain good den. it. ieo rat 
oo, rr.tivoly low preucuren. At 14 tai 601 AB hie bo©n coupacted 

to 90'; theoretical donetty and to 95" deneaty at .:5 tui (3.9 tonno/  

The ooc pre lion ratio rnn8ed frog 1.5 to 1.9 :: 1 depond- 

inI3 upon cot)p~.at1ng pretieure cad the method of feeding. The 

t rot ..rod properties hove boon dotuiled In Table TX and groen denoi-

ty of 601 AB in ^able X (a). 601 AR alloy achieves n tonailo 
strength of ran. in, from 16000 to 36000 psi (1140 to 2520 kd/sq.e 

depending upon the donaiti and heat tretrnent. loot forging at 

42700 tollooed by hone treatment Wive(16) tensile jtron, th of 

32000 pei to 3t000 pal {2240.2660 kg/crn2 ) ultimrite and 20,000 psi 

(1400 kd/om.4) yield along faith 6-16 elongation ( in 1 in.) with 

601 AA—T4 rind 44,000 to 50,000 Pus (3080 — 3500 kg/cs) ultimate, 

44,000-40,000 pal (30 30 to 340 kd/arid ) yield and 0.8> e1. on6 ration 

with 601 AB—Tb do,yondiagr upon for, ind ,prejuure rind Ncgo reduction 

during rfoln 5• H rdnuJj ha boon ujed nu nn u i,rox ►ante indina,-

t ,ors of atrench for Al p/m pc.rto. The value rfnt;ou from 55-60 

j ocKvioll H for thou. Thu h;.rdnoee taut wcs con. idored particular- 

1t beneficial an a control cloak during proceuc~ing. 



20 

T A8 1 1.gr VIII 	wV.Orr~r
w
1

iwTwwN A L  aU.;'2U SITtft 0, 	 lcoaALLOYS r 	 w ,A  

Blend  Cu 

501AB .25 
601 AC 	.25 
602 AS 

Si tag ?a Al 	Lubricant 

.6 1.0 .3 max. 1202 powder 	.1.5 

.6 1.0 .3 max 1202 powder 	Y- 

(b)  

Blend 	Cu 	Si 	Mg 	Fe 	Al 	Lubricant 

201 AB 	4.4 	.8 	0.4. 	.3 max. 1202 powder 	1.5 
201 AC 	4.4 	.8 	0.4 	.3 max. 1202 powder 
202 AB 	4.0 	— 	— 	 1202 powder 	1.5 



21 

T 	 X  : DESCRIPT 2014 OF VARIOUS TEMPE S FOR SINTERED Al P/M  ALLOYS  
(a) 

Alloy 	Green Thermal Tensile Yield Elongation 
Den-  Condition Strength Strep gth 

MN/m 
% in 

2.5 cm 
% k6/ear 

601 	' 	90.' 	2.42 	. T1  121 55 7.0 
AB 

s 'T6 224 214 2.0 

Sintered 30 min 
at 6210C in N2  

95 2.55 

601 90 2,42 
AC 

dintersd 20 miry. 
at 593 C 

95 2.55 

602 90 2.42 
AB 

T1  124 58.4 8.0 
T4  . 	152 103 5.0 
T6  252 241 2.0 

T1  137 54.5 11.0 
? 4  187 102 9.3 
T6 • 267 260 1.3 

T1  134 53.1 10.7 
P4  189 98.5 10.0 
T6  269 261 2.0 

T1  • 121 58.4 9.0 
P4  121 62 7.0 
T6  179 169 2.0 

Sintered 15 min. 
at 635°C 

90 2.42 T2  138 121 3.5 
T41 134 76 9.0 
T6] 183 169 2.5 

95 2.55 Ti  131 62 9.0 
T4  134 65.5 10.0 
T6  186 172 3,0 

95 2.55 T2  141 114 5.0 

T 41 141 79.5 10.0 
T6j  193 176 3.0 
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T A~ IX t Dr~SCRI;,T ION OF V M tIOUS TI PAS FOR_ IN ' RF oAl_PLM ALLOYS 
(b) 

Mr_w__a_w___rY1..w ______.w MiwiYr++F.YP__~~Aww+iYrw~.~arrM~ww+~w4~YFA1MPi1Y+~w~MTrw~rw~rY~ww+~~ 	 r *saaw 

Alloy 	Green Thermal Tensile Yield E1ongsitior 
Density condition strength 

~ 
;tre,c gth % in 

3 2.5 cm 
.rrr.wrYr.r.~w.r.+w+.w.rM_,~awwwMwr.r...l~yrw.+srwr._.w.i+.w_.rr,rA~..r.wMr1+. Wrrwwr..Y.+.ww..rw. .rw.rr.. w...~++r 

201 
AB 	90 	2.50 Ti 210 170 3.0 

T4 246 206 3.5 
• T6 323 - — 

Sintered 30 min,. 
at 593°C in N2 

95 	2.64 Ti 228 181 3.0 
T4 262 214 3.5 

• T 332 327 2.0 

201 	90 	2.50 T1 183 136 3.3 AC T4 28 223 4.7 
T6 337 

Sintered 20 nmin. at 
593°C in N2 

95 	2.64 	T1 	205 	147 	4.0 
T, 4 	319 	230 	6.0 
T6 	382 	370 	2.0 

wir~~wwNni►.www~ rr w.~~r.+vw.r .a,.w.r wwww~wwi~ 
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iABI.~ X 	:  

Compacting Breen Dena l ty Green Strength 
Praa3ure g/cc %age Pei 

7 4.29 85.0 450 

12 2.42 90.0 950 

25 2.55 X5.0 1500 

Compacting Grae Density green strength 
pressure g/ca % age psi 

7 2.33 83.7 550 
12 2.49 85.5 1150 

25 2.63 94.5 1900 
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Represoing improved the results, on repre.~sin at 25 tei 
(3.9 tonne/sq. cm.) the den +ity was improved from 2.45 g/oe to 
2.58 g/ca, nlon{; with a 4000 to 5000 psi (280-350 kg/cant ) increase 
in tensile t3trength. 

Alcoa 202 AH sradee contain 4 Ou(17 ). Itis easily mecha-
nically or isosts.tinzilly compcicted kind is specially suitable for 

application in parts requiring high strength coupled with high 
ductility. The relation of Cor. pectirig pre3jure with green density 
of Pl--Cu blend ,ins shown in 'ig.Il.19 and their properties in 
able XI. 

Alcoa 201 ABi and 2 01 AC are 4.4 Cu ternary alloys having 
nominal oonponition no in Table VIII (b). Their green densities 

is shown in Table X (b). 201 AB develops higher strength levels 
upto 48,000 psi (3360 , g/o ~) in the fully heat treated T6 temper. 

'roperties of 52,000.58,000 psi (3640-4060 kg/cm2 ) ultimate, 
37,000-38,000 p.3i (2590--2660 kg/amt ) Yields and 8—l8 elongation 

have been achieved with 201 AA—'T 4 and 57,000-X63,000 psi (3990-  

4410 kg/cn4 ) ultimate ad 5b,000-60,000 psi (3920-4200 kg,/cm2 ) 

yield and .5 to .8'i elongation with 201 AB—T6 . After cold forging 

the tensile propertied have been evaluated as 26,000-50,000 psi 
(1820-3500 k,d/cm2 ) ult imiite strength, 13,000-48,000 psi (910-

3360 kB/cm2 ) yield strength and 1-13 elongation. 
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TABLE XI : GREM ANt) SIWTERU) PROP RT IS 0? 202 AB COMPACTED AND COLD 
FUR:, D PARTS 

Green Green 	Sint- t)imen. Heat 	Ten. Yld" Comp. :long App. 
Den- 3tr. 	ered change treat 	$tr. Str. Yld Hard- 
ity psi. 	Den- 

sit 
y ad 	1000 

psi 
L000 
psi 

str. 
L000 

nose 
RE  Bm31/cc 

Compacted Performs: 
23.2 10.9 w- 10.0 

90 2.5 510 95 2.64 	-2.6,  T4 	28.2 17.2 - 	8.0 

	

P5 	33.0 21.3 - 	7.3 - 

Cold formed parts: 

90 	2.5 	510 	95 	2.64 	-2.6 	T2  33.9 31.4 33.4 	2.3 80 
T4  34.3 21.5 - 	8.0 70 
T6  39.8 25.1 2u.6 	8.7 85 
T8  4 0.6 36.2 - 	3.0 87 

Notes Presicater 3 hr. at 700-8000b' in N2. Sinter 15-30  min. at 1165 in 
N2  with avg. deny point -450 '. 

P1 	as sintered cooled to 8000F (425.7°0} in R2  air cooled to OF 

T 4 	Solution heat treated 30 min. ;.t 10000  ` (537.84C) cold water 
quenched aged 4 days at 68°F = 190C. 

p6 	same ae T4  except aged .0 hr. at 3000? (148.900) 

P8 	Same as T4  except immediately cold formed after water quench 
and then aged 20 hr. at 300°F' (198,9°C) 

0 
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Test results obtained with sintered Al sp'. cimens are compared 

with the phy; ica1 prpJurtiuu of cast and wrought pure Al in Table XII. 

material Free- Sinter Density Tensile 	:long. 	Red. 
auto -lug 

	

	' of 	A'treogth 	% 	area 
tel cycles Theore- pal 

tical 
.....a. 	 ,....,.rwww.ww..w *...r._,.-..W......_r` - - - 	._.... 

Cast Al 	- 	-0 	- 	8000 - 12000 	20 - 4.0 30 - 60 

:sought Al - - - 10000 - 15000 35 -~ 45 50 - 70 
Sintered 10 615°C I hr 88.0 9900 33 37 
Al from 20 cracked 95.4 11810 47 59 
-30 mesh 30 N 3 9 .0 11850 48 57 
powder 40 98.8 11790 48 59 

50 99.5 11900 46 55 

, fatered 10 85.0 9700 37 44 
P1 from 0 

ado 	
94.2 1181.0 47 63 

-100 mesh 30 97.3 12000 49 66 
powder 40 9u.4 11970 48 63 

50 9j.0 11900 46 60 

It is particularly interest iug to note the high ductility values 

found in eintered metal, Indicating that not only refractory metals,. 

but also low melting basically ductile metals can be produced by P/M 

to high degree of ductility provided th:tt they are practically free 

of pores. 

No work on the activated aintering of q -Cu alloy is 

available. The activation a ect rj r be well achieved by chemical 

thou of activation e.g. in the prosonce of very small quantities 



27 

of alloying elements. The possible groups in this case are: 

J. 	Use of alloying elements with mutual solubility. 

jj. Use of alloying elements that do not have solubility in the 
substrate. The substrate hoever has large solubility in t he 

added element. 

An activating effect of chracter i) depends largely on the 

chemical nature, mobility, and mode of iritroucin g the alloying  
element. The second group system is characterized by three impor-
tant aspects: 

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

b. The base metal must to some extent be soluble in added metal, 
so that it must diffuse through it. 

C. The added metal should riot oxidise throu gh sintering. 

The operating mechanism is an when a solid solution exists 

the diffusion procees 16 inhibited due to higher energy formation 

of vacanciQs. In the studies of solid solution formed during 

sintering, a 4trong sinterability was observed with increasing 

thickues or second element layer. By analogy with the enhanced 

chemical reacticity of phases in the nascent state, an increased 

capneity for sirtteririg lo readily conceivable in solid solu tion. 

This phenomenon is interpr4ted in terms of difference in partial 

diffusion coefficients that exiats in almost all binary systems 

and reults in an accumulation of vacancies on one side. The 

efficacy of the activating additiveu depends not only on the nature 

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

During sintering alloying of contact area between the particles 
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of compact 13 accomplished by of hur metals which may be an addi-

tional uource of the propert ieo of sintered material. 

It has been found tb~.i.t use of very small quantities of alloy 

—ing element8 loaeru the sintering temperstureo considerably. 

Theoretical densitie2 can be achieved in a relatively uhorter time. 
Thus a sintering process is termed to be activated(19) #f 

i. 	The activation energy required to t ranoform a particulate 

system into a coherent body is lowered, i.e. the diffusion path is 

changed fevournbi; . 

ii,, The number of atoms perticipetinEj during m ee transport is 

increased i.e. diffu3ion flow ie increased. 

111. The surface or interpprticle contact are iL-)provod. 

The small percentages of added alloying elements mny influ-

once as follow is the non—unii'ormi ties caused by additives effect 

the eir~tering(20) behaviour of an array of particles for creating 

a d .ffusion grud..ent much larger than that normally considered in-

the derivation of 4intering equations. dince perfect atomic mixing. 
is generally not achieved upon the mechanical mixin, of powders, 
the impurities or additive. ratp the surfaces of ho.it owder•~, and 

there f•ne at the necks of sititering particles. If there is a 

larger tendency for the hoot mntoriel to di Zf tae into the impurity 
than the additive out, of the impurity then the concentrati on 

gradient from the reads centre of the particle to the neck may be 

rate controlling. At elevated temperatures changes in solid eo.lu- 
pii j; t,y will orange the driving force too. .=,hen the compacts are 
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first heated, nurruce imuritieu are ati11 highly concentr+ ted 

at the nockn and a fnster hrinknge may be expected. As the 

ehrinkt, je proceeda, much alloying occurs =nd the driving force is 

reitay dimini hed. This voula be the case if the impurities 

or additive, remained in the neck. if the Impurity dii7 t'uiied 

rapidly out from the nec.:, cinteririg to high den®itiea. would be 

hi, hly impz fired. This would cause the transport of matter away 

from the €peck. Rhen the im,. urity euntent io high Kirkendafl type 

of difxuaion could reult in the pored in the neck. both of these 

would iphib i.t [lack form- t ion, ,krowth r.nd deny 1 ficr~tion. Any 

possible it prov went in the host materials bulk d itfucivity by the 

form-,tioa of defects would be ooncentrtited by a reaiduF.l neck 

poru;ai.t,y , €end a subse.;uent decrease in grain bvuadtry diffusivity. 

This inliib1t pore cennihiltt ion. Thus it is expected that even a 

aTasil concuutrntion of additive can not always be neglocted, and 

may even play a dominent role in the sinteri:g roceue. 

~+uthor(le1) studied the activation effect on 'l-3 Cu alloys 

by boron following the method of chemical addition. Copper was 

chosen ns second element in order to study its diffusion character 

in the AI-Cu sjete. It was aimed an to i aprove the wintered 
grope tt ies under sacae conditions, or reducing sintering period and/ 

or temperalaro with pruct tcally no ch- ngez in properties. -4 µm 

o f Al, Cu and 13 powders were compacted r. t y.1. tone/s 1. cm. to give 

a green density of 85; of simple el-Cu :nd t0f for Boron added 

alloy compnots. ?.heae were ciritere1 at 550°C in vacuum of the 

order .05 mm of Hg. The results are uho.rn in Fig.2Q. 

t)ecrea e in deruity i.e. uaelling wne observed on sintering, 
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'rh© effect of Boron wns two fold: 

1. it uhifted the ptu k hardaeso value to left i.e. Increased the 

rate of humo ,enizotion by Increased u iffuaion between 3, cad Cu 

part i clea. 

d. Overall hnrdne ,4 was c ©re in mace of boron added jpecLmsns. 

The density was found to be conutent till 4 hours of sintering 

once a ch.sn&e was fluted at the fifth hour. This auggeato that the 

porosity content ,started decreasing only aster 4 boure of sinter-

inG (This could be true as oxide film of Al delays the bond forma-

tion 
 

 between Al rnrticlus). 	Grain growth and hence softening in 

structure was indicated after one hour in Boron added and after 

two hoazre in simple Al—Cu sintered compGcts. It was concluded that 

the Rorun activated tho process. 

I 1.5 Sco, „_o L the Pre ►en t_ ~ o i s 

Although aluminium can be formed into low coat, close tole-

rance parts by other processee such ae extrusion and die casting 

yet there are a number of daces where powder 1etallur6y is the 

ideal process. In Table .SIT different test results obtained with 

Sintered aluminium ivecimen: ore compared with the phyjical proper—

t iec of cast vnd wrou~ytit pure elumin.ium. It irs psrticul -rly inter— 

e:stin, to note the high ductility valued found in sintered metals. 

hie indicates that it the part .a can be produced practically free 

of porco by P/14, It can nchiove high degree of ductility and 

atrungth. Aluminium kfu plrt;i era le6:j coutly than 11 die casting 

e.g. because of lower die coat and shorter lend time. Due to its 
light #eight, the trnri:a port t ion charges .,re also minimum. Thus 
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the cost saving ha3 aavernged to 35,4% on c ubstituting existing 

metela3 and 	nufeaturing methods with ti sintered componente(23) , 

It has high malleability which provido ease in corning resulting 

in clejo size control i.nd mirror like finish. Forgeability is also 

improved becau.;e jititered Al poiso ii ea a uniform otructuro without 

alloy negre itiorz and grain orientntion. 

In the present iavestit~ation it was p1rnned to develop 

Aluminium base co :per alloy system by ,p/m, to study its sintering 

behaviour and the extent to which it ann be activated. Previous 

work ith 3% cu-1 by author(41) had shown positive results of 

activation vith Boron in Al alloy ay ten t n though the properties 

were not uatiaf .ctorily obtainea. ')o the 3election of sintering 

temperatures and other ,~ rzmotero have been re—established to 

optimise the aintering procedure. 
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CHAPTER 	111 

111.1 Powder t;haracteriotics; 

I II.1.1 a u, win,i aq rawder; 

tl,uminiuin powder of 99.94 purity manufactured under 

arranaeoenta with , t erck !G. Darmstadt ( Germany) by Sarabhai M 
Chemicals Ltd., Baroda (Butch rho. OC 00493) was used. Its 
characteristics are t as under; 

1. Sieve nalysis: B$ 3 sieves were used. Powders were shaken 
in sieve ohnker for 45 miauteu, and 7d1 powder was —53 gim. 

2. Plow: The powder was heated at 1100C and stored in deaoicator. 

It did not flow through the Hall cup. 

3. Apparent Density: It was measured by the ATM. B 417-64. 

Thy: powder was non—free flowing. The measured apparent density was 

0.96 6/ac and a theoretical density value of 2.7 8/cc was used. 

4. Particle Shaape. The atomised aluminiva particles revealed 

roa;ulrnr particle shape under the aicr©qcove, s,t a ma;nificntion of 

600? X. 

I 11.1.2 9o; 	owdgr : 

1sctrolytic copper powder of 99.99 purity was used in the 

present inveatidntion. The powder ohureotoriotica are as 
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tollowe 

1. iievu Anuly4is: Fowdcr area sh~akon in 13S3 Jieves for 45 minutes. 

9,% of powder was —53 dun and 60% below 37 	. 

.4 	?low: Oriel powder did not floc throeh the Hall cup. 

3. Apparent tenuity: The apk: nrent density of this powder measured 

by AV B 417-64 method was 1.36 g/cc, the theoretical density 

v& a was taken as 8.92 &/Cc. 

4. d`art cle Shape: The part i clea were irregular in shape and 

dendritio under the microjcope when seen at a ma,,nificetion of 

600 X. 

111.1.3 Br rc 	rder: 

Amorphous Boron powder woe used in the present investigation 

7t was ground in peat-1e mortar for 10 hours. Its particle size 

was reduced to 4 to 6 um. The ground powder had a sj.herical 

par:,1cle onaps. A theoretical density value of 2.54 g/cc was taken 

in the theoretical density calculations of the alloy, 

111.2 R7 r+ i iRsi. 

Three compouitions were chosen viz. 3% Cu—Al, 4 Cu, 5% Cu. 

Four lots or 41, A1—Cu alloy, and another four of Boron added 

systems wore made. These lots were blended in a double cone blender 

t'or 8 hours each till the uniform mixture was obtained. (The 

weighing, was made to an accuracy of 4 decimal places). The powders 

were later stored in a doeicia~:tor. 
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High speed steel punch and die of internal dia 1.628 cm was 

used for the purpose. The die WRS cleaned with 7,inc stearste to 

the welding of powder with the die walls. The cylindrical compacts 

were formeu using 2.1 gm of respective powder in a hydraulic 

pressing machine with a load variation. of 	5 Pc. The ddgee of 

green compact were smoothened by-  carefully rubbing on the fine 

emery paper to facilitate the correct dimensions measurements. 

mu weights empLoyed were 1.51, 2.26 and 3.02 tori/sq.crn. Desired 

compacting rourO3 were obtained in 1/2-1 minute and then kept 

constant for 1 minute in each case. The release was made in 1/2 

minute. 

The coMpactJ were aintered in a vacuum of approximately 10-4 

mm of mercury in a Kvnthel wound reitmcé furance. The sintering 

substrate in the compact was placed on stainless steel pedestal. 

The spocimens were heated to a temperttare in the range of liquids 

and solids on the equilibrium diagram, i.e. at 600°C in one hour and 

then maintained for the required time. The ointering cycle is 

shown in fig 	. It was selected so as to drive off moisture, 

to vol&tile inaterial etc. tefore the sintering temperature wMs 

achieved. The sintering time was measured from the instant the 

temperature was measured to within 	5°C with a thermocouple placed 

just abuve the specimen. The sintering temperature was controlled 

very approximately to the set value, by setting the voltage to the 

furnace, at a constant value. After sintering the specimens were 

cooled in vacuum. 
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A sintering temperature of 6000C was selected in order to 
obtain. a liquid* pa:en, as this temperature is above the entectic 
temperature i.e. 548°C on the equilibrium diagram of 1—Cu alloy. 

The percentage,. of liquid phase was < 1% in case of Al-3%Cu, 5.3 in 

case of Al--4% Cu and IU.S in A1.-5 Cu. Sintering periods of 5 mte 
I hour, 2 houro, 3 hours and 4 hours were chosen. U.mple an d 

Boron added Al powder compacts were also sintered at 60000 which is 
essentially a solid phase sintering. 

The sketch of the experimental unit employed for wintering 

i&i shown in Pig.III.1.  

III .5 13enai 	Measurement; 

The density measurement was done by measuring the heights of 
the s ecimen3 at the O 	s . 	

dinC~ dame 
p 	 p,po.~i~te ends of a square, the diameter by a 

micrometer of least count .001 cm. and calculated. The theoretical 

ten$ i,t ies data of Al as 2.7, Gu 'asp 6.92 and Amorphous Boron as 2.54 

were used in the work and the theoretical density of alloys was 

calculated with the formula. 

t 	mX dy + my d 

and 
M~ . dX e d . d` 

mx . dy , dz + my . dX . dz + mz . dx . dy 

where x,y and z are the different components. M, the total mass 
of the po~•ders. d,, dy , dz , are the densities of the required 
components. 
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111.4.2. Densification 	 !w 

The deriiricat ion parameter ( £ D) was calculated by the 

formulae 

D —D 
D 	DD T 	.0 

here 	B9  = Sintered density 

D= Green Density 

and 	DT 	Theoretical density. 

The densification paranetor gives bettor understanding of changes 

in density while takes into account the real change in dimensions 

end the green dimenuions. 

111.6 	Hardneea Measurement: 

The hardness measurements were carried out on Vickers 

Hardness Tester at 5 Kg. load. The obervaione were taken along 

,,he diameter. These ere in the range of ± 5 VPN. The medium of 

these readiris was tacri as hardnessvalue of the concerned specimea  

111-7 	Micloitructuval Studies: 

The apecimens were poliened per usual techniques. The 

microstructur$3 revealtd c1tidftctorily by etching with hydrofluo-

ric acid (Hb'). detallographic itudios were conducted on the large 

incident light camera as "Neophot 21 .,The microtructureo were 

examined at different magnifications through out specimen, but the 

icroutrUOture were teuen at a magnification of 150 X. 



CHAPTER IV 

t 	8 2.,_ 3 

IV.1 	c 	~ Cry s c 	re 	c n,~Fr r G i r~ r —Qu Alloy 

Iv.i.1 102n ,DSn y; 

Green density values of powder mixes investigated namely 

Al, A1-3 Cu, Al-4 Cu, Al-5 Cu co,apreased at pre, ;cures of 1.5, 

,2.3 and 3.0 tonnes/eq.cm. 6t uhown in Fig.IV.1 (Table rv.1). 
The density of all compacts increases as compacting presjure 

increases, the change in uniform particularly in case of pure 

Aluminium. At a comp€cti.ng pressure of 1.5 tonnes/aq.cra. the 
green density is decreased with an increase in the copper content 

but as the pressure is increased to 2.3. tonnes/sq. cry. the green 
density of Al.—% Cu alloy compact increased considerably and 
meanuroe more than that of other two alloys. 

iV.1 I3 	 a ejer: 	- 

Denaification parameter values related to compacting 

pressures are shown in ?1,g.IV.4 (Table IV.2) . The curves for 

aluminium rises v1th the pressure and then decreases giving a 

maximum at 4.3 tomes/aq. ctn. it i.a contrary in cases of alloys 
above 

which give a minimum at the . pressure. The alloy mixers have 

almost the same dt3naifi.cution parameter when compressed at the 

same pressure. 
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TABLE XVj: EFFECT OF COr4PO1TIOU '1O CO1 cUO PRHUR OH 
t)iTY Of AI—Cu ALLOYS  

onpoait ion 	 - 
11-51 oniee/ 	.2o tonnos/ 0 3.02 tonnes/ 

Al—powder 2.34 2,43 2.54 
l-3 	Cu 2.42 2.53 2,60 

Al-4 	Cu .40 2.48 2.58 
A1-5 	Cu 4.40 2.54 2.61 

: EFFECT OF COPOi11ION ANt) COMtACTIUO PRF.86U'6 ON 
DIXCION AtLM OF Al—Cu ALLOYS, 3ITtJthD 
AT 6020  FOR ON HOUR  er 

Dennificat ion Parameter & 0 
composition 	

1.5 tonneu/ 	2.3 'tonnes/ 	3 tonnes/ 
V 	 Q 	sq.crn. 	 sq.cm. 

Al - powder 0.449 0.049 0.0152 
Al - 30 Cu 0.288 0.148 0.259 
Al - 4 	Cu 0.149 0.132 0.415 
Al - 5,40 0.159 0.139 0.489 

------------------------ 



It in observed that practically no densifieniton is 

obtained in Al when compreusod at 3 tonnes/sq.cm. However, the 

curvre:s reveal a very interesting fact i.e. when the ooingaction 

prow od at 3 tonnes/8.c11, the densi 'icot1on parr meter increases 

regul&rly in the order Al, Al-3' i 4, 5 Cu alloys. The 
densification porameter (t D) values at 2.3 tonnes/aq.ca. compact-

mg ptesoure sugjeut that in order to obtain constant dimensional 
ch :nges, thin compacting pressure of 2.3 tonnes/sq. cm. would be 
idea] for the further investigations. 

IV.]..3 K,,!e: 

The variation of hardneju with compacting pressure is shown 

in Pig.IV.3 (Table 1Y.3). Hardness increases with compacting 
pressure in cases the Cu content in Al is less than 5. in 
A1--5P Cu alloy maximum hardness value iu obtained when it is 

compacted at 2.3 tonne3/t3 L. cfa. it is seen that as the Cu content 
in Al increases the hardness value of compacts increases but for 
AI-5 Cu system it is pronounced only upto compacting pressure of 

2.3 tonnes/nti.om. 

1%'.2 .flfect cad 	r n~ ditign an i nl m 11 _ item ;. 
~ ~rrwrM~FMwiF~4► 

The effect of Boron addition on Al and Al—Cu alloy systems 

for different sintering periods upto 4 hours is studied in the 

present investig ation. The physics], properties i.e. densification 

parameter and hardness are coi pured in "igs. IV.4--11, Tables IV.4. 
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LE  IV- : 	EFFECT OF COMPOSITION AVO COMPACTING PRESSUR1 
ON HARDNESS OF Al—Cu ALLOYS, SINTERING ' 6000C 
FOR ONE HOUR 

Hardness (VPN) 
Composition 

1.5 'trues/ 	2.3 tonneit/ 	3 tonnes/ 
sq.cm. 	Q sq.cm. 	Q 	sq.cm. 

Al — Powder 3.6 21 24 
40 42 47 

Al — 4 	Cu 42 44 48 
Al -5-CU 50 61 57 
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T P~H~,,BLE Iv" 	a k:P!'tC`"l' OF CU:iTh 0317 IoNAN 13 TN9 r.RJN11 N#'.R10D ON 
t  N.~iFiCA? ioN .' W .IKH OF Al--Cu ALLOYS SINTFtL D 

(a) 3I61.Et 

rrrrr ..r.r..r+w,wrw.rr---re u.r.r.-- 	s.r+..~- 	.. --- _ 	 w+w.wwr+rtr•.~.~ 

Alloy 	+ 5 mts . 
irr 

1 hr 	4 hr. 	3 hr~e . 

Al 0.018 Q .  Q.41. 0.025 0.021 
Al. - 3 wt 	Cu 0.131 0.148 0.157 0.309 
Al-- 	4 wt% Cu -0.016 0.132 0.125 0s.?Z? 
Al - ; w t% Cu -0.280, 0.139 0.112 Q 25  

4 h rs . 

0.018 
.2. 6 
0.226 
0.158 

(b) B(3 ON 

Alloy 5 wta. 	1 hr. hra. 	3 hro. 	4 hra.  s 

Al -0.007 	0.051 Q052 	0.000 -0.022 
1 - 3 4t% Cu 	-0.007 	0.193 0.425 	0.251 €.4. 	. 
-  Cu 	-0.214 	0.262 0.260 0.140 

Al - 5 Cu 	0.292 	0.337 , ?s,: 	0.350 0.234 
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IV.2.Y, D,en i 	tion  Pa 	etari 

In the case of Aluminium (Pig.IV.4) & D is positive in 

Boron activated compacts till 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 minutes. Again 

expansion in Boron added specimen was marked at a higher sinter-

ing period of four hours. The A D value at three hours was zero 

for Boron added compact. Maximum deneification in case of simple 

Aluminium was obtained when aintered for one hour and it is 

decreased as sintering period is increased. As the Cu content in 

Boron added Al increases, longer sintering periods could be made 
possible to obtain a positive denaitication as compared to 

simple Al—Cu compacts. 	or Boron added A1-3% Cu, as compared to 
simple A]-3 Cu, a positive AD value is obtained till two hours, 

sintering period, which ( positive ©D value) increases to three 

hours for activated Al-4 Cu and to four 	huxure(throughout 

positive) for Boron added Al-5 Cu compositions. Expansion in 

case of Boron added alloy mixtures containing 3 and 40 copper was 

observed whoa sintered for a period of 5 minutes. But contraction 
was observed in case of Al-5i Cu—.05 B compacts sintered for a 

period of 5 minutes. For 'l-3 Cu the contraction remained 

constant till 2 hours and then increased, but this increase ryas 

small and gradual after a'cintering period of 1 hour. 	or 
simple Al-4a Cu compacts the contraction increases till 3 hours 

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

a constt-nt contraction when sintered between 1-3 hours, (j9 values 

decreases later. In Al--5 Cu compacts expansion is observed in 
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simple compact$ when sintered for 5 minutes and then contraction 

with a maximum at 3 hours. In Al-51S Cu-.O55 B compacts contrac--

tjv1 gradually increases till a sintering period of 2 hours and. 
decreases beyond this period. It is also observed that at any 

sintering period between 5 minutes And 4 hours (,~ D values 

decrease as the Cu percentage is increased. This could not, 

however, be confirmed in case of Boron added samples. 

Comparing the densification parameter values in Table IV.4 

it becomes evident that the peak shifts towards lover sintering 

periods at the Cu content in Al increases, The O D values at 

peaks in Boron added specimens increase with increase in Cu 

content and lover sintering periods. This is, however, not 
clearly evident in case of simple Al, EL—Cu compacts. 

IV. 2.2 H,a~rdne ss; 

lb o marked change in hardness values of Al and Al—B compacts 

with change in sintering period is observed. In cases of alloy 

systems the Boron added specimens show significant changes in the 

hardness values, as compared to simple ones. 

Changes in hardness values for Al-3 Cu—B and Al-4 Cu—B 
are throughout positive i.e. till 4 hour sintering. But for 

Al-5l Cu—B the positive effect is obtained till a sintering period 
of 3 hours and is negative later. The peak values as pointed out 

in Table IV.5, on comparison illustrate that as the Copper content 

increases the peak shifts to lower sintering periods. It is 
further seen that maximum hardness (peak values) increases with 
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TABLE!J 	EFFtC`r OF COMkOSITION AND SIt4TERING Y:Ri0DS ON 
HARDNESS OF Al—Cu ALLOYS SMITE. D AT 600°C 

(a) SIr'APkk 

Al loy 	 5 mks. 	1 hr. Q 2 hre.j 	3 hrs. 9 	4 hrs. 

Al 20 20 21 22 
Al 	-w 30 Cu 37 42 46 46 ,L8 
Al -- 4% Cu 38 44 46 ,,5,1 49 
Al - 54 	Cu 53 61 55 49 54 

Alloy 	5 mts• 	ihz. 	2 hrs. 	3 hre. 	4 hrs. 

Al 21 22 22 21 22 
Al --3%Cu 40 46 52 ,4 51 
Al - 4% Cu 45 55 60 56 51 
Al -- 5% Cu 56 66 59 50 49 

.~...~...,..........__._.___._....,.._.....,._..r.. _---____ _-_-___...__........~._.,....._. ...,...._.~ 
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increase in Copper content in Aluminium in both activated and 

non—activated alloy mixtures. The above mentioned effect is much 

pronounced in case of activated ones, and is in consistence with 

the changes obtained in case of densification parameter values 

(Table IV.4). 

IV.3 L1,irr„Utru turaj Studies: 
IV.3.1 Effect of Compacting Pressure on Microstructures of 

Aluminium_ ..l s:.__ . ____._______.___ 
flicrostructures of simple Aluminium and its alloys with 

3, 4, 5w Copper corresponding to compacting pressures of 1.5, 

2.3, 3.4 tonnes/sq.cm. respectively sintered at 600°C for 1 hour 

are shown in pig. i' .12. 

In simple Aluminium compacts porosity seems to interconnects 

as the pressure is increased. The Al-3 Cu compact pressed at 

3 tonnes/$q.. am. is a compact structure and the pore size is small. 

This reveals maximum density as compared to other alloys pressed 

at the same (3 tonnes/e(4. cal.) pressure. In microstructure of the 

Al-5 Cu alloy, compacted at 2.3 tonnes/sq.cm., the pores gather 

along the grain boundaries and is a homogenized structure. The 

pores epherodize when compacts at a pressure of ) tonnes/aq.cm. 

Microstructures of Il-35, 4 and 5055 Cu alloys reveal more 

porosity at a compacting pressure of 2.3 tonnes/sq.cm. than those 

compacted at other two preaaure&. 

IV.3.2 Effect of Sintering Period on icrostructures of 

The microphotographs of simple and Boron added Aluminium 
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compacts corresponding to a pre3sure of 2.3 tonnes/sq.cry, 
pressure, sintered at 6000C for various periods are shown in pig. 

IV.13 (a,b,c,d,e). The microstructures of Al compact show some 

peculiar structures which change with increase in sintering 

period. Theze can not hence be correlated with experimental 

results. boron addition has modified the structure at 1 and 2 
hours, and increases the grain size at 3 and 4 hours. 

Microphotographs of simple and Boron added Al.-3% Cu 

compacts are shown in Fig.IV.14. 

The microstructures of simple Al--3d Cu compacts show 

deneifica.tion with the increase in sintering period. The micro-

structures at 5 minutes show incomplete sintering. Homogenization 

seems to start apt - 3 hours of sinterit g. The alloying tendency,  
is naturally more in case of compacts sintered fir longer periods. 

Sintering period of 4 hours yields best microstructure among 

others obtained till. 4 hours. 

The Boron added samples shows densification in microstruc-

turea of 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. ?ig.iV.15. 

Simple Al-4 Cu structures dens ify with increase in 

sintering period. The decrease in 6 U value at a sintering period 

of 4 hour is not interpretable. The.Born activated structures 

can not be correlated with simple ones. More alloying of the 
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structure is oviaent due to the change in etching behaviour of 

alloyed pi. rti clou be fond 2 hour, which could be due to the 

presence of liquid phaoe.  

4icrophoto, rn., ho of aimplo rind Boron added Al-51 Cu alloy 

are uhotn in ig.IY.lb. 	lthoudh the pore size decreases with 

increa.;© is uintorind period till a wintering period of 3 hours, 

the increased drain trowth can not be overlooked in this ce.ee. 

The homogenization is revealed by the difference In etching 

behaviour, Grain growth rollo a homogeneiaation. Grain growth 

is more in the ci sc of Boron added compacts. It aeee that 

grain growth commences only after sintering has procceeded to a 

maximum extent, inich corrauj.onda to 2 hours. 
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CHAPTER V 

DISCUSSION 

V.1. 	Effect of Compacting Pressure on Sintering Behaviour 

As the compacting pressure increases, porosity decreases 

till an optimum density is obtained. The densification is 

effected by the tendency of the particles to shift and reorien- 
tate themselves to the state of minimum energy, thus reducing the 

size and amount of pores. Both Al and Cu being FCC metals deform 

readily without getting appreciably work hardened. Accordingly 

only a low specific pressures will suffice to form green compacts 

from their powders. On raising the compacting pressure in case 

of Al—powder a uniform increase in green density is observed 

which becomes 939E of theoretical at a pressure of 3 tonnes/sq.cm. 

Sintering for one hour has improved the density of Al—compacts 

when compacted at 1.5 and 2.3 tonnes/sq. cm. respectively. This 

is verified by the microstructural studies ('ig.IV.12). 

Thehardness of Al—sintered compacts increases with increase 

in compacting pressure in the initial stage, but it remains 

almost constant when the pressure increases beyond 2.3 tonnes/sq. 

cm. An increase in contacting pressure decreases the inter-

particle distance and 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 tonnes/sq.cm. which is in consis-

tence with the microstructure (Fig.IV.12). The hardness variation 

also bears a similar plot and naturally interparticle strength 

improves with compaction. 

Al-4% Cu alloy compacts show lower green densities than 

Al-3% Cu compacts. This may be attributed due to the bridge 

formation by copper particles at this composition which inhibits 

the complete flow of powder into the interstitials. The densifi-

cation parameter however, shows a similar character as Al-3% Cu 

alloy, and achieves a better value when compressed at 3 tonnes/ 

eq.cm. 	This could however, be not confirmed from the micro— 

structural (.ih ig•IV.12). The hardness too shows a similar 

variation. 	 I 

In Al-5% Cu alloy the green density increases, which is 

due to the'increased Cu content in Al. The densification para-

meter values show a similar variation, the maximum AD value 

being at a compacting pressure of 3 tonnes/sq.cm., which decreases 

on further increase of pressure. This decrease in hardness may 

be due to the pore coarsening because of different gas pressure 

thus, providing a driving force. 

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

at a compacting pressure of 3 tonnes/sq.cm. show opposite 
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character as obtained in compacts when pressed at 1.5 tpnnes/sq.cm 

the increase in QB value with respective increase in Cu content 

takes place, which is due to more alloying and hence more amount 

of equilibrium quantity of liquid phase. This fact is well 

established from the microstructures, as the porosity changes 

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

with composition also confirm the fact. 

V.2 	Effect of Sintering Period on Properties of Al—Cu admixed 

V.2.1. ,aluminium Powder Compacts; 

Sintered aluminium compacts pressed at 2.3 tonnes/sq.cm. 

revealed contraction on sintering at 600°C (!ig.IV.8). The 

contraction increases with sintering period till one hour and 

beyond this period decreased. Densification parameter values 

show a positive effect of activation, till 2 r hours by Boron 

addition as compared to simple Al compacts. Beyond this period 

expansion is caused in Boron added Al compacts. 	Boron addition 

has delayed the achievement of densifieation in early stages of 

sintering, hence expansion is observed 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 particles are acting merely as dispersions then decreasing 

the &D value. 

r r _ — ,....,,_.cry+ Cf ROORKEE 
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The structural and property changes show a rapid state of 

sintering. The sintering rate iei 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. The 

microstructures of simple and Boron added Al compacts do not show 

the densification behaviour clearly. The grain coarsening at 

4 hours is evident (Fig.IV.13), which may be due to selective 

diffusion by a few grains which grow together giving rise to 
increased hardness. 

Aluminium sintering at 600°C does not form any liquid phase 

and the densification is achieved due to enhanced 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. 

V . 2.2  

The effect of sintering period has not been pronounced on 

the Lei! values till 2 hours. Longer sintering periods increase 

the densification rates which is attributed due to the presence 

of liquid phase formed at longer sintering periods. 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 liquid 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 

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

The effect of Boron addition on densification in this alloy 

is positive at Sintering periods of I and 2 hours, is confirmed 

by the microstructures also. The p D values of Boron added compac 

—is increase uniformly with increase in sintering period but it 

has again delayed the achievement of densii'ication, caused due to 

non—uniform packing of particles and non—uniform size distribution. 

The hardness values of the simple Al-3% Cu compacts increase with 

sintering period and give a maximum at 3 hours. Here Boron 

addition increases the diffusion rates of compacts which result 

in increased hardness values. 

V.2.3 Aluminium - ~,Co,ppe£_ fl : 

The density of simple Al-4% Cu alloy increases with sinter-

ing period upto 3 hours and there is a decrease beyond that, 

which is not explained by the microstructures. Boron addition 

once again delayed the sintering rate, which is attributed to 

the same reasons already mentioned in the cases of Al and Al-3% 

Cu sintered compacts. 

Boron addition increases the &D values, the effect of 

which is positive till 3 hours of sintering. Densification in 

simple and activated Al-44 Cu alloys is confirmed by the micro-

structures. The decrease in density of Boron added compacts 

beyond 3 hours is due to the redistribution of segregated poro-

sity. In the present alloy liquid phase to the extent of 5.6%  
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could form at the sintering temperature 600°C under equilibirum 

condition. However, since we are not reaching equilibrium, the. 

real amount of liquid would be less than this value. The forma-

tion of liquid phase activates the sintering of compacts by 

increasing the density because of increased flow of liquid. It 

could also be concluded from Fig.II.5, that the liquid phase helps 

in scattering the oxide films and facilitates the formation of 

better contacts. (9) 

Boron addition may form low melting ternary phases increas-

ing the amount of liquid phase, resulting in increased wetting 

and hence increased density. Although Boron addition in Al 

reduces the litudus temperature of Al (Fig.V.l) yet due to non-

availability of sufficient literature in ternary diagrams for 

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

The hardness values of this particular alloy increase with 

sintering periods till 3 hours. Boron added compacts give much 

higher hardness values and at the same time reduce the sintering 

period essential to achieve the maximum possiblehardness offering 

a still better combination of p D and hardness values (Fig.IV.6 

and 10). Higher hardness of sintered compacts as compared to 

A.1-3% Cu is attributed to the solid solution hardening as well 

better Sintering because of larger proportion of liquid phase 

present. 

V.2.4 Aluminium ~,S C©2ger Alto r-si 

The densification 1iarameter 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 

obtain the maximum. The 	D results correspond to the micro- 
structures one after 1 hour of sintering. It is important to 

note that the delayed densification observed. 

Densification observed in Al, Al-3%, 4% Cu alloys at an 

early stage of sintering caused by the dispersion of Boron is 

eliminated in this case due to the formation of a sufficient 

amount of liquid phase (10.6%), which forms at a comparatively 

low temperature as solidus falls to 560°C (Fig.II.14). 

The saturation of hardness in ,A1--5% Cu alloy 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 beyond one hour sintering appears to be 

related to grain growth as evidenced in the microstructure (Fig. 

iv.16). The densification of structure takes place by close 

approaches of the individual crystallites, that takes place as 

sintering progresses. Hence the liquid phase introduction during 

sin,.ering is an expedient which accelerates the achievement of 

properties. The boundaries of the crystallite have a. deciding 

influence on the resulting properties of the sintered metal. As 

the original particle boundaries are weaker, the recrystalliza-

tion associated with grain growth results in better properties of 

the material than is possible in unrecrystallized compacts. The 

formation of a closely point structure is attributed by surface 

tension forces. Once a homogeneous solid solution is formed, 

-,ç; OF R40RKEf 
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further metallographic changes are only coarsening of the 

structure. The larger grains of Al—Cu and A1-~Cu--B alloys may 

have formed due to the interparticle alloying. During cooling of 

the alloy, the liquid phase present at that temperature solidifies 

and is deposited into remaining Al—Cu 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 alloying content 

and hence with sintering period. Comparing Figs. IV.9,10, and 

11 the Cu content 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 IV.4 shows the effect of composition and sintering 

period on densification. In Boron added specimens, Q D values 

increase with composition, but respective maxima shift towards 

lower sintering periods. This does not relate well with the 	D 

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(26)  has shown that the surface 

tension of liquid Al, with alloying by Cu increases with concen-

traction. This change is rather rapid one after 1O of Cu in the 

alloy. In the present investigation the concentration of Cu in 

liquid will be more in higher Cu content alloys. This suggests 

that wettability will be poor in initial stage of liquid 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 liquid is more, densification parameter 

is slightly 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 overall properties of densification as well as hardness. 

We can therefore conclude that while discussing the liquid phase 

sintering aspect of admixed metal powders the stages of alloying 

and its related physical effects must be deeply foreseen. 



C RAPT R VI 

CONCLUS IO N B 

1. Isothermal sintering of Aluminium and Al-3%, 4%, 5% Cu 

alloys was carried out at 6000C in vacuum of order of 

10-4  mm of Hg. 

2. 0.05% Boron addition was made in the above alloys and it 

was observed that Boron activates the sintering process. 

3. Green compacts of above systems were prepared at different 

compacting pressures viz. 1.5, 2.3 and 3 tonnes/sq.cm, 

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. 

4. Densification parameter variation, of above alloys sintered. 

at 600°C for 1 hour, with respect to compacting pressure 

exhibits different patterns for Aluminium, and Al—Cu alloys 

such that in case of former AD decreases whereas in latter 

cases it increases with compacting pressure. From the plots, 

the optimum compacting pressure for the alloys was found as 

2.3 tonnes/sq.cm. where the & D variation was minimum. 

Hardness variation of above mentioned alloys bear a similar 

nature except for Al, where hardness increases even with 

loss of Q D. 

57 
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5. Densification parameter variation of Aluminium — 3~►, 4%, 

5% copper alloys with respect to sintering period, when 
sintered at 60000 shows the presence of peak such that 

with increase in alloying addition, the peak s hifts towards 

the lesser sintering periods. This feature is more reflected 

in case of Boron—activated sintered compacts. 

6. A similar plot variation is observed in case of hardness 

variation of sintered compacts with respect to the sintering 

period. The hardness peak increases in magnitude when 

alloying addition is more and is observed at a lesser sinter-

ing period. However, Boron addition does not show improve-

ment of d D and hardness in all the cases uniformly. The 

mierostructural observations confirm the above relationships. 

7. The results have been interpretted on the basis of different 

proportions of liquid phase in different Al—Cu alloys, such 

that larger the amount better the sintering because of the 

mass transport mechanism due to liquid flow. The activation 

effect of Boron appears to decrease the liquidus temperature 

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

liquid phase sintering. 
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