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Tho majority of automotive pistons are ca.'lt in one of the growp of
low expansion aluminium-silicon outectic alloys. The structure and
properties, of these a Iloys are very mur;hdependent upon coo ling
rate. composition, mod/f'lcation and heat treatment operations. The
effect of these variables have been investigated in this study.
For this purpose. lor.ally availnble automotive 'scrap pistons'
were used as baslc raw mnierials. Strontium master alloy (AI-14%
Si-10$ Sr) was used as a source of modi'fier. Nat;ural gas firlJd

crucible furrlace We'"w,ad for mell-ing purpose.

7he microstructures of the alloy both at modified and unmodi'fied
conditions have been studied in t;his investigation. Propert;iel" like
UTS, percentage elongation, hardness and percentagE! porosity for
rates of" coo 1 ing "'lth and without st;rontium

addition. Significant changes in structures were observed to occur
specially in the primary and eutectip si7icon phases. ModiFication
exh Ibi ts the uni form, rounded and g lobu Iar s iii con instead of

acicular type.

Full heat treatment (e.g., solution, ageing and precipitation
treatments) has also shown a great inFluenr;e on t;he structure and
properties o'f aluminium-srlicon pist;on alloy. The exceptional hiOh
tensi Ie strength and hardness were attributed to the heat treatment
condition ",ith decrease in ductility. The heat treatment after
modification produced the best combination of structure ~md
properties of aluminium-silicon piston alloy. It 1S found that the
sand cast material is more responsive to heat treatment than the
chill cast material. The rf!sldual stress in the modiFied alloy is

fu7ly relieved due to thBrm;;1 treatment.

Finally. attemnts hilV'" neen made to correlate the obDerved
structures and pr.oP'H-tie~,obtalnod during the experiment.
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Aluminium-silicon alloys have the potential for high strength,

excellent castability, good weldability, pressure tightness,

thermal conductivity, strength at elevated temperature and

corrosion re:::istan<;". They ar", therefore well suited for aerospace

structural application, automobile industry, military application
etc. The low expansion group of aluminium-silicon eutectic or near
eutectic alloys are referred to as piston alloy. This alloy offers
a design engineer, a potential replacement of cast iron for 60"\6

applications specially for automotive pistons (both diesel and

petrol engine), cylinder blocks, liners etc .. This alloy can also

be used ~n compressors. reciprocating pumps, agricultural

equipn,ents and for other englne parts operated at elevated

temperature. In recent yents, it has further been established that

their- technological properties C<l.nbe enhanced by varying the

process variables like controlling cooling rate during

solidification, adding

operations "tc.

modifiers, applying thermal treatment

A review of the rec"nt lil."rature shows I:h"t a ']ceat deal of effort

has been made to modify the> fl_lloy effectively. Earlier work for
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modification of aluminium-idlicon alloy was done with sodium or its

salt and latter, it was carried out with strontium, One important
feature of strontium mentioned in the literature is that its effect

is similar to sodium but lasting longer than those of sodium,

Therefore, the use of st.rontium should prove to have several

advantages including the [H'oduction and marketing of premodified

ingotl>. However, if the alloy is heat treated, the 6trength and

hardness are incre~sed, Furthermore, tbis thermal treatment ~lso
relievos till" internal residual stress of the casting, improving the

serv](;e performance of the dlloy.

The general theme of thf' pre-Rent investigation was to observe

effects of coaling. rate , stl:ontium modification and heat treatment

operation on the structure and properties of this alloy.

However, Nowadays, most of the spare parts which belong to this low

expanSlon group are being purchased from abroad with hard earned

iOrelgn currency. No research work has been carried out In

Bangladesh to populatlSe the use of aluminium-silicon piston

alloy "nth basic metallurglcal v3.riables. Another aim of the

project waE' to flnd 01Jt specific conclusions and fonrard

recommendations towaT.ds the technological use of this alloy for

.local aut.l)lIlobile sparn ['<lrt.s manufact.urers.
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2.1. Introduction:

Alum'lnurn is one of the most import,ant, non-ferrouB metals tadit;'.

After steels i;\ndcast irons, aluminum and itE>alloys constitute the

biggest single group of metallic materials used by man. Out of 70
million tones per" Y\:lar, alum'inium prGHHmtly occupies the top

position with ovar 18 mi11 ion tones per annum!!I. Before the Second

World War, it ranked fourt,h bah"ind copper, Zlnc and lead in that

order. In 1955 it jumpE"l to firs'L p1>1ce and has since recorded the

impressive growtll rate of over eight percent per year for over 30

years no".

Recent dev(Jlopment,B lrl non-ferrous ",110Y6 have opened new

POS61billtias in the field of a<orospace technology and other

related fields of rnat"rials in different developed countries. The

aer os pace techno logy. ~lutomDbi1e industry. ate. most 1y use the

A1umi u"ium-Si 1icon alloys. During the pa~t 10 years, a very

successful effort ha" been m"d", to improve and develop new

aluminum alloysl)l.
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Basical'ly, modern alloy development can be divided into four

groupal31,

(il Hig~l strength alloys (".g. Al-Si, Al-Zn-Mg-Cu)

(ii) Heat resistant alloys (e.g. Al-Fa-X)

(iii) Low density/high stiffness alloys (e.g. Al-Li-X)
(iv) Metal Matrix Composites or simply MMC

High strength alloys are used in areas where a high

streng thjdensi ty rat io 1$ requi red, e. II. in aerospace and transport

technology. Development of an alloy of aluminium-silicon in the USA

culminated in its succ6<isful use as en engine cyl'indar block in the

Chevrolet Vega car in 19701,!. Although alurninum alloy cylinder

block castlng had been w,ed in t.t.e DClst, they usually incorporated

a cylinder liner to provide the necessary wear resistance to the

bore.

The following are th", special features of aluminium-silicon
1<,alloy,;'" :

(i l High thermal conductivity: About three times that of cast

lrOn, which result.s in improved rates of heat transfer with

regar'd to the cool ing water and the lLlbr'icat'ion syst.ems.

(ii) Low coeff'icient of thermal expansion: Only slightly higher

than thelt of CElBt. 'Iron.

(iii) t~ost of the physical and mechnn'ical proper'deE; Qre r'etained
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at operatlOI.l tBmper-at,ure.

(i,,) Enhance corrosion resistance.

('I) Aciapt.Bbil'ity to IHt:lcif)ion c;aat,in>l techniqu8e (i.e. die

casting)
(vi) Weur Resistance.

(vii) Reduced weight: donsiLy about 1/3 that of cast iron.

The last feature 15 particularly significant in ,the cumulative

r,hilriJGt.f!r of th"l rO'-"lIL~). AS tho engina becoml'a lightar, L118

support 1ng 5t,ructure can be m"de 1ighter, thus decreasing the over

all car weight. The n,sult 15 that, smaller engineS may be used to

give th£l sr,me perfor-manee, which le,ld to more economical and

lighter weight vehicleB.

2~2.Aluminum-Silicon AllOys:

i
Many aluminium alloys COlltain 50me silicon, but the term Al-5i,
alloy usunlly refers to o:wting alloys with,~ilicon frotn 5 t9 22%.

TI;~se high sil icon a11oY6 are char<>cteriz'ed by their eaSB of
•

casting, corrOSlon resistance, lightness and'dase of welding. They

cast well even in t.hin secj',i"lls, bu1; thG strength rlecreaflB and th",y

beGDInGm('re diff'icult to machine as the silicon increases,

Aluminium Hnrl silicon form ,J s-i~lple Butec!"iferrouB seriaG with soma



j
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solubility at both ends- Fig. 1. At the aluminium-rich portion of

the aluminium-silicon equilibrium diagram the solubility of silicon

in aluminium decn,aGes from 1.6~X ill eutectic temperature (577 C)

to a neg1 igi ble amount at ronm temperatur",i.l. A autaet ic formi n9 at

about 12.0% !Jilicol1 is lar~ely re:lPOl1B'ible for the hardness of the

cast aluminium-alloy. TwOforms of silicon can exist in the alloys:

(i) that resulting from precipit,)tion from alpha-solid solution,

and iii) that D,'oduced by dlrE'ct solidification from the eutectic

melt. The two are crystallograph'lcally equivalent but differ in

form and distrlbution. There are no intermetallic compound between

aluminium and s-ilicol1.

Addi t ions of copper increase the strength and improved the

lIlachinabilitr and also add the property of age-hardening, but

decrOilse corr'osian and weiH resi t,tance. Sl i 'Jht addi t ions of

IIlngnesium also give age-hardening by the format, on of magnesium

silicide Tile high silicon provides good thannQ1

conductivity and a low exnanSl0n factor, and are used for engine

cylinders and pi6tons. Alloy'! having 7% silicon and 0.3% magnesium

provide large needle shapeJ cryst;tls which make the alloy br'ittle,

b,;t •.•ddillg up to 0.04% sodium refines the crystals and improve the

phYGic ••l propor"C1B,,1lI.

,.,
•
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2.3. SOlidification of Aluminum-Silicon Alloys:

10

Aluminium-Silicon is a metal/non metal system and it has been shown

thut the sllioon part'icles in the solid alumin1um-silicon alloys

are 'j nterconnectedl~). The 1ead ing phase of a 1urn;ni um-s i 1icon

eutectic is alphCl"'Al pha"e which normally nucleates firs't, followed

iOHnediataly by nuclEO'i;\t',':on of the 5'\1 icon phase. The frontal 9rowth

of the SOlld is, therefore, the silicon phase, the edge of which is
In CO!l1~act witt] the liquid and surr-ounded on bot.h sidos by an

aiuminium-rlch a-phase.

Following the Umory of D,,1"ll, tl.e sequence of solidification in

alumirl'ium-silicoll may be outllned. The eut.ect-Ie point represent"

the fixed composition Hod tempC'r'ature at which under equilibrium

CQndltions, two solid phases ';Elfl'lrata from a sinDle liquid.

SolidifIcation raqLlir-<;,snuclelltion and growth of the solid phases

und thN,a in practiCfJ, n~qqiru a driving force. Thi8 ia aupplied by

under coolinu, which rGprf)f)onts a doparture from the equil'ibriliITI

(Flg.2J.

S,,-lidificc,ltiOrl baDin" at. n"r.1EElt'ing points 1n t,h", melt and aft'lr

nucleClt'lon, ttH;', solid aluminium and s-ilicon phnse 9row rapidly side

by side to form eu~,8('tic rp'lls. The metal phase can grow easily in
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various crystallogrilphic directions acd ic addition,
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tba

salidJliqu'id 'interfac," is atomically rough so that atoms can attileh

thems",l"es witllout (i,ffic..ulty; h,mce growt.h of aluminium is easy.

The non-metal $il1COn, can iJrnw only in a very limited number of

crystallographic directions and lts solid/liquid interface 15

at.omically smooth. G,'owth ot- silicon 16 thus d'ifficultIID!, The

hioher the cooling r"Le, the gl-e"t,er the degree of undercooling

bsfore the onset of "uc1,,[[t,;011.WIle" nucleation does takes place,

growth is faster and a flnely branched silicon reslilts.

2.3~1.t~hanism of Eutectic Solidification:

The mechanism of SC,11d,flcat,ion of aluminillm-silicon eutectic alloy

has been exclus;'1ely explored lf1 recent years and the theories helVO

been r<;vlewed by Howe'ler, ",t the eutectic point., the

liquid "lloy !flay bl' 11) l"ILliI iLlI"lUlli with t.wo solids of diff"llJrlt

'~omp"JE!it ion. The so 1u ,_i '1n of the two phases must. be accomptln ied by

the rerjlslnb'.I"Lion of LI,'." two kinds of atoms which are nresent, and

"Gilis redlst.nbution must t."f,e placo by diffusion in the liquid.

Two r,lwor'ies have hepn proposed for eLltactic lSolidifi,;ation. The

fir"r. Inl"I,~,,",'ion ;lnrJ growt.h of 1'1crYfjt.al of one

p!~Q8e so Lh:m8c>s ,I,," le,<;,1 ,"nn'nt,;-at.ion ii' t.he liquid thr.lt. It
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becomes supersat.uraLud wi t.h respect to the other phase. The second

phase then nucleates and forms a crystal. Conditions then become
reverSed and U16 result is an alteration of the two phases. Th'is

maybe described as the inter~>ittent or alternate solidification of

the two rhuses.

In the other th6Dryl131 both phases crystallize simultaneously from

the liquid. In the C1'ILJminium~silicon alloy, the aluminium forms a

continuous m<lt,-;>: in which the silicon-rich phase 16 embedded.

lntermlttent cr-yst611lzatlon can not occur when one of the solid

phaS8 i" cant. inU(>(;h C1"dU,us t,be second theory mU!;t therefor's appl y

to the eutectic solidiflcat'ion of the aluminium-sillCOI) systemiii,'.

2.3.2. Nucleation and Growth:

Since solidification 15 a process of nucleation and growth,

anything that influences the 50lidificatlon process must influence

the process of nucl<l3tion or the process of growth or both. The

nue-leat1on of eutect1c represents a critical stage during freezing

of an alloy and this st.arts from a number of potential nuclei and

proGs",ds by gl"owth t,o give "'ut.f-lctic CAlls.
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It 18 generally ugreed that crystal growth starts lr1 the molten

alloy by means of heterogeneous nucleation on 60me preferred site
or substrate that lowers the surface energy which is essential for

nucleation. Most cOlJlmercial metals contain a sufficient number and

variety of insoluble impurities for nucleation to occur. If the

number of effective nucle'j is insufficient for a gllter! purpose,

rllIcleat'ing agents (nucleation ci;ltalysts) may be added to the melt.

In the case of pW'O m01~als. OnCe rluc;leCltion has OCcurred crystal

growth bagnls and thr~ structures that develop C1:lrlbe related to the

growth condiliowJ, in particular to the undercool1r1g. For growth to

Occur, more atolll mllst join the solid than leave it and for this to

happen, the temrerar,ure of the interface must be sl'ightly below the

equ I 1 ibr ; urn freez iWi t.emperc,tLJre. Th i6 means tha t some Linde reoo 1ing

must eXlst if 'the growt.h is t~o advance.

2.3.3. Factors A:f'fecting Nucleation and Growth

Processes:

The iflr:tor" which "ffect. "'Icleut,lon and Growth prOCestHIG are ,w

follQWS11i';
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2.3.3.1. Coo! ing ((,Ita:

15

agaln increases the number of nuclei 1n

If the Gool'log rate

then greater whleh

is lncreClsed, the amount of under-cooling

tho

melt. The more under-coolin'J, th<omore extensive is the nucleation

and the smaller the f'lnal sic:e of crystal or grain.

The coollng rate of a cast'ing can be changed by varY'lng the pouring

temperature and sec'l:ion thickness. Higher pouring temperstur's gives

mOre blow ccool';,I') or the eel,;I',i,,,. throughout the frcloz'ing r"nll".

Alter-natively. in thin casting, '--he ratB of cooling is hlgher than

the thi-:k ci'lbt,nSl ildving ""!"'" pourlng temperature. With lower

coollng ,-ntt's, th", degr-ee of under- cooling is less and few nuclf'i

are avallable for growth which eventually contributes to the

fOI'matlon of coars" d"d thick instead of flne crystals.

2.3.3.2. Nucleating Agp.nts:

A nucleating ilgent 'is a sub"tJnce which can be intentionally added

to mahl effect.we suhstr['l1:'" t.hat. far::ilitate the nucleation in the

melt. The eXac.t nature of a oood nucleating agent fer a specific

loetal lS seldom known in advance and in ;Jractice, nucleating agents

anl round b}' a tri",,1 "'10 0rror method. '.ut.eetic that is normally t
aGieu'I",- may be chnn9",d 1:0 another form oy alt.ering the growth rate
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and or by ildtf'ing i'\ GrH"cific 'i<nflurity. If magnesium is added to

aluminium-sil;c('n eut:ectic or ,f t,he eutectic is chSwl cast" the

needle bocolnes '11!J(('finG. [to i" ob\l'jnu6 that the number of silicon

>Jartic 1 8s (eutect, 1G ce'l 1S) 1s 9rent.a rafter rnagnesiurn-add i t ion than

before and t,h'i3 lIIflanS Lhat, m[),-<, n"clsatian must have occurred in
, ."rndgne31urn-added eutect ic' ,',

2.4. Theory. Practice and Modi'fication of"

Aluminium-silicon Alloys:

Aluminium-8111con alloys haye been known according to literature
for about 133 years ago. A~,ongthe earl iest records are those

prBiJil.red by ttl" Lwe! fD'lIld,H':;; of U,o ('cier\(;o.~ and technology of the

alloy. Wohler and D<3v'1118111'.Thelr alloys are reported to have

conta'ined at least 10% sil icon and were produced from Potassium

Sil'icofllionde by reaction with aluminium. Until 1900, the addition

of si 11GOn"L0 aluminililll \','as Gonsldered to be detrimental and hence

the aiUlnlnlum-silicon illloys were not used. As early as 1891,

however. that an abnorma 1 made of

crystal I i:atl0n could occur in the alloys of aluminiUm and silicon.

This d,s,:ovE:'ry recelv",d no cltt8I,t.ion, and it was not until 19:::'0

that the commercial f-lQ"Lentialit),.' of these alloys was realized.

\i



Thus, 1:he use of aluminum-S'ilicof1 alloys for the production of

castings received a strong boost from Jhat year when Paczl18:' added

sodium 01- its saito; to th>,; molten alloy resulting structural

modiflcation durll1g solidification and hence a considerable

improvement In m0chrlllical pr-oper-tiea was obtained.

Further developmentx 1<' morjlf'lcatl0n t.ook place in 1922 und 1923

with I-he int,rociuctloll of I -I' 'the USe of the a 1ka 1i meta 1s by Edward {J"

et a1. The main eff',]ct of Na, however, manifests itself during the

gl-owth of autactic. In rir>n'"moljified alloys the eutectic grows w'ith

slli,;on l8'--'dinv thp. crysl:all ization, consequenL 1y forming

cant,lm~aus skelet,orm. In Inodifled ulloys, aluminium precedes the

sllj('Qn and te"LI" i,n .~',vel,_,p it. This enveloping action breaks tIP

Lhe silil~on lfl many small cr-ystals 1mbedded in the alumlnium-

matrlX. It also makes necfJssar'y continuous r'enucleation of sillean

hy aiumin1LIlll, t,hereforo lower'ing t,h", freezn,g point of the Elutecti"

to the temperatul"e at which aluminiUln nucleates si licon.

However, I'll d 1 . .Curran'-' s'lglle"te an exp anatl0n In term~ of the ternary

AI~Si-Na sy",tem, ,-1nrJOti-lrl,ii1! developed this theory to show how

sod i ,1m played its par r,s in the production of the modi fled

S'[nlctUr"Eo. It was prOf'ose{j that, lfl the modified alloys, the

Inodlfying agent pel forms til •• fum,tion of a protector by retarding
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the rate of coalescence and thLIS leads to the fine, mod'ified

struc.ture.

The principle of the restriction of growth of a dispersed phase was

describ8d by Edwards and Archeri23i, who assumed that, 1n the

modlfied alloys, sodium separates as a discrete liquid phase just

before solidificatlon of r,hEieUl;ectic. This phase was cons'ider-sd t,o

be a fine state of 8LJbd'ivision simi Jar to that of colloid. It was

further suggested that the fine sodium dispersion hindered

crystal1izatl0n of thE' 6i "icon and to a lesser extent, that of the

aluminium. The finer structures obtained in the eutectlC of the

modlfied alloy,; are [ICcoul,ted for partly by obstructing effect of

the sodium globu10G nnd ",'lrtly by the rapid formation of silicon

nuclei In the ullDer Goo'led liquid.

Th" InDGlflc..dLioll l,<.,,,t,,,C'tlt. Il,,,, been carriHd out """elusively with

sod'Ium, slthough 11.8 actlon 1$ short lived as it rap1dly vanishes

with t1ma. Thus. attempts have been made to replace Bod1urn by other

elements for modification of aluminium"silicon alloys. In 1965

Thlele and Dunrel,24i show that the effect of strontium on such

alloys are similar Clnd long-lasting than those of sodium. Other

investigators i:H;; ,'lIsa Glaim that it is possible to produce

almost [lerman",nt mod'ifieation of these alloys by strontium. A

compel-ative study has 1IIso been carried out by HaqUel!,! who reports
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that better mech.mical rroperties and finer stnlcture were obtained

when str'ontium was used for m0dification of aluminium-silicon

casting a'll,,)' insbo:.Hl "i sud;w~. Anot,bElr studyl1li has been melda on

the modification of th,:) particle morphology of the sillean phase by

the addltion of str"ont;um.

The use of stronL'I,.m hcl:;' also GClveral advantages including the

production ami m<irl<,-.t.in~ of the pn'ffiodified ingots. But the use of

this metal is subject to ,.8rtalr\ limitations, and the strontium

must be added according to vary pr.,cise criteria in order to be

completely effectlve. Many Researchersi1U~.JOJ have found the

problem with strontium rsou'very. The problem was due to the delay

of dissolution of the strontium-master alloy in the melt. When

st.rontium was addf,d after TII,-,,1t.ingth" alloy and the malt was

supper heated prlor 1.0 teemlrl{l, metallurgical examination of the

cast test p'ieces show SOme umj'lssolved strontium pa,-ticles.

Therefore. st~rontiurn master alloy should be added with the (,harge

at the beginning of th", meltHl\l and the incubation time including

super heating temperature "hould be con"lrolled precisely. The

incubation time nei,ded t,o rnorJ1fy Lhe Alloy sati"factonly 16 founLi

to be about, 15 minutes nf which 5 minutes must. be at the super-

hellting L;olnper-"~I.,r"c,T 7S0 C in order to effect adaquate 6olutl0n

of t.he mastC'r alloy i1! J
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Figure 3 shows the pattern of the cool in\! curves obtained during

solidifiC3tion of LM-fi tYP0 alloy which contains various alloying

and impurity elements. L,ch curve shows two arrests, first, the

liquidus is caused hy the nucleation of pr'imary aluminium solid

solution. The number of nuclei depends on the cooling rate and

process variables. WhlCh latter determine the size of the as-cast

prlmary dendrit;es. O"ce nucleation has started, the prlmary

dendrites grow by dccposition of further aluminium which cause

recalescence.

lhe second<lry arrG,;t on t;he cooling curves is caused due to the

eutectic solidific[]tHm of t,he alloy. The eutectic temperature of

the normal (unt,re'lt,ed) alloy (Fig. 4bl was recorded as E77 C (curve

C) WhlCh has lowered to 568 C (curve B) with the introduction of

sodlum and appr.:Jached [,fi9 C (curve A) when strontium was introduced

lnto the alloyiJii•

Durlng growUl of the "'Ur~eG'tic cells, the liquid between the

alUlwiniUln u8ndriLm; UUG(Jf!l8l'> progr'essively richer in solut(j

elements, since they are ndflcted by both aluminium and silicon and

these fOI'", complex phases which at lower temperatures nucleate on

the eut.act ic al rel)dy pre;:;(ent. Growth of. these canst i tuents is slow

and then"fore, a GOiH"e i nterm",ta 11i c network forms throughout the

structure to complete the SOlldificstian sequence. It is
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suggestedl;I" that after solidifir.ation of the primary aluminium

dendrites, the aluminium-silicon eutectic starts to freele untl1

the l;qu'ld becomes cat"ur1lted wi-Lh impunties (Fe, Mn) and then the

intermetallic forms.

However, the baS1C dil'fonmces between modified and nonmodified

alloys is that In nonmodified alloys, the eutectic silicon once

nucleated by aluminium, grows ahead of the adVanClng aluminium

interface to form a cont,lnUOlIS Si platelet network. Since both

phases remain in contact with the liquid throughout the course of
Eutectic crystall'lzat'ion, growth is possible at the 8Quil1brium

temperOltun!. In modified <llluys, silicon is likewise nucleated by

the aluminlum but It d02S not~ grow ahead of the aluminium. The

aluminium phase defines t,he crystallization front and grows around

the silicon, 1501'lt1n9 it from the liquid.

rigure 4 i" a "'t'~lP",:,I.,r: "k.cj',ch of t.he change of growth. This sWltch

of leading phase for elll~ectic crvstallization is the critical point

of the modificatioll pr-OG"SS and the experimental evidence for it is

overwhelm'lng. The conllnuity of s'ilicon particles through the

aluminium, the int"rpenetrat.l0n of silicon plates where tl-lO

dlfferent o,-iellt.lJtionf, ,,,",'at", the presence of aluminlum rich lH1Uid

a,'ound the B,owing "il,o(;,n ne"dl"s as vis,ble in the quenched
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a110ys and tho bUf;h r,hare of Ol.ltectic silicon extacted from

nonmodified a11o'l<;,16.32) are some of the evidence for the silicon

lead 1'1 nonmudified alloys. In the modified alloys the

discontinuity of the silicon is proven by the better distribution

of the eutectic C010lliA5 W'iUl aluminium at the boundaries, the

presence at the gr'alr1 boundaries of occasional silicon films

arising from the excess sillcon -in the liquid, the glObular

continuous renucleation. Further support of this change can

obts 'i ned from ~he mechan iG'!1 prope rt ies.

appearance of th(~ silicon when sectioned and the necessity of
be

,
2.5. Factors in~luenceAluminium-Silicon casting:

The ",elt~lng and castlng of 1<1umlnlum and its alloys are also

affected by the following fore'ign elements!lli.

2.5. I. Hydrogen and oxygfln:

Whenme'lt,ad in the alr, aluminlum alloys are oxidized and saturated

with hydrog6n. When the ox'idation films on the surface att,ain a

thickness of 0.2 mm,the n.te of oxidation decreases sharply owin.•
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to 11 low r<tt.e of oxirJation- ulffusion through the film. Hydrogen

can be dissOl<.ICd in Ahlm;nium in an amount up to 3 om'/100 gm of

the melt which ind'lca'tHs Ulat. the" •• alloys are strongly liable t,G

form gaB blow holes find porosity in cast'ings, Addition of alkali

and alkali~earth met.als lllcr-ellSes the solubllity of hydrogen in

Aluminium.

2.5.2. 'Wi.l1~erVapor:

Water vapors are 'the most harmful component of furnace gases for

Aluminium. They react with Aluminium according to the following

reaction:

ZAI+3!ip co A'liO) + iii-I, leads to contamination of the melt with

Aluminium oxide and hydro\]fHl.

2.5.3. ,\ir Entrapmf'flts:

All' entr"pment H1 pOljr1nu the metfll int.o high moulds 16 prevonted

uy using multi-stsp or slot type g~iting systems which ad(J'it'ionally

ensures a more faV0r'ab18 tefnller',lture distribution along the moul'j

height.
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2.5.4. Shr-jnkage Porosity:

The major factors which control the fonntltion of shrinkage por'osity

1n the cast alloys ar-e solidification temperature intervals,

temperature gradient "in the freezing zone and growth morphology.

The recent "investig'l.tion!l4i expressed in detail the importance of

grain growth morphology upon porosity formation in case of long

freezing range alloys. Al alloys are liable to form shrinkage

porosity which can be prevented by arranglng 'large volume of risers

and chills or for morel critical casting by letting the metal Lo

solidify in compressed air.

2.6.Residual Stresses in Casting:

The internal reslrjual stn,sses in the casting arle6 from the
. " (\ Ifollowlng sources".:

(i) Uneven 0001 ing r",lt.e" of various Sect.'lons of the casting,

(ii) ReSlstanca of the mCll.ddto normal solid contraction of the

casti'lg, and

(i i i) uur- ing stwKlng Gf the cflsting from the mQuld, the internlll

stn,sses lIlay be locked it' t_he structure,

(IV) Ullrlng weld',n\] .:;,- result, (rom other fabrication operations.
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The effect of residu~1 stresses can be either beneficial of
detr-im'lntal depenu,ng upon l.h2ir m:<>lnil.ude, S19n (tensile or-

compressive), and dlstr'lbucion wiLh respect to the service induced

st,reBseGIJ~i. Castlng5 are often given a thermal stres6 relieving

treatment for reffiOy'jng objectionable nCresses. Str8E>Srelieving is

Cl111dlKtect at (;omewhat lowel' tf.JInperature for non-ferrous metals.

"

There are numerous eK3mples of the use of such heat treatments to
effect a reasonable d"gree of sCrsss relief. One example is the

work of Hill at a1.131: (1'160) on aluminium a11oy6, where they have

described an "up-quenching" technique. There may be greater

emerged only recently as a possible met,hod of stress rel'iefm
i

cel-talnty of a vill id r~J"u1t. with sub-re[;onant. Th,s technique has

(Hebel, 19&9). In thi(, t~'c:hniquG t.h" cast.ing is vibrated not on the

peak of the frequency-ampl-,turie curve, but low on the flank of the

curve. Thus, althOllgh q''''oilit.y-<;;or,tr-ol checks cannot be speciflsd to

asses tlw levels ,-If nO'talned :;'Lress in a part, process control can

be speclr'ied anrl c:h,~d'ud, clnd 'LhlS will provlde a rel'iable

Stres" rE-!H,>vlno)

lill.'chiJrl I c'll JLI(1,HI'i

may also bo ac~o~lplished whol1y or partly

.,\ I"'. [>'11.sljl~h 1T,,-,1,holi:,are not commCln. viz.

( i I (:n~t ina ,.llr 1-01["-"'"<-Ir'') snfi"'i-,irnos shnt.-pimld for eliminating
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surfaGs tens'j 18 streSS(;$ and introducing surface compressive

stn.l8SBS (to improve far.i,-1ue ife).

(ii) «Bsidual cacting stres5es are, re-distributed by stressing

beyond the Yleld poinL, Io'.g., overspeeding turbine wheels,

using autofrettaqe for prestreeslng large gun barrels.

For the last four decades, the sectioning (saw GuttH)g) method has

been used extensively for measurelng the residual stresses. The

studies conducted at Lehigh University by some researchersll9,HI have

made significant cont.ributions to the understanding of the
magnitude <lnd the dlstribution of the residual straas. Although the

sectioning method 18 one of the most reliable techniques for

residual stress me<lSUf'sment, it, is destructive and the sectioning

procedure itself is very time consuming and costly.

Now-a-day, the seml'-d"stnlctive bl1nd hole-dnlling scrain gauge

method is app 1ied fvr resi dun: stress measurement. An experiments 1

lnvBstigationl301 of t~he rt)sidu.,l stress was done by the blind hole-

dn11ing method and found that thlS method is much less time

consuming than the conventionl;] 8ect'lonlng (saw cutting) muthod.

Neutron diffraction is also a we'll established method for the

measurement of rCGidual stresses inslde metallic engineering

cOinronents.

•
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2.7. Ef'fect of Pror.....ess Var'iables on Al-5i Alloys:

Th~'r" Clre mww pn)Ce5S varic,blc,s which affect the structllre and

meehanlcal pr-opert.-ie_~ OT A']-Si ,,'Iloys. The process variables may

"1I\CllId", the followin-]:

(i) Effect of a1'1oyin'] elements (i,e. compositions)

\ 1;) Effoct of casting temperature

(i i i) Effect of heat 1.rea'lrnenL .

2.7.1. Effect of Alloying Elements:

Chromillli\l: Chrumium add; t ions are common 1y made low

concent.rations to room tBmper-ai'..Jre aging and 'Lhe,-ma11y unstable

composition 1n willer, 'J<:,rminaL10n and gra'in growth are known to

aCfCLlt-. Chromlum 'l,Pl<0311y fnrm,~ T,he c<>nlfHlunct CrAll' whi(";h disf)lDY3

",,,ll"l-,,,,,,Iy I ,,,,it.en] L;ol ;d'-~l."h;Linlllh'il'ity and i5 tl1u,-eto,e u&eful in

n,slst"nce 1n carLall) alloys nnd increases quench I;ansitivity at

tl1gher concentrat ionsinl.

C""'"j""""- .•.,'':~'~I. The flrGt and most w'ldE:ly used A'iuminium alloys were

those (ontclining 4 to 10%(opp"r. Most of the COflper is present in

sr.,I,d selution in tlw Aluminium m~trix. alt.hou9h SOme OcCUrS in the
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compounds, especially 1n aSRociatlon with nickel. The equilibrium

801](1 sol'lhility of rJ-,pw,r in Aluminium falls from ahout. 5.5 wt'X

at. the liquidus to about 0.2 I'It% at room temperature and this

1 imit.s are probably approxlmat,sly the sarna 1n the aluminium-silicon

commercial a110)'142I. Copper su!.Jstantial1y lmproves strength and

hardness 10 the as'-cast. and heat treated conditions. Copper

generally reduces rf'sistance to general cor-raG10n and in speciflc

compositions and ffi'\tenal conditions, stress corrosion

•

susceptibility. Addition of copper alsO reduce hot tear resistance

"nd deC'-BaSI; ct1sl"b i 1, Ly.

A110Y6 containing Copper and 5i 1icon with smaller amounts of other

elements cover a wide ("ange of mechanical propertiesl41l, and they

are useful for some of the speclalized purposes. The Al-Cu-Si

alloys have be~ter CilsLHlg characteristics than the Al-

eu alloy" uul ar" 'H'\, 0;0 f"dui"t""L Lr) cur,"osian us t.I", ,-,luITli"iur,,-'

s'il-jeon alloys. lh,) f:opper cOIlI.",nt provides strength and hardne6B,

Whl1" the silicon cont.ent. lmproves the casting Qualitie;; and

1ncreases Lhe resistallce to corr-oswn. The effect of copper on

alumin'lum is subst,antlally great,er than thai, of other solution

h[;.r{j.mers a'ld this has been au,ributedl441 to the rather large

differsnce ,n lattice paramet.or of U"l two constituent atoms.



31

Uickel: Nickel is In[l1nly (:Jrflsent in the form of a senes of

dark et,ching, relat,;vely In[;ssive compounds; the etching response

within a single phaGe c.," var'y m"rlleuly. indicat,1ng that the phases

-are capable of e~'lstlng over- a range of composition. The etching

b0havior is also affect"d by the presence of copper, wh'ieh can

enter into compound formation with the nickel. Nickel is usually

employed wlth Goppar to enhance elevated temperature properties, It

also reduces the co-efficient of thermal expansion. Nickel,

original'ly HI amount", of 2-3%, has been a traditional alloying

additlon in low ",xpanSlon alloys apparently because it was ~hought

to improve meehanlcal properties at elevated temperatures. The

e.•..idence has baen accumulated on the precise effect of nickel on

the mechanlcal properLles by R. A. Oay at. alfil! in more details.

lI,ma.feei'i'l, found that" wlthin the 0-2.5% range, nickel increased

the hardness ot a 1_~113LYP'" alloy.The nickel el€mant prav"ides

d i sp"r~,,,d compo'md>' 1n micros't,ruc;ture. rhe 1arge va lume of s i1icon

that is presant in s1:rue-ture r.,~n be swamped by any nickel effect.

t4;]'jnesium is mainly present as the M>JZNicomplex

compound, only a small amount going into the aluminium ma'Lrlx or

intLJ 1.1'0ot.lJer compounds. Al."w:'l the so1ubl1-ity lim'it, lt appears as

a LOarSe, primary constituent., typically in script form. In fully
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heat treated alloy, it is present as a picture of coherent with the

matrix and is not optically resolvableiHI.

It is ouvious from the re8u1t~ of the addition of magnesium, has

definite effect On t.he aluminium-sllicon alloy. The effect of

magnesium, copper FHH.Jnlckel have been studied by R.F. Smartl10l,

based on about 10.5% s'llicOIl, in which each' specimen contained

different amount of the three elements.The effect of these elements

in hardening the aluminium-silicon alloy have been shown in Fig.5.

The magnesium lS more powerful hardener than copper but, unlike the

1ater, its effect 'Is fu 11y observed on ly after heat treatment. Thi s

15 to be expect,ed since, magnesium functions mainly as a

precipi tat i on hardener. The strengthen ing effect is not 1iner, the

lnlt,ial addition of ('.4% belng most effective. The coarse, primary

M91Si has 1ittle bunefici",1 effect on mechanical properties. The

alum1n1um-sil'icon alloys stand highest on the list in corrOs10n

resistance and has excellent casting characteristics, which are

inoport.ant 1n reprodLjcing f,no dusign details. When low electrical

conUUCL;v;ty is 'w<;e"",,,ry. an "ll"y Coni.Dlning 6% Mg, 1.5% Mn, mId

1.5% Ni can be used.

Iron: Iron imprOVEShot teiir resistance and decrease the tendency

for dll> sticlnng or s,?lder'i1l9 'In die GastTf\g. Increases in iron

I
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conten~ are, hOl-lfWB(. accolr,pconied by subs'tantial1y decreased

duct.'j 1'j ty. The pres"","" of 1 ron leads to the format ion of A1-8; -Fe

compounds which L':>ndsto be acicular 1n shapel;.;!,

Silicon: Outstanding effect of 5il icon in aluminium alloys is

thB impr-Ollement of ~~"tjnll ChiH"acteristics, It improve fluidity.

hot tear resistance and (""ding characteristics silicon reduce

speciflc gral"ity and co-efficient of thermal expansion. Silicon

increases the strength and decreases the ductility of the matrixl4J1.

In some alloys U,,, form'ltion of 5i containing compounds makes the

alloys heat treatable WhlCh 91V8S further improvements 1n
mechanical properties. But such alloys have a low strength at

elevated temperi:1ture and this has led to the introduction of

,","gm.!s1Will una O}PP" I ,ill 'Idl "I Iow the " I loys 1,0 <l.ch1eva the

significant imprO\'",meI1t by precipitation heat treatment and the use

of Nl, Cr t4n etc,. LO improve hot strengthi48i,

Antill':K)ny: At COllccntratlOn levels equal to or greater than

0.06%, antimony refines eutec.tic aluminiun-sllicon ph"lse to

lmnellor form in hypoeutectlc compositions. The effectiveness of

ant1mony in altering the> ,"ut.actic strucl,ure depends on an abap.nce

of phosphoru~ and on an i)doquately rapid rate of solidification.

•
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Ant imony a 1so reacts 1'1t,h ",i ther sodi urnor strontium to form eoars>?

inten"(;t.i'I11,rs wit.h "dvurl'G 'Offsets on cast,ability and eutect,ic

structurel,ll,

lead: Lead is commonly used In aluminium-silicon casting alloy::;

at. 0.1% (max.) for improved machinability.

Manganese: Man'l"mese 16 normally considered an impurity In

cast ing composi t, 1on!>. Tn t.h", ahsence of work harden ing, manganese

offer-s no significant benefits in cast aluminium alloys, Some

evidence exist, hQwever, that a high volume fraction of MnAli 'Ill

a'lloys conta ini ng mor" 1.11<\1,O. 511O manganese may benef icia 11y

lnfluence internal casting soundness. t4anganese can also be

employed to alter ,"espanse in chemical finishing and ,modizingi•1!.

Zinc: Z.illc h;}Galso bo,," kept. to low slwcification limit.fl in m06t.

aluminium-s'llicon eut.ectlc type alloy,. Econom-ic considerations

have led 'to rocent, in'!est.i;]Cl'L'ions of the effect on mechanical

properties of relr;Ying the limits of Zlnc. Day at all~5J. hiW shown

that additions uptQ O.E% \:I'ive no sign'if-ic<tnt deterioration 111

nlGChanlCal propert'ies.
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2.7.2~ E£Fect of casting Temperature:

o.te 1t Temperature:

The max'imurnmelt temperat.ure, 1.e., the highest temperature reached

by the molten a'iloy dUrlng t.he malting or refining operations, \S

considered as an of,her impOr"Vint facLor affecting melt quality. In

g8neral, It has been found that overheating of the melt lS

deleteriol15 to Lhe mechanical properties and gralf1 eiza of

I " Ialum1n1um casting a110)'5 "'. Cool1ng the melt down to a low pouring

tempera'lure may. 1n some alloys, restore partly or complete'ly the

properties of the casting.

Holding Time:

It is alwGlYs d"'::;If'Clhl0 tha~ U'" hold';ng time, 1.e., the t';me the

alloy 'is !,,("J1I~in 1.1,,; 1i11.,11'<11,;i,iLLu h,;forl-) fHulf'ing, be liB shorL llf;

possiblel,')I, In comHlBr'cial fO'lnclry nractice th'is can not lie

(;onslslclntly Gbtained, h8Ga,-,~e of unforeseen d",lay& 'in mould

pr-"[1.':lnl!.lon, or simil'lr nporaliolHll short,r;Qmings. It is assent,'jal,

tIHJGtQrG, tv kn(J'" how ulCil Drol~'n9erl holding times, at variow;;
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Hurrenl,11 found thilt; the effect of prolonged heating on tem;'ile

properties was only 51'ight, but reported a greater influence on the

reslstance ta repeAted impr.lct.

Pouring Temperature:

Mast foundr'ym"n are aware of t,h", importance of the proper choice of

stneL control of the 1")Ur;09 temperature. It is accepted that the

best One for moe!-,alllfl11rllUm "lloy" is the lowB5t temperature at

whiCh the sound c.."wtlng Gan be produced and that, usually, the

moch,lnlcal rropert,les can dlKrease with the -increasB of pourlng

temperature. There 'Ira numerous references on the effect of pourlng

temperature on the mechanical properties of aluminlum casting

alloys. In most cases, the decrease of mechanical properties with

rising pouring temper"t.w-" has been attributed to the increase in

Colt.on and lavel1",i\2i do not believe that lower mechanical

propertias of castings are dUG to large grain size,• •

and state that

the decr"ease 1n s1;nln(1t.h and duct.ility lS due to increased

shrinkage end gas poros1ty ci,IlHled by higher temperature. The large

grain s'iz ••, th,,~ ';:JY, is also ,,'lw,ed by high temperatur-e, but th)s

i5 merely a concLlrrent f.)henomenon not the cause of poor properties.

They foulld thaI. test r>fjf":3of "'-I'm1 soundness h:.we equal properties,

!'egal"dle:;;:;; of the gr,j'in r,i;:e within a 10-15 fold range. To
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overcome the effect", clf graIn coarsenlng at higher temperatures,

the use of more effective grelf1 refiners has been recommendedl!ll,

2~7.3.E~fecto~ Heat Treatment:

The p ri nCi p;; 1 obj eet -I'yes of hea t treatments a rei,.)

i) to homogenize the ca<-;t 51~r-licture which is nonuniform because

of selective so'liditication during freezing.

li) to relievfl stresses induced by Gooling after casting, during

quenching, weldHlg or forming.

iii) to avoid the dimfo'f1sion"l changes which mlght otherwise occur

'In S6rVlce, especially for parts which operate at elevated

temperotures w', th "lose t:o1erances.

iv) to remOVethe effects' of cc'ld work wldeh the metal has

received 81ther U\lrlrlg f"iJnccltlon. as in cold roll'lng, or

subsequently in fOf'ming.

vJ te.' produce sp'eClflG mech"nicLlI properties, i.e., tempering 1n

co 1d-worked and heat treated alloys.

The effect of heat treatment upon all Al-Si alloy depends on the

fol'lowing factQr,)5i,l:

II) Slllccn content

(iil Do-gr-ee of chilling
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(i i i lOuratian and temperature of heat treatment

(ivJ Rate of cool ing from the solut"ion temperature

(v) Degree of modification.

In most of the heat-treatable aluminium alloys, artificial aging

produces a higher strength and lower elofl>lation with very much

higher yield strength than in the case of natural agln9. The

fatigue strenglh )s nDl lncre<\sed correspondingly and the notch

fatigue strongth OldYeven bH decreasad.

If solution heat tn.c<lt.ffient is followed by artificial a,l1ng, some of

the alloying elements are precipitatfld in the alloy, whidl further

1ncreases the strength and hardness. Prolon\lsd artificial a91n9

prav'ides dimensional stability, but the strength and hardness pass

through maximum values ar>d drop, and at the same time the

elongation may increase some",'hat.

Controverslal opln-jun e)(i;;ts wit.h the effect of heat treatment on

modified i'llloys. Modific<ltion alters the properties of the

a1Uffi'iniurn-s'llicon alloys Gontaininu magnesium and makes the alloys

more responsible to hoat treat,menLll11 and also gives more ductility

a[[.cr heat tre,;t.m{-mL. [luI'. it. h,,:;; also been reported by an another

authol" th"t 1.118",,,d,flf:'rS (Na and Sf) hClve very little lnfluence on

the propert.y of h",a'L Lrear.ed ma~~rials.



The strengthening role of dlfferent elements on aluminium-silicon

eutectic alloys has recent'ly been clarified11O,lil. The addition of

magnesiurn to sand cast 'llumin1um a'lloys with 6-11% silicon

incre<lses strength and har-dnass and decrease elongat'ion as shown

fig. 6. Accordlng to Ba'iley,:m at any ageing temperature or t1me,

for both sand and chill Gabting, the ultimate tensile strength and

yield strength increases directly and the percentage elongation as

measured by "fit back" varies invorsely with increase 1n magnes1um

concentrat10n fram 0.33 to 0,74 weight percent,

2.8. Appl;cation of Al-Si Alloys:

Alurnln1um-Si11con alloys ar-e t,he moat widely used Al-casting

alloys, primari'ly bElcau~,eof thelr excellent castibility. They find

conslderable appl'ication 'in marine equipment and hard ware because

of h'lgh reslstan(::e to salt water_and saline atmosphere, They are

fllso usad for- deco,-s'c,iva p'H-ts hecause of their reslstance to

natura 1 envi ronrnenta 'lIld abi 1'I1.y to reproduce detai 1. A1tho\jgh

stee-I, titanIum a"lloys find compos1tElS are to be considersd along

\'lith aluminium arid lLs a.1'loy,,; as primary materials of aircraft

constructlOrI, 70-80'( wf the tot,lll structural weight of conventional

aircraft, small and 1,'H"i!", is prov'ided by Al-alloys .

.~I,-,minillm-sillcon HII-eC'lic 0, near eutectlc alloys are usually

UGsd f.:w mal,'ing pistons f'"_'I",,11 rYIlAs of dlesel and petrol engines,
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P'''''fJ. "'Jr icultur"al pdrts and for oLhur

engine part:> operating at. elevated temperat,LJrs5. These alloys are

a160 used in mak1ng liners, piston ring, cylinder blocks etc.

In Y18Wof the l"rge reql~irements of aluminium for the aircraft

industry, 'the later has taken strong initiative In sponsoring as

well as undertaking research on applying Rapidly Solidification

Process (RSP) to A1-a11oY5 through the Powder Metallurgy (PM)

route.

I 2.9. Liaitations of Al-Si Alloys:

A major limitation cornman to Al-alloys thus far is their lack of

thel-mal stabilityl!! i.e.,t.heir loss of strength at a rapid rate

between 100 and 200 C (375 and 475 K) due mainly to precipitate

coaroen1ng. Resistance to such coarsening can be increased through

some transltion metal additions. The low modiolus of elastioity is

yet another dGficlsncy of conventional Al-al1oys. It is well known

that worth Whl1e design pay-offs in airframes can result from even

a slight increase in IIK,di0luc;, pr<lctical1y if this was to be

achieved with ,-eulictiol\ in density and without loss of strength.
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The dl£_advant.llgs of 'thiS material when compared to cast lron 15

its relat1Vely poor dil.mplng capacity!5,J. As a result it is more

difficult to rnlnlmlZe v'ibration and noise and there is the

possib'il'ity of a r>jduced fatlgue strenlith. However. research ;6

st',ll being dir8cted tc,,,mrri improv'ing the weflr-resistance of the

alloy to 1rlCreaSe it,~potential as a replac",ment of cast lron.

2.10. SCope of the Present Work:

In view of the for",going discussion, the main objects of tr,e

present study ar'e

'I. To develop an aluminium-sillean piston alloy from locally

aval1able scrap materials.
2. To investlgate the effects of modlfication, cooling rate and

heat treatment on the morphology of 31,

3. To study the effect of heat treatment on stress relieving

during castlng. and finally

4. To motivate thG IQcal industries to adopt the technique for
better pe,-formance of j,he piston, piston riny, liners. cylinder

liluckc. <,\;(:.



J 44



•,
45

3.EXPERIMENTAL PROCEDURE., - --- -'--- --- --- ..- --_..---_.-------- -_..--

3.1. Introduction:

A number of cast ina,; WArACClrr jed out to determine the effects of

C0011f\9 r>ita, morlif'iGation "nd heat treatment on the micro-

"trucLur-e and pror,.,rII~'S at \.he Al-51 piston alloy. In order to

llchieve thF'se ",bJec,".,'v'flS. locally ava; lable scrap plstonE were uRed

as-bCls;c raw m"tenals. First cf all, scrap plstons were melted in

the furnace to milke ingot for piston a110y and then chemical

anillysis were carried out. to determine its composition. Detail6 of

the experimental pr"ocec!lIre are furnished in the following sub ..

sections.

3.2. Pattern Preparation:

A special type of wooden pattern was selected for making stnn-dard

tensile specimens in the as-cast conditlon6. The detail drawing

Qt the p8.ttern ;s ",Ilawn 1n Figure 7. The pattern was made on the

baG;s of aVililable informat1onsIIHi".
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Fig_ 7. The wooden (lilltcTn with four identiclll tOnl,iIc opncimono.
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3.3. Moulding Materials:

The moulding nmt",r'lills should bE such that mould cavity retains "its

shape t,ill t~he molt.en metnl so'lidifies and castings are made In (1)

Permanent. moulds. wh'icofl ar", !"dda of metals and alloys, and (ii)

TelllpOrTIf"yHl(lul{ic;. "hid. ;<to ",~.do of rofractory BandEL In the

present case, cast iron mou1d for chi 11 cast in9 and green sand

mould for silnd casting were used, detalls of which are glven

below:

3.3.'. Chill Casting:

For chi 11 castin,J. keel block mould was used. Its

shape and size"ls shown in Figure B. Before casting, the keel block

mould was properly dressed with aluffilna coating and heat~d wlth

gas flame to remove any moist.ure and to decrease the temperature

gradl'Ont. ber.weer, LrlO!"'''l.Ild ami the molten alloy.

3.3.2. sand casting:

!'c'r ,;arlu '~'H:l.ill!J, \]'<:"lO salld '1O<)\11dw'W ll'l",d. I" t.h., pr-ouun1, wor~,

t.he IliltLlrul s<lnd was COiIS1dt1r"edas main moulding mater"ial.

,



FIG.e,. CAST IRONI\ffiBLOCK MOULD_
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The A.F.S. graln flneness number of the sand was measured by

Tylor's Sieve Shaker and was forJnd [.0 be about 170. The moulding

aggregate consisted of mainly sand and 18% clay to which 5-6% water

was added. The mould llserl for t.he e~periments contained four

identical test pieces having a common sprue as shown in Figure 7.

3~4.Charge Materials:

Loc.ally a'.ailable scrHP P'lstOFlS (broken automobile pistons) were

used as the main charge materinls. Analysis of the material was

shown in Tabl,,-1. Th", analysis of different elements were carried

out using standard i',-,)cedlJresi511•

TABLE -1--- ------ ._-- -

Chemical composlt"Dr' (W1:5I.j of t.he Aluminium-Sillcon Piston Alloy,

Zo

O. '0

Sn i A 1

0.12 Rem.
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Strontium (0.\%), in the form of an Al-14% Si-1D% Sr master alloy

WilSused as a Inodlfyinu '.igenr,. The reflnB st.ruet,ura and propertiE's

reach il maximum at il. strontiuln concentrat'jon of about 0.1%, then

tend to deeraaile WjLh further st.ront i um addi t ions beyond thlS

level. It WElSndd"d t.n tl-1e chtlr'g'~ at t.he start of the melting. This

temper alloy was cut int,o small pleces ( 3 to 10 mm) and put at the

bottom of th" crucible'1". This a1l0ws slJfficient time to dissolve

the master alloy :omdto rea,~t effectively with the plston alloy.

3.5. Melting and casting:

Melting of the charge materials and castlng of the melt have been

carried out.. simullaneou"ly_ The details are out.linen below:

3.5.1. Melting:

lhe meltlng was carri.~d O;lt 111 a nat.ural gas fired cru<::ible

(urnace. lhe required amount of piston alloy was kept. ln a graphit.e

crucible whi"h Wilf' pi_)<C,'rj in t"he furnflce anq heated slowly, W"en

the "Ielt \-las ready, it was stirred with a mild steel rc.d. The

'" j um i n" ,."",h
c011talilinat 10n of t.iI", I","I t ;,)fld larefull 'i pre-heated.

L" """'''''~''
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After raising the temperature of the furnace well aboye the melting

runge of the aluminlLIm-silicon alloy. the melt was kept at th'lt

tomperature for ul,fflc,ienl. ti,,]{). Til", cnwible WliS then removed from

the furnace with the help of a cl,-,mp hflving a long pair of arms, In

ord'n to clean Lile rnel'L, flux (NH4C1) was added into the crucible

and stirrlng was continued for few seconds. Then the dross was

S!<ifllBd off from H,,'-, ton of t,h" Cf'ucible wit.h a alumina precoat"ed

6tee'l spoon and the clean melt was poured into the moulds.

3.5.2. Temperature Measurement:

During me1t1ng, care was also taken to measure the superheating

temper-aulre as well as the pouring temperature of the melt. The

temperature W<.lS mn.1sured wit-h the help of It Digital Thermometer

which gave a d'irect, reading of f2u accuracy.

The melt was superheated to about 750 C and was held at this

temperature for aGout 5 1H1nuteb. For the best results, the pouring

r,f the melt WflS dOll'" ut 700-720 C155i.

3.5.3. Mould Preheating:

The Gand mould WaG fin;t dr'jed nntUlCllly and then by gas flame

prior" ~o pour'lng 'Ul'~ ,,,,,,It. Th'3 keel I.Jlock was also pre-heat.ed to
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aD,:'ut. :;00 t,o 250 C before pour-ing the molt. Mould preheating is

nr;U)[l5~ry t(l dec;r-<:',-l'O>Bthe t8mperat.ure gra(lient. botwe<!fl the mould

and the cooling fHLlmt.rate which tends to promote the grain

reflneml,r;t, during sQlidiflcation of the nl"lt.

Ai'l;"r E:llin,min<joff t,h" t,op droGs, the chmn melt with a pouring

temper"ture of 7lJO.-720 C WtlS poured into, the metallic mould and

the sand mould. The mll1ten "I110y was poured into the mould in a

c.:mtinUOljS stream in ord •.'" to avoid any turbulence, thus minimi;::ing

dress fonnat, ion an<i hydrogen pick up in the casting. However, all

of th8 QI'orClt,ions ",:,re ca,riDd out so quickly that. the temperature

drc.p from 72(} C w,w nor. n,oro t,han 10 c. Each tensile specimen wag

indiv'irJually ~,ark"d L-,r- idfJni;.ific •.•tion.

3_5. H!:at Treatu.;Bnt:

Altho'Jgh " n'lmt,[',- {;If h2ar, treCltm,CJnt proceBs can be applied on the

aluminium-lOll icon "n,-,y,,, but for present work, the full heat

tn').1tI1l0iltS (i,e., :;e-:":.ion, ageing and preclpitation treatmentE)

wore cJrl'lcd out, ncr;ordll1g to the f;,11owin(l procedure:
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Lreated at a temperature of 520 C (!5
muffle furnace. The required "Lime at.

this t.emner<'.ture WHSf\ hQurs for both eh"ill and sand castings. Th<lY

were th,m 'l"enchcr.1 in hot- wat.nr [liitil at. 60 C fOf' 15 min,ltes. After

n:.moving the spflC'imens fr-o;n hot water, they were dried and kept 111

a fnc[L,:er (-10 C) ovemight. 1'h'""8 sper.imens were again heuled at

180 C (If, C) for 8 hours, ,",,'moved from thll fllrnace and air cooled.

3.7. Specimen for Different Tests:

Th" tensile specimen>; were obtalned from ro<,nr!, cast to shape and

elLS, test ban, fr"m \JreGrl Band moulds and t,h8 cast iron keel

bloc;k enl]] maul,i. fh" chill cast specimens were cut from 'keel

b'lo,ck' ca"t prOl.lUct. Sb'.ltl(hl'd tensi'le specimens with a nom"inal

di"rn.:.ler and mln1ffiUIr, par<.ll1f1l lenDth c0, mm find 57.2 mm
respectivoly (shmm 'in r'ig. 9) were pr'epJrect from keel block.

All eli'ill G'H;t. Srwrlm(JriS of st.f1nnard fiO.7:!.O.5 mm 'i)aUD'" length were

used for tensile Lest'ing. Flut the as-cast (sand) specimens were

tested wit.hout nhLchin'in£). Met'lllciUrarhic Spectmens wore ah,o

r;rGl'ared from chill c.nd :i"lld C'JHl products.

'.



FIG,9 ,STANDARD nOUND SPECIMEt': FOR TENSILE TEST.
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3.7"1.TenSile Testing:

As-cast and heat treated undur both modified and unmodified

conrlitions l'I'Or"t"sl~ad with a tensll" testinll machine to obtain UTS

ami pcrcunLa')fJ olano.It,Hm, 1"",nS'118 t,Hf>ts were conducted on a 50 ton

of Tinius 015"n Tel't,ing machine using 5 ton scales. After breaking

acellrred during sLr"llllog. All the tests wore carried out at room

'tBI<;pernt,ure.

:3. 1. 2. Um'(1l1nssTests:

tlrlnel1 f1ardl,a:.,> L>'51.'ln9 WetS cllnd'lct;ed using Avery Brinell Hardr)Bss

TestingNM,hine. In order to d"termine the Brinel1 Hardness of the

tost piaces, 10 Jilin rlli-lIfl>'it.•!r il)denLator and appli£ld load of 500 Kgf

""r-e used ilnd t,he loading tlme was about 20 seconds. This procedure

3.7.3. Dansity ~~asurcment:

In orci,-,r to dp,tf)rmil)f' t.l1f' r.It'n"ity, the (>;]mpI65 wera polishQd fJnri

vie51'eU wi!.I,50[11'\1~l81-ar,d ~rl~d at 110 C -rn the oven. Then snch

::;pe'-IIIIUli y,"JS w(,I\)I,,'" .,' bulh ";1' ,!"t.I water. The w<=ia!lt, of t!lJch
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f;[)8cill:p.n '1138 mQ,~sllrf:d b~i elcctnJnic b:>lancB (accuracy fO.l rng) and

the ot'~oe,ved danGity HClS"thus c"lcul<:lted using the follm-;ing well-

,",..

W. := weigfi1; Spp.C1ffieo In Wnter

P, :: Ju""iLy of wnl-,..- <It, room temperature.

3.7.4. Percentage Porosity MeaSl.!ref~~!1t:

I'or mef"lsLlring the percentage porosity of the casting, it was

neceS'OClry to determino the' mil>:irnum d",nsity of the speeimAn. For

this purl='cse, the spec'im9n WhlCh was used for bulk density, was

comprm)sod 7lJ-805Cof 'it,s iHitiill thickness so that the VQ'jds and

pores arf' pre",sad togr!t.her t.O make the sample pora •.fres1i2.'31. Then

loho CIJeCl,n"n w,,",s p".l ish"d, wf.lGh"d, dried and weigh"d in the s"me

nmnnar as d>cscrlb"HJ in ';8etian ~l.7.3. The percentage of porosity

X 100



,

~:h.:;re.

P,f.:: Densit,y of thi,: pere-free sample

p~ ::: obGerved density of the sample

3.7.5. Stress Relieving Te5ts:

Sr,ress re 1 iEcV1n9 of cylindr-ir;al castings were accomplished by

Lh"rmal treatmGllt. 111)5 \"'.3 done exactly 1n the saroe way 6S hoat

tr"';lt,~I'~nr~ of)erat'ion waG carried out. The peripheral length of the

oy I 'inn",r "",6 measur."d f 1fL.t in t.he a6~ca6t condo; t ion then therma 1

tn)atnh,nt I,ClS CEu-rl"d OLlt for Qoth the modified and unmed'if';ed

s"mples. 1h8 G,-linrj,-,," \;,1'; lhen sectioned by milling m[}chine and

the 'fll1cll per'iph<:H-ai length "laG measwr;>d again. The difference

bableon Lht! two re"d;ncJ" (if any) wflS extension due to relieving

of ;nt.ernal resldu~l Sn"BSS induced during solidificatioll. If there

is no ext.em:;ion, 'Lr;.-'H) Lhs rE51dual stress has been relieved due

to th[;>rmal t:re(lj~m2nt," The procedure of measurinll the residua]

81.1-6,;S for C',llndrlGdl caGting by sectioning method has boen

rldopted by 6Everal invest"ltratoriJi,.Oi.
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3.B~Metallography:

The speC101en6 were pol iElled in the usus l' manner by emery paper.

Final pol'1(;hing was carr-jed out with fine alumina powder

( 0.1 micron) by hand. This was necessary to remove any mler-o-

scratches from ~he specimens.

After pol ishing, the specimens were cleaned by acetone and were

etched in 3% HNOj and 2% aqueous hydrofloric acid (HF) solution.

Tho etching tImE! 1'1,\0>,\hout 30"40 seconds b,lt repeated etching and

pol i shi ng was ne<:OBsseryto reves 1 the structure. Microstructures of

these specimens were examined under the optical ffi'jCr-oscopeboth 11)

the etched and une'tohed cond'itions. Photomicrographs of the

strur:tures WBre takfJn [,w necessary to see the morphology of silicon

in the presence nnd absence of strontium at fixed magnification

(X100). Photomacrogr"ph of the fracture surfaces of the specimens

were >1160taken to assess the type of fracture in the casting.
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4.1A Int~uctlon:

The resul ts of the present lnvestig<ltion have been presented in

1~his chapter in tabular form and metallographic structures have

been illustratsd wiLh suitable photomicrographs. For convenience,

this chapter has been div1ded Into two parts. The first part mainly

deals with the efFecoL of modification by strontium and the second

part compr 1ses thA effect of heat treatment on structure and

proper,ties of modif'i(~d and unmodified alloys. In each case, the

effect of cooling rate has also been investigated.

4.2~ Effect of Modification on Structure and

Proparties:

The I"esults of the tensile test and hardness of aluminium-silicon

pist,on nlloy 111the as.'cast condition are SflOwnin TablEs" and 3,

and graphically shown in Figs. 10 and 11. The photomicrographs of

the struct,lres of chill and sand cast samples are shown in Figs. 12

"l11{j 13.



TltEL£-2---------

Tensile Proper1.,ies of Al-Si Piston alloy, as-cast condition,

I j - ~

Modification I ~1ould Type UTS (N/mm2) Elongation,{%)
I

Chill I 173

I
2.5

Unmodified -
I IS,md 115 1.5

I Chlll i '" 3.0

I
.

Modified I iI Sand m La

TP.RU:-3--_. -----

Hardness (BHN) of Al-Si Piston alloy, a,;-cast condition:

Modiflcation i Type of Cast,lng BHNr Chill 76
I

Unmodi fied I
~

! Sand 65 ,,
~- ,, Chill I "

Modifled i------;C1rlrJ "I -
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AI-S! piston alloy, as-cast condition.
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UnnIQrliFi'~'d Al-si PiGLOn a11ol'.

n unetct,,,,j b 8tehod, X'10G.
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(12.2't Si), sand c'ast•Unmodified ;.I-S;'Piston alloy
a u<,"':c;,;:,ct r' ctcbL'd. XI[.(1.

•



wl">erlJas
1.5% ana

Hf3,,rospect.ively,

about 115 N/rfim1,

'll1oy, the Ultimilte tensi le
and hardness of chi 11 cast

unmodifiedfor

sf16cimens, tJwy are

perGlmt,1l'jG of elong3tion

a'"8 as 173 ~l/ni",l, 2.~',% 311d 76

It can be ""1'11that,

for thQ £'and Cdst
05 H[\, reGpcctivllly. It eLin also be seen U",t, for bot.h rate, of

ce.::l1in'J, thnse VLllU05 liro incn ..'r.ls0d when the alloy is modified wlth

str(Jj)l.lum ..

The pnrCf'II'i..J'IQ pnrm;. ty of bot.h ehl1l Ilnd Bflnd cast. ings anI shown
In li .•tJlo 4, "nd 9,'cophic,,1Iy prHHmc.ud in F'ig. 1(;.. It; cun lJ" .)o~;r,

th"l_ Lh" p\1rUJl'lI.,l~l'" r:,r i'nrof',ity for "lli11 Clnd Hllnd COt,t. lrnmodififl'i

spee 1mons are about (1.7'"1 and 1.07

modified alloy", they arB about 1.11

respectively whereas
and \ .44 respectively.

4.::L Ef't'ec.t o'f Hc.a:t Yreatilil!6nton Structure and

Plropnrties:
•

'[he dl't.,ji IGd results of t.€'HL t.r'e",U:~d mod'ified and unmodified

cm,'p~os c;re sho"lli In Tables 5-7 a.nd have been graphically shewn
(In t.he b.lr ferm) in F.igs. 17 a.nd 18. Photomicrographs of U-,,,

rnOd1flE'd and lInmnrlified ""eeimens for both rates of <;0011r19 are

"hown H\ I'igs. 19 to 22.

ultirr."te t~'n"ile strcngt.h, porcf'otn\)e

t1'I unO'lt ;on ,Hid h:,rdn{)55 of 11eflt t.re"ted unmodified chi 11 cast

'JpeC1mCns ",re e.g 27;>'~I/;"m'. 1.5'1: :md 1~2 HB, rICspect,vely, wheroas
fr-,r sand cast. 8p;'~r;1IT,E'nSUWY are as 230 N/mm1, 1.0" and t09 HB,
1",~cp,=,cL;Y21y. Th",;<; viilwlS "re alc.o 'increased when the alloy is

,.,odlflcai-iGn ilnd Ilfii)t Lrc",t",i.

"
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Porosity of Al-Si Piston alloy~

,

Mod'ifica- Mould Typ!l Oenslty, Max.Density Porosity

tion glee (glee) '%I
- -

I Ch,11 2.689 2.71 0.77

, _.-
Unmodified 1 Sana 2.67 2.699 1.07

TCh~l_ 2.67 2.7 1 • \ 1

Modified
-LSand
2.66 2.699 1.44

i ._, -....-= -

<



2.8

2.76 .

~
0
0,
•-~ '.7-•0•Q
2,56

"

1.4

1 ,
~
<0-~

1 -"0
"0•

0.'

0'

J

Modification Treatment

A&. E!.unmodlfied chili &. sand cast respectively
C & [<.modifled chili 6<sand cast respectively

"'19.15, Gr'aphlcal representation of density and porosity

of AI-51 Pist"n <III,,>,
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Tensil" rr-operL"<Jli "I' AI-si Pislon alloy. heat treated condition;

Modification Mould Type UTS, (N/mm1) Elongation, (%)

---..----1
Cbll1 m 1.5, I

linmodif'ied I ISand 230 1.0
-_._._._- ,

Mod'ifled Chi'll 295 2.0
I ,
l I Sand 244 1.5

-
TP.RLE-6..._" ..,----_.

Hardness (BHN) of Al.•Si Piston alloy, heat treated condlt'ion:

r - -_._--
TlypeModlfication of Casting BHN

i-- I, -
Unmodif,sd Chill '"--

Sand 109

, Modified Chill 129

I 1--- .

I Sand 118
I•
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Periphp.rial Expansicm of Cylindrical Casting (,o.1-S; Plston alloy)

due to Hflat 1"rBatm(JrlL

" "

~\odi f i (:,';1- Peripherial Length (mm) IDifference Extension

tion (mm) (, I
Before HT After HT

- -
Unmodified 23S.2 236.5 '"' I 1. 42

--- I
IModlfied 1_234

.
5 237.5 '"0 1. 27

I I
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300 UTS

0.5

1

~

"-co
1.5 ;:;

"o.,
W

,,- 2

%,

D

'f,E

B Heat trllatmllnt C

UTS

A

, lITS

220 .

280

200

•c
~ 240

A&. Bounmodlfied HT chili $< sand cast respectllfely

C &; Qomocllfied HT ohlll 6. und oast respeotlvely

Fig, 17. G,tlphloa! reprCli-Ilt'ttatlon of teMlle propel'tles:
of AI-51 Piston alloy, heal treated condition.
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Heat treatment

A & 8=unmoelifled HT chIlI 8<sand cMt respeotlvely
C 6. D=modified 111chili & sand cast respectively

Fil).18. Graphical representation of hardness of AI-Si

PI~tQnalloy, heat treated condition.
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" bFig.19. Unmodif;ed tlant. trollt.od "1-5; Pist.on 0110)' (12.2~ 511.
chi II Cilst., 8 unetctlCd b ot.Chod, Xl00.

Flg.20. "Unmodified hoot. trented
sand caGt, n lJlI"tchad b

b
Al-Si piston ello)'
et.ched, Xl00.

112.2" Silo
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(12.2% SO
a , IJ

Fig.2'. Modified heat treated Al-Si Piston alloy
ch i 11 cas t, a unetehed b etched, Xl00- - -- .--- r.;;-----------<

--- ------"~-----. ---.,
Fig.22. t~od'ified heat :~rellted Al-Si Plston alloy (12.2% Sil" sand

cast, a unetcli j b etched. X100,



4.4. E'f'feet:of Modification and Heat

Treatment upon Stress Relieving

The r"sults of as-,""'o'l,,;l',unI"orilfierf and modified specimens arc shown

in T"ble-8, wIVorE''ls Table-£! shows ~ha results of heat txeated

cas ~ ings. .I t can be 'i'~en -Uwt T,he extens ion due to rs 1iev ing of

intel"nal resldual stress of unmod-ified and modified specimens are

as 2.5 mmand 1,0 mm r'efifJecLive'ly, whereas the values in the heat

treated condition <tn' as 1.0 and nl1.

,



Stress rel'ieving (expre"sed as all extension) of Al-Si

Piston a11oy, as-cas't condition:

. .
I

j

-='-=' -~'- '"=-
P,"r iph,"""l 1<H\gth. (mm) I

I

Modifl car. ion I~.~~....
Aft.or

Extension (rom)I P.Rfnr r-1

Isectl1lnHlg sectioning

--------~.~~~~... -.~-.- ... ~ r t~--;.,
j Unmodlfied 232.5 ! 235.0

l--;;;'.d if;od
I

. .

:O'3G.0 237.0 1.0

Stress Rel1€ving (expr85sed as an extension) of AI-5i Piston alloy.

heat treated condition:

.•.
irheral longth, (mm) I Extension (mm) ,
-_.

f ewe After ,

tlor)'ing section"jng

2~{e.5 237.5 1.0

,~--,-
2:37.5 237.& nil

, --' C- .

~I ~~. ~ir~;~;
I Modification Bo

! '""
'- Unmodi fi e-;;-~I---.
'--~,';di f iP.~--r~-_.--

.. c
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5.DISCUSSIDN ON THE__EX~~RIMENTAL RESULTS

5.1. Introduction:

The experimental results 50 far obtained during present

investigation show that the change of process variables have a
great effect on structure and properties of aluminium-si1icon
plston alloy. These have bean discussed in details in the following
sub-sections:

5.2. Effect of Cooling Rate:

Differences in cooling rate m~rkedly affect the structure and
properties of the modified and unmodified castings.

5.2.1. Structure:

Figs. 12 and 13 show the mlcrostruct,ures of chill and sand cast

specimens respectlvely in the unmodified condition. The figur'ss
show that the amOUIYtof l"he primary silicon is les6 in chi11 cast
specimen t,han that of sand cast. Microstructure of the sand cast

specimen consists of IJ-alum'inium dendrites, aC1cular silicon and

primary si'licon plateE and the structure is less refined than the

Ch111 cast. Cooling r"Le controls the primary dendrites. During

metallographic examination. it is avoidant that highly branched and
feathery dBndrite<. resulted From r<lpid cooling rate due to the

restriction of Lh.~ ,""oceLli, ':G8nC'~. whereas low rates led to the
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formation and development of primary silicon plata. Fine Sijrain

structure promotes improved meGhanica1 properties, while GOarS8
graln structure, by emphasizing gra1n boundary effects, results in

lower mechanicol I.H-operties (Table 2 and 3 and Figs. 10 and ,11).
The reason for fine str-weture in the chill cast specimen may be

discussed as follows: The sepiH'at10n of the liquid into two solid
phases can take p1 ,..:eonly by dlffusion just before solidlfication.

The distance throuuh ",h-ieh

time available, which
thlS diffuslon can
1n turn depends

occur depends on
on the rate

tho
of

8()lidification. Thus, r"pid coaling will allow a short time for

diffusion at the liquid-solid lnterface, and a fine structure will

resultiiUII. Thus higher the cooling rate finer the structure and

vise versa,

5.2.2. Properties:

It can be seen fr-oJn Tables 2 and 3 and Figs. 12 and 13 that fastar

cool'ing rate improve the tell:oi'le pr'operties and hardness of' the

alumiolum-silicon pititol1 alluy. since the degree of ,under cooling 1S
less in slower ,-at.", of cool1ng (i,e., send cast speclman) and fewer
nuclei <Ire <lvailJble for growth which eventually lead to the
formation of comparatlvely coarse crystalline structures end hence
inferior tensile properties. The hardness of fastly cooled (i.e,
ch'ill) cilst.lng 1S <11S0 hlgher than those obtained fre,",
companltivE'iy slowly cooled cust'ing (Table 3).

It can be seen from t,he measurement of porosity of the specimens
(l'ahle-.4 and r'ill. 16), t.ha', t,h,-, r,,),'~rmt."Qll poroaity iEi hiQhar in
s<lnd cast specimen til,il n.i!: :!"L b;Jl,cimeri. T~H" large pores

(greater porc-Gity) in sm:: cast is formod due to the coaglilation of
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many micro-pores <lnd high deyr-ee of hydrogen and water' absorption

by the melt from the green sand mould Bnd their rejection upon
solidificatlon. Furthermore, in the sand cast bars, the pores occur
OYer a wide area, and are either interconnected fissures, or of

unconnected interdtmdr-itlc oval shape.Due to higher porosity In
sand cast specimen both physical and mechanical properties are
lnfer-jor to those of chill cast specimen.

8ergeriW has studl,"d j.Jor'oeity in aluminiUm and magneslUmalloys and

has shown that, fd~-;ler- Goo1 ing rate show higher denslty than that
of s 1c..wer rat.e of GOOll ng. Thus the paros ity depends upon the

solidificaL'ion r;;ltO' af; well Clb the free;nng r'l.nge of the alloy.

5.3. Effect of Modification:

StrontlU<II treatment hl!s PI"oved to

charac.teristics of the aluminium-silicon
d';scw;sed be1ow.

5.3.1. Structure:

lmprove the VarlOUG

piston alloy, which are

The extent to which strontium is ahle to refine the eutect'ic phi)S8

of the structure mainly depends on its concentration ;n the molten
<d 101' before the C0ImnenCement'. of so 1id if icat ion and a 1so on the

growLh rut,' indue,",I. f'lll' ill'.! IIh,ILIII\J. GtlrClWUGtoken not La u'lll'W

the melt tfJmperature to exce"d 750 C. since t.he action of strontium
beCCJl1I8l;pl"ogressivE'ly l'-'f,s cffflGt.lve Above thnt temperat.ure, This

rB81ting procedure waG adopted 'in the present investigation to



modify the alloy effeCLlVely. g'ince modifying elements depress the

nucleation temperatur'e, they also lower the growth temperature and
change the growth morphology from coarse plate to apparently

globular shape. Thus bett~r properties of the alloy were obtained
due to structural modiflcation.

The microstructure of modified specimens show (Figs. 14 and 15)
that the aluminium miltl" ix contains 1arga amount of rounded silicon
wi th 00 prlmary 011 'Icon. The silicon crystals are predominantly of
the feathery oc star shaped type (Flg.14). Actually the
nuclel'ltioll and growth prOC(;SF; 'lffecls appreciably the structure of

the alumlnium-sll'lcon aT'loys both directly and indir'ectlyl6D!. Wh"n

relatively small sUPPArcooling 18 induc"d by the modifier, the
stability of the Joint growth of planes is disrupted. At the same
tlme. the colony-like s~ruGture of the modified aluminium-silicon

eutectic 'indicates a cc'mectlon between the planes 1n the process

of solidification. [n tillS case the leading phase is the aluminium

compor1£nt, which d'lrlr1g jOlnt growt.h will outstrip the growth of
sllicon crystalc, tending to surround themili,oH. At the same time,
the pr'esence of strontium, the surface tenslon between aluminiwR
and silicon are red,lcad. The ,'e»ult is that aluminium solidif16S
aro'Jnd particles of siiic('lIl. blocking them from the liquid. Due t.o
tho perlodic slipeniaturar,ion of the liqUld with silicon, the

silicon phaGe wedges out at 'Lha sol'ldification front and are
immediately sLirrollmJ"d by aluminium phase.

Modlf';c"t ion by stront.ium chan\J"s the mode of solidificatlon of
Lila elituct.ic so thu ;r,.-"i,fied ""l.~\ct.ic; cry';1;'111izfls wiUI "lUmlJl'iurn

CI-y~;I,,,l1c 111 th" !r:"rl ;m,!-(l;)rJ of cilicon Gryst.l1s, ar:; HI th(.
unillod i f 12d Cl'110" The 0,<;11'];:>'If lead in eutect;1c crystalli7ation
chang;;)c trl8 _,;tnL(:I_','I-'~Or ''-'',Ite,;t.ic ffDm a rnl;;t'Jre of two cont'nuous
lnt.erpenlLr"ting I'n"lUi'S one .."f which 15 brlttle, to that of a
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discontinuous bntt.le phase imbedded in a soft matrix. This changes

of structure produces the improvement of mechanical Dropartles,
which is the characteristic of modification.

The modified euteC,.lC alloy also "ho'Ns rod-like, (Flg. 15) growth
of 'silicon rather than plata-like, (Fig.13) as obtained In
unmodified alloy. When the aluminium-silicon eutectic piston alloy

16 cast without modiflcat.ion, large primary silicon- crystals are

S88n In the structut'B (Fig. IS). This characteristic has an
unfavorable effect on castibll ity and also on the technologlcal
propertles of the ,,11loy.

5.3.2. Properties:

rabies 2 and 3 show the tensile properties and hardness
resp8ctivf)ly. of the mndlfiAd alloy. It can be seen that bot,h

chill and sand cast modified specimens show higher UTS, %

elon'J<lt,inn and tlHrlJness than t.he lmmodified on£Js. Similar
observatL,:,ns were also reporLed by othersI16,!~,lQI.

Tn T,!'" p'-"Ge"t, inv,,,,t,'ignLi<'n. addit.'ICln of stront.;um tlxhibiL,;
slll'1st<lrlllal lm::re>lB€ In tenslle properties of the alloy. ThlS

lrlCreaoo,e- might bE' due to mod'ification of the structure which
chnnge", til., shOll'S at the eutectic silleon "Gor,,'I" in the alumlnium-
m[)trlX. i.e., from a needle-like to a rounded morphology (Figs.14
~ I~J. l'I." hIgher Gt.rength Elnd ducti'lity of chill LUbt specimens
result from the combmed effect of rapid cooling and modiflcation.
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It 15 also notlcsable from toe Table 4 and Fig.1Ei that the density

of U'l~ mull I I" i l~(j i.l I loy "i [,0111'"",to;]L lowe f' thall I.hlJ W\1I1\HjI'f iml oneu.

The reason for 61 ight lower valu", may be due to oxidation reactl0n

of tho strontium "lloyi1li, Ali r.jg(jrds the micrm;tructure of the

modified alloy (Flg.15) It QonrA,ins some holes and voids specially

lrl the [land cast spucimens which callRBS lower densit.y that;1> some

what higher porosity of the alloy.

However, a close exanllnation of all modification results obtained
in this investig'.lLwn (Table 2. 3 and Figs. 14, 15) shows that an
increase 1 n mech3ni os 'I Dr'oper t iS6 i IS usua 11y aCGompanied by the

grcl1n refinement"

•5.3.3. Fracture Surface:
The appearance of the fracture surfaces after tensile testing also
show the di fferences (F igs. 23 and 24). The fracture surface of the
unmodified alloy hiwe a lus~rouG, well-faceted brittle appearance

which resembles the ;:lppearOlnctJ of brittle sil'lcon phase, whereas
the modified surfac"s tinv" a l-ighter, silky fracture which
suggests t.hat fract,ure has occ\nred largely through the ducti le

aluminium-matri,. In the first Cflse, the fracture follows the
cont-Inuous brltt.le phase, whereas 1n the second case the britt.le
phase is discontlnuous and thn fracture goes through the plastic
alumimum phss"'. Due t.o continuous breaking-up of the brittle
si liGon skelet{lI1G Uy modifiLatir.Jn, t.1I1S 16 most pr-obably the
flllot,her (OflU5eof Il1u."a""n<;< t,he stn'lrlgth ann nllrotilit,y of t,hf'

"",dl'l'ied allo~.

lL
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Fig.23.

Fig,N.

I
I I

I
I

.__ .
"Fracture 611rfa<.eof Al-S-i Piston

ehl11 b unmodif-IOd sand; X5.

I I

•Fracture surface of ,~1-5i Plston
b mOdlTlEld sand; X5.

b
alloy,

b
alloy,
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5.4. Effect of Heat Treatment:

The effect of full heat treatment for both modified and unmodified

alloY5 havE' lejJ t.o Uf,f;'Onti ,11 ch ••nges in struc;ture and pro[lsrt ii'll>"f
aluminlum-sl11con "ist,on alloy. These can be discussed in the

following sub-sections.

5.4.1. Structure:
Some 50rt of struct.ural ,efHlell<ent was achieved in both chi 11 and

sand cast specimens when full heat treatment operation was carr'ied
o\JL in the pr'esen" in','estigElt'Ion. The microstr-ucture obtained after

full hsat t,-e"tment are shown in Figs. 19 to 22. I t can be Seen

•

that due to hBat tf""tment both the primary silicon crystals and
slltectic 5111(',on ne~'dleF; show some spherl<;:,dizing i .B.the sharp
corners become r'oundsd and Lhe .1qLJiaxsd twin cf'ystals (Fig 19) are
found. In the modlf1",rl heaL t,ellted alloys, the overall struct.ure};
<lr"<)refined el illLinHC.ingp,-i"'Clry s-lllCOn crys-LalG.

The structu,e of aluminium-silicon eutectic alloy (Fig. 22) show
Lhe parLlcles of F,,)SiAlI2 (gray, scriptlike) and MglSi (black) In

the aluminium-rich S011rJ solution rnatri~. The present investigated

alloy contains copper and nickel which enhanced the strength and
hardness at elevated temperature. Such type of resulta were also

observed by other f-esearchen;:~>.4i!. Hanafeel461, studied structure and

alloy. His study showed that theproperties of the LM-13 type

presence of nickel With-in the
hardness of '~he alloy. ThiS

cornpound in rnicrowtnlchll"8.

range of 0.1-2.5%
was attributed to

increased thlJ
the dlspersed
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The effect of heat treat,ment is man, significant in the sand cast
a 110y compared t.O ch'l 11 cast alloy. The reason might be that due to
ch,ll,ng, the sharp corner of the eutectic silicon becomes rounded
and due tn heat t,reatmp.nt, ,L$ effect is thus not pronounced fully.
On the other hand. i,; sand (,,~st. f',peClmen. the eutectic si 1icon is
shCirp and due to h8at, treatment, its sharpness somewhat reduced and

bocolTI"" GUb-tlnOl"ILlr "",-,win\! Ijr""t"" .,ff8cl. Mon"ovor. mavnom,,,",,
silicide compound is f'iner and more evenly distributed in the chill

cast. i)11oy. and further r-efininfj Rnd dispersion resulting from heat
treat-ment OCGurs to a limited degree. Thus the tensile propert'ies

are margi na 11y affected for ch 111 cast alloy. whereas the effect of
heat treatment on 5and Cdst alloy is very pronounced.

When heat treated, the dendrite arm spac-ing is reducedliOI• Due to

completion of homogenization, more solutes come to the solid

SQlutlon. Hence, finer" structure obtained, resulting greater

strength anu hardne<,;'~ from the subsequent precipitation reaction .

5.4.2. Properties:

The changes of tens) le propert'ias and hardness due to heat

treatment of alumlnillm~~nlicon piston alloy have been shown 1n
Tables 5 and 6 respectively. A number of important pointe emerge

from the results obti'dned during this set of expenments. The
specirnell having t.r,e hilll,,,,;!. UTS was found in the hOdt t,r"eat.Hd
condit.ion, although ill general the highest ductility (If, elongation)

W,lSfound in the modif ied as- caRt cond i t i on. When heat. trea ted. it
fo,-",1:.-d l,ornug<;n<;ous [j i "l) I,) I,h,.>,", foll~,wlJd by qu"nch, rig to r eta i"

the solut:e COIII[1rmentIn ullGtable state. Subsequent ageing and
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precipit'ltion treatment in th~ range of 180 C,

86

the solute atoms
were r"'Jecled and form a c IUF;ter aa a Goherent or semi-coherent
precipitate. The strained fleld around Ii coherent Or semi-coherent
precipitate lnhibit, the rnovement of dislocations with increLlse 10
strengt,h and haroness but decreOlse 10 dUGtllity. This can be
explained thot the inCfH!ls," in strength due to heat treatment "IS
belencrod out by t.he, decre"se 10 ductilityl!lI. E.H. Oix!'" also

observes that most of the heat treatable aluminium-alloys produce
higher strength and lower elongation when again>! is done after

quenching. When <lgelng H. performed during present investigat,ion
after solution tr"Sdtment and quenching, Slze of the casting
(linearly) increas<'ld (Table-7). Thi's may be due to the

precipitatl0n of alloying elements and also considerable growth
occurred for silicon r>recipl1.~tioni60!.

The p<'ak values of th •• mer::hdnical properties were reached at higher'
cooling rat.e of the heat treated modified alloy. Th" modificatlOfl

and h",nt treatmenr. 18 supc"h for required properties rather Umn
unmodified and unlHlat tr'",ated ones, ThlS changes in mechanical

properties, Were mFnnly due to the size,' shape and distribut,ion of
the magnes'iul1l siliClde (Mg,8l) precipitate particles during,
age-ing,The Plston al10y under lnvestigatlOn contalns 0.75% Mg
(shown in T"b I" I) _ ] L hel" bppn ,'eport.fid (161iehat rn<Jgn~siUln 'is 0'1<-<
of th<J most Important" clolltel1r~b among the d-ifferent alloying and
impurity elements pn'sc"nt in the aluminium-silicon alloys which
con fe,r [;t.r"ngth, UUL i t,c I, tr"ngthen i ng sffee tis fLl11 y obser'v",d
only after heat treatment. Magnesium functions mainly as a

preclpitation hardener. S'ilicon of the alloy combines chemically

with magnesium to form m<Jgnesium silicide (M91Sil alOng the [10DJ

direction ot' the ai'lminium matrixlll!, The compound, when finely
dispersed by controlled preClpitatlon during heat treatment, lS
responslbJe fur 5treng'.h,J(lill'l the alloys.
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Due to precipitatlQn hardening Or super saturated SOlld solution of

the matrix, the alloy response to a lower ductility but higher
hardness. Howeve,-, substantiall)' greater ductility is obtainable

from the al joy bubmitted to special casting techniquos

(e.g.continuous cas'Ling) or to working (forged material); in these
case, elongatl0n of ~,-10" mal-' be ",ttained{WI. The propert'ies reach
a m",ximumunder he"t t.rc;atc;d conditions where the 61licon-flakes of
the eutectic phase of the cast'ings are more uniform.

5.4.3. Residual Stresses:

The stress relievlng d"ta (measured as an extension) can be seen 111
Tables 8 and 9. After thermal treatment, the value of extension 1S

found abo"t 1 mmin c",",e of unmudified speclmen, whereas this value

is zero 1n the modifH,d one. HIe latter observation indlcates that
the res1dudl stresses obtained from th", test satisfy the conditl0n
of stat1c equillbrlum. \'ihen th,'r'lla1 treatment operation is carrled

oul to a specimen. th0 objectionable r-esidual stresses are removed.
The internal •.•esidU'll ~i;resses that 1S induced d"e to uneven
,;0011>1»rat.e of ca",t'in8s or from oth<cr fabrication operations musL
be removed after th<=l-mal treat.~lent undoubtedly.

Nowadays. the uS'I''ll method of reduclllg internal stress 15 as

follows:IJ'-". In this C3be. l,he cacting -is reheated to a temperature

at which, suffi,i,,'nl plilstic flow can occur. When heated, the
out~, Ide of t.he "W''- im.m Is eXpi.iI"ldedbefore the cent,-e becom"s warm.
Thus, the C8I11,,'2wi 11 bf' placed under an add1t10nal tensi 18 stress,
and 11;8 L",!lsi Ie str2n']th wi 11 bi-l increased.

I
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The follow1ng conclusions mdY be drawn from the

present lnve:ot1gat.ion:

resu 1ts of the

(1) The increa»crJ r'ate of cooling produced by chill casting
lncreases the refinement/elimination of primary silicon

crystal from rJ", str'lctur" and hencll improves the tensi 18

prOpllrtHos and hardness of the A1-Si piston alloy. On the
other hand, 1n slowly cooled sand casting, coarse plata li~e
primary silicon including acicular type eutect1c structure is

observed resulting inferior propert16s.

(2) Strontium modification e'llmlnates the primary sillcan crystal

and refines I.he eutect-ic structure from both chill and sand

castlngs and hence improves the tensile properties and

har-dness of <11uminium~silicon piston alloy.

(3) The percentage poros'it.y of modif1ed alUfrllnium-sillcon piston
ulloy 'c. ,;I'Uhl,lv b''Ji",,- I-"r b",t.h r-ut,.,,; of cool,ng, '-11U"'U'jh

the 'strengt,h E1ndhardness 15 lmproved due to structural

mocJification.

(4i TI18 fracture c;'H'LJCe of Um modifll;;d alloy ~eems to be
ductile typE'. wher-eas brittle type fracture is noticed 1n

the unmorJ1'1"18rJalln':/.

(5) The full heat ',loar,mr,llt. (snlut.ion, agelng Rnd precipitatHlri

t.reatment) InCreases the strengt,h of the alloy at the expense
of ductility 1",- l'c'l.I. I,h,) modifi<:d <lnd unmodified alloy.
Ilowe""'I. the effe(t~ of heut treat,ment is more pronounced 1n
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the sand casL sPf'c:imiJlls than the chill cast specimens.
Very fine, EWllaxsd and globular type structures are obtained

in the hoat. treatect modified alloys inctlcatlng that
modifi<:flt,o,-, I",,,, ,"0"''' effect on heat treatment operation. •

''-

(7) The residunl Rt.l-ess in r.he modified alloy is found to be
fully r\,,'lie\led due to T.herm1l1treatment, which satisfies 'the

condition of static eql.li'librium. On the other hand, unmodified

alloys show some de"wees of re6id\jal stresses e~ist,
after heat treatment, indicating that further treatment or
othor procedure needs to be applied.

(8) Flnally, for best; combloatl0n of structure and properties in

the alumlnlum"silicon piaLon alloy, modification together with

full h\Jat Lreatrn,mt~ "is advocated.
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llUGGESTIONe FOB..f.U~~I~E.RJ"!ORK

It 1'; clear that ther-e an) a significant number of process
'/ariables that lnf1UGriCe the structure and propertles of aluminium-

s11icon piston alluy. It; is hoped that this study has provided a
frame warll for undGrsLmoing t.h", effects of process variable!> on

structure and proper-ties and in doing so, it has highlight,ed the
need for furthef- worl\ in the following area.

(I) SolidificA.t.ic.n characteristlGS of aluminium-silicon piston
"I loy" ,;h<)l,ld I,,> invc'c't l\Jilted.

(::'l Effe<;t of pr("le,'f'S vori"bl",; on tribological propertie" of the
aluminium-sil1con plston alloy should be made.

{3l A compa,-at,ive 51-Weiyof r;od-Ium and stront,ium mod'ifiGatl0n on

structure and properties of aluminium-silicon eutectic alloy

should be carried out.

(4) Effect of allo"ing elements on structure and properties of

aiurnlnlUm-sllicon piston alloy should be invest'ignted.

(5) Attempt should be made to show the effect of thermal
treatment parame~ers on residual stresses of aluminium-

si'llcon p'lston alloy.
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