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AOSTRACT fi

Tha majority of automotive pistons are cast in one of the group of
Tow expansion aluminium-silicon cutectic alloys. The structure and
properties . of thesa allays are very murh dependent upon cooling
rate, composition, modification and heat Lreatment oparat ions. Tho
affect of these varrables have been investigated in this study.
For bthis purpose, Jocally availshle automotive ’‘scrap pistons’
ware used as bagic raw materials. Strontium master alloy (AT-14%
5i-10% Sr) wae used as a source of modifier. Natursl pas Firoed

crucibfe furnace was usad for meliing purpose.

The microstructures of the alloy both at modified and unmod 7 Fiad
conditions have been studied in this invastigation. Propertier like
UTS, percantage elongation, hardness and percentege porosity for
rates of cooling waro determinad wi1th and without strontium
addition. Significant changes in struciures ware obhserved to occlr
specially in the primary and eutectic s5iTfcon phasas. Madification
exhtbits the uniform, rounded and globular gilicon fnstead of

acicular type.

Full beat treatment (e.g., soclution, ageing and precipitation
treatments) has also shown a great influence on the etructure and
praparttes of aluminium~sti¥con piston alloy. The exceptional high
tancile strength and hardness ware attributed to the Heat treatment
condition with decreasa in ducti?ity: The heat treatment after
modification produced the best combinatioa of structure and
proparties of aluminium-silicon pistoo alloy. It is found that. the
sand cast material is more responsive to heat treatment than Lha
chill cast material.The rasidual stress in the modified alloy i1s

fully religved dug to thsrmal treatment.

Finatly, attempts have been made to correlate the observed
structures and properties obtarnod during the exporiment.

-
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1. INTRODUCTION

Aluminium-silicon alloys have the potential for high strength,
excellent castability, good weldability, prebssure tightness,
thermal conduetivity, strength at elevated temperatura and
corrogion resistance. Thay are therefore well suited for aeroepacs
atructural application, automobile industry, military application
etc. Tho low exXpangion yroup ﬁf aluminium-silicon esutectic or near
eutectic alloys are referred to as piston alloy. This alloy offers
a design engineer, a potential replacement of cast iron for some
applications specizlily for automotive pistons {(both diesel and
petrol engine), cylinder blocks, liners etc.. This alloy can also
ba used 1in compreasars, reciprocating puemps, agricultural
aquipments and for other enyine parts operated at elevated
temperature. In recent years, it has further bean established that
their technological properties can be enhanced by varying the
process variables like econtrolling ceoecling rate during
golidification, adding modifiere, applying thermal treatment

gperatjions etc.

A review of the recent Lilerature shows that a great deal of affort

nas been made to wmodify the ailoy effectively. Earlier work for



modification of aluminium-gilicon alloy was dona with sedium or 1ts
zalt and latter, it was carried out with strontium., One important
feature of strontium mentionad in the literature is that its effect
ig similar to sodium but lasting longar than those of sodium.
Therefore, the use of strontium should prove to have paveral
advantages including the production and marketing of premodified
ingots. However, 1f the alloy is heat treated, the strength and
hardness are increased, Furthermore, this thefmal treatment &lso
relievos the internal residual stress of the casting, improving the

sarvice performance of the alloy.

The general theme of the present investigation was to observe
effects of cooling rate, strontium 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
axpansicu group are being purchasad from abroad with hard earned
fcreign currency. No research work has been carried out in
Rangladesh to popularise  the use of aluminium-silicon piston
allaoy with basic metallurgical variables. Another aim of tha
project was to find out gpecific conclusions and forward
racommendatione towands the technological use of this alloy for

jocal automohila sparn parts manufacturers.






2.1. Introduction:

Aluminum is one of the most important, non-%errnus metals today.
iftor steals and cast irons, aluminum and its allioys constitute the
biggeat &ingle group nf matailic matariale used by man. Out. of 70
million Lones per year, sluminium proesently occupies the tLop
position with over 18 million tones par annum“1. Bafora the Second
world wWar, it ranked fourth behind copper, zinc and lead in that
arder. In 1955 it jumperd to firet place and has sinca recordad tha

impressive growth rats of over eight parcent per yoar for over 30

years Now.

Racent davelaopments  in non-farrous alloye have opaned New
posgibilities 1o the field of aerospace tachpotogy and other
rolated fields of materials in different devaloped countries, %he
aerospaca technology, automobile industry, 8tc. mostly use the
Alumiutum~51itcon alloys. ODuring the past 10 years, 4 véry
successful effort has been made to improve and develop new

g 1Lm i num alTnys”h
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fiasically, modern alloy development can be divided into four
[3)

groups'?’:

{i) High strength alloys {(e.y. AI-81, Al-Zn-Mg-~Cu)
{ii) Heat resistant alloys (e.g. Al-Fe-X)

{ii1) Low density/high stiffness alloys (a.g. Al-Li-X)

{iv) Metal Matrix Composites or simply MMC

High strength alloys are used 1in &reas where 8 high
strength/density ratio 15 reguired, e.g9. in asrospace and transpart
technalogy. Develapment of an alloy of aluminium-silicon in the UISA
culminated in its successful use as an engine cylindar block in the
Chevralet Yega car 1in 19?0”5. Although aluminum alloy cylinder

blogk Gas£1ng had been wsed in the past, they usually incorporated

a cylinder liner tec provide The neceseary wear resietance to tha

bore.

The folloWwing are tha special features of aluminium~silicon

alioys'':

(i1 High thermal conductivity: About three times that of cast
iron, which results in improved rates of heat transfer with
ragard to the cooling water and the Tubrication syslems.

{1i} Low coaffigient of thermal expansion: Only slightly higher
than that of cast iron,

(iii} Most of the physical and mechanical properties are retained



at operating tamperature.
(iv) Enhance corrosion resistance.
(v} Adaptsbility to pracision casting technigues (i.e. die
casting)
{vi) wWear Resistance.
{vii) Reduced weight: density about 1/3 that of cast iron.
The last featurs 1s particularly significant 1nithe cumulative
character of the rosuails. AS tha  onginoe bacomues 1+9hhﬂé. Lha
supporting structure oan ha made lighter, thus decreasing the over
all car weight. The result 18 that smaller engines may be usad to
give the same parformance, which lead to mora economical and

lightar weight vehicles.

2 2. pluminm-Silicon Alloys!

;

' Many aluminium alloys contain some silicoﬁ, hbut the tarm AT-S1
alloy usually refers to casting alloys with,%iTicnn from b to 22X.
These high silicon allays are characteriiéd by Lheir ea&se of
casting, corrosion resislance, lightneas and:aase of weIdiné. They
cast well evan in thin sections, but tha slLrength decrease and they

bagome more difficulb to machine as the silicon increases,

Atuminium and siticon forma simple eutectiferrocus serien wWilh soma



solubility at both ends- Fig. 1. At the a1uﬁin1um-rich nortion of
the aluminium-silicon eauiltibriwm diagram the soiubility of eilicon
in aluminium decreases Trom 1.65% at eutectic temperature (677 C}
to a negligibla amount AL room temperature“l. A autectic forming &t
about, 12.0% silicon is largely responaible for the hardness of the
cast aluminium-alloy. Two forms of silicon can exist in the alloys:
(i} that resulting from precipitation from aipha-solid solution,
and (ii)} that produced hy direct solidification from the eutactic
malt. The two are crystatlographically esquivalent but differ in
Form and distribution. There are no intermetallic compound between

aluminium and &ilicGn.

sdditions of copper increase the etrength and improved the
machinability and also add the property of aga-hardening, but
decrpase corrasion and wear resistance. S1ight additions of
magnesium also give age-hardening hy the formation of magnesium
siticide {Hggﬁl. Thae high silicon provides good tharmal
conductivity and 8 low expansion factor, and are used for engine
cylinders and pistons. Alloys having 7% silicon and 0.2% magnasium
provide large needle shaped crystale which make the alloy brittla,
but adding up to 0.04% sodium refinas the crystals and improve the

phyeicsal pr‘ﬂpﬁr‘t']aﬁl'“ .
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2. 3. sglidification of ATuminue-5ilicon Alloys:

Aluminium-Silicon is a metal/non metal system and it has bean shown
that the si1liceon particles in the solid aluminium-silicon alloys
ara 1nterconnected”}. Tho leading phase of aluminium-silicen
aritectic is alpha~Al phase which normally nucleates first, followed
immediataly by nucTeatiron of the silicon phase. The frontal yrowih
of the sol1d is, therefore, the silicon phase. the edge of which ia
in eontact with the tiguid arnd eurrcunded on both sidos by an

sluminium~-rich a—-phase.

FatTawing the theory of Day'!, tiwe soguence of solidification in
atuminium-silicon may be ouytlined. The autectic point represents
the fived composition and temperature at which undsr eguilibrium
cond itions, two aolid phasss soparabe from a eingle Yiguid.
salidification reguires nucleation and growth of the solid phaees
and thesa in practice, reauire a driving forca. This ia aupplied by
under sogoling, which represents g departure from tha equilibrium

(F1g.21}.

Sulidifiration heging at nucleasting points in tha melt and afhler
nucleatlon, the solid aluminium and s1iicon phase grow rapidly side

by side to form eutectic rells. The metal phase can grow easily in



Temp  ({a}IDEAL CONDITION {1 ACTUAL CONDITION

\ Liquid
Nucleation of ¥

Liquid

Nugcleation of Y

ﬁI'lLA_., - =-ATgE-
| [
Eutectoid reactioh _ . _ - 51
, ATngy 1 2
ATmy &ATng= 1 E ATgy & ATg? = Kinetic
Nucleation Solid Solid Undercooling

Undercoaling

! .

Time

FIG.2 A TYPICAL COOLING CURVE SHOWING NUCLEATION AND
KINETIC UNDERCOOLING
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various crystallographic directions and in addition, tha
salid/liguid interface is atamically rough so that atoms can attach
themselves without difficulty; hence growth of aluminium is easy.
The non-metal silicon, can grow only in a very limited number of
crystaliographic directions and 1ts golid/t1guid interface 18
atomically smooth. Growhh of silicon is thus difficu]t“m. The
highar the caoling rale, the greater the degree of undearconling
tefore the onset of nucleat.ion. When nucleation doss takes place,

growth is faster and a finaly branched silicon results,

2.3.1. Hochanism of Futectic Soalidification:

The mechanism of sclidi1fication of aluminium-silicon autectic alloy
hag been exclusively expliored 1n recent years and the thenries havo
been reviewed by Chadwick®'. However, at the eutectic point, the
figuid alloy may be 1n equilibeiom with twe solids of differont
composition. The solution of the btwo phases must be accompanied by
the redistribulion of the two kinds of atoms which are present, and

this redisbribution must tgke place by diffusion in the Tiquid.

Two rheories have heen proposed for eutactic esolidification., The
] T I .
first thoory'™, ig that nucieation and growth of a crystal of one

nlase so changes the ool conrenbeation i the Tiguid  that ot
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becomes supersaturated wibkh raapect'to the other phese, The second
rhase then nucieates and forms a crystal. Conditione then become
reversed and the result is an alteration of the two phases. This
may be described as the intermitbtbtent or alternate solidification of
the two phases.,

In the othar theary' !

both phasaes crystalldze s1mul taneously from
the liquid. In the aluminium-zilicon alloy, the aluminium forms a
continucus makrix in which the silicon-rich phase 18 embedded.
Intermittent crystallization can not occur when one of the solid

phaze iz continuous and thus the second theory must therefore appty

tc the sutectic solidification of the aluminium-silicon systemuiﬂ

2.3.2. Nucleation and Growth:

Since solidification is a process of nuclsation and growth,
anything that influences the solidification process must influence
the process of nucleation or the process of growth or both. The
nucieation of eutectic represents a critical stage during freazing
of an alloy and this starts from a number of potential nuclei and

proceeds by growth Lo give sutweclic calls.,
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It 15 genarally agreed that crystal growth starts 1n the molten
alioy by means of heterogeneous nucleation on some preferred gite
or substrate that lowsrs the surface eanergy which is essontial for
nuclieation. Most commercial metals cnntaié & sufficient number and
variety of insolubhle impurities for nucteation to occur. If the
number of effective nuclej is insufficient for g given purpose,

nucleating agents {nucieation catalysts) may be added to the melt,

Iin the case of pure mebtafts, once nucleation has occurred crystal
arowth bhegins and the sthructures that develop can ba related to the
growth condiLions, in particular to the undercooiyng. For growth to
boour, more atom must join the solid than feave it and for this to
happen, the temperature of tha interface must be slightly below the
equilibr ium freez ing temperatura, This means that some undarcooting

must exist if the growth iz to advance,

2.3.3. Factors Affecting Nucleation and Growth
Procesces:

The faclors which alfeot miciaution and growth Frocesses are g

Follows! 1.
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2.3.%.1. Cooling Rate:

It the cooling rate is 1ncreased, Lhe amount of undercooling is
then greater which sgain increases the number of nuclei 1n the
melt. The more undercooling, the more extensive is the nucleation

v

and the smaller the final size of crystal or grain.

The cooling rate of a casting can bo changed by varying the pouring
temperature and seclion thickness., Higher pouring temperature gives
more slow cooling of the casling throughout tha froczing range. -
A]tErnativeTy,‘in Lhin casting, Lhe rate of cooling is higher than
thie thick casbing lkving same pouring temperature. With lower
cooling rates, the degree of under cooling is less and few pucle]
are availlable for growth which eventually contributes to the

formation of coarse and thick instead of fine carystals.

it
e}
'

2.3.3.2, Nucleating Agen

A nucleating agent s a substance which can be intentionally added
Lo make effective substrate Lhat facilitate the nucleation in the
melt. The exack nature of a good nucleating agent for a specific
metal 15 geidom knowrn in advance and in practica, nucleating agenis

arg found by a trial and srror method. - -uvteckic that is normail Ty

actocutar may be changed o another form by altering the growth rate
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and or by adding a specific dmpurity. If magnesium is added to
aluminium-silicon aurtectic or 1f the eutectic is chSwl cast, the
needle becomes wore fine., [t is obvinus that thoe number of silicon
particles (eutectic ¢ells) 15 greater after magnesium-additian than

before and this msans Lhat moire nucleation must have occurred in

i 4]

mdagnesitum-added eutectic '™,

2.4, Theory, Practice and Modification of

Aluminiug-5ilicon Al1loys:

Aluminium-S111con alloys have bean known according to litarature
for about 138 years ago. Among the earliest records are those
prepared by tha Lwoe foundurs of the science and technology of the
allay, Wohler and peville!l'. Their allays are reportad to have
containad at least 10% =ilicoen and were produced from Potassium
Siticoflucride by reaction with aluminium. Until 1900, tha addition
of silicon to aluminium was considered to be detrimental and hence
the alumintum-silicon alloys were not used. As early as 1891,
haowaver, H1net“” recagnized  that an abnormal mode of
crystaliizatyon could ccocur in the allays of aluminium and silicon.
This drscovery recesvesd no atbtantian, and it was not until 1890

that the commercial potentiality of these alloys was realtized.
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Thus, the use of aluminum=s1ilicon alloys for the production of
castings received a strong boost from that year when Pacz!' added
sodium or Tts salts toe the molten alloy resulting structural
modification during solidification and hence a considerable

improvement 1n mochanical properties was aobtainad.

Further developments tn modification took place in 1922 and 1923
with the introduction of the use of the alkali matals by Edward”m,
et al. The main affect of Na, however, manifests itself during the
growth of sutectic. In non-modified alloys the eutectic grows with
z111zen leading thaa  crystaltization, consequent Ty farming
cantinyous skeletons. In modified alloys, aluminium precedes the
a1 licon and tends v wnvelop ik, This enveloping action braaks up
the silicon 1n many small Grystals 1mbedded in the aluminium-
matrix, It also makes necessary continuous rendcleation of silicon
by aluminium, tharefors lowering the fraezing point of the sutectic

to the temperature at which aluminium nucleatss siTicon,

154
Howevar, Currant:!

siigyested an explanation in terms of the ternary
Al-Si=Na system, and Otan, i developed this theory ta show how
sodium played its parks $n thae production of tha modified
sbtructure, It was  propossd that, }n tha madiftied alloys, tha

mod1fying agent performs the function of a protector by retarding
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the rate of ceoalescence and thus leads to the fine, madified

Structurao.

The principle of the restriction af growth of a2 dispersed phass was
described by Edwards and Archer”aﬂ who asesumed that, in the
modifiad altloys, sodium separateas as a discrete liquid phase just
before sotidificatron of che eutectic. This phase was considered Lo
be a fine state of subdivision simitar to that of colloid., It was
further suggestsd that Lhe fine sodium dispersion hindered
crystajlization of the silicon and to a lesser extesnt, that of tha
aluminium. The Finer siructures cbtained im tha eutactic of the
modified alloys are accountad for partly by obstructing effect of
the =zodium globules and partly by the rapid formation of silicon

ruclai in the under cooled Tiguid.

The mod i ication Lreatieent. bng been carried out exclusively with
sodrum, although 1£s action 1E-Ehﬂrt lived as it rapidly vanishas
wilth tima. Thus, attempts have baan mada to replace sodium by other
elements +or modification of aluminium-silicon allioys. In 1986
Thiele and Dunkel!®* ghow that the effect of strontium on such
alloys are similar and long-lasting than those of sodium. Other
investigaters te8-28 o lsn claim that it 16 possible to produce

almost permanent medification of theas alloys by strontium. A

comparative study has alsc been carried out by Haquewgbwhu reporie
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that berter mechanical proparties and finer structure were chtained
whoen strontiuim was used for modification of aluminium-silicon
casting altlioy instead of sodium, Anathar :ﬁLl_nj}.r{'””L has been made on
the modification of the particle marphology of the silicon phase by

the addition of strontium.

The use of alrontiwn has alse Sevaral advantagaes inciuding bhea
production and markaeting of the premodified ingots. RBut the usa of
this metal is subjecl to cartain ltimitations, and the skrontium
must be added according to vary precise criteria in order to be
complately effactive. Many RESE&FCHEFEiE‘H'M] have found the
problem with shrontium recavery. The probleirn was due to tha delay
ot dissolution of the strontium-master alloy in the malt. Whsn
strontium was added after melting the alloy end the melt was
suppar heated prior Lo Leemtng, metallurgical examination of tha
cAast teét pieces show some undiagealved strontium particles.

Therefore, strontium mastar alloy should be added with the charge
gt tha beginning of the melting and the incubation time including
super heating temperature should be controlied precisefy. The
incubation time nacded to modhfy Lhe alloy satiefactorily 1s found
tre ba about 15 minotez of whicn & minutes must be at the super-
heating Lemperasbure ot 750 € in ordar to effect adaquate solution

of tiwe master alloy Hﬂk
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Figure 3 shows the pattern of the cooling curves obtained during
solidification of LM-8 type alloy which contains variﬂys alloying
and impurity elements. Fach curve shows two arrests, first, the
tiquidus 15 caused hy the nuclsation of primary aluminium soiid
solution. The number of nuclei depends on the cooling rate and
process variablas, which latter determine the size of the as-cast
primary dendrites. Once nucisation has started, the primary
dendrites grow by doposition aof further aluminium which cause

recalescence.

The secondary arrest non the cooling curves is causad due to the
eutectic solidification of the alloy. The eutactic temﬁerﬂtura of
the normal {untreated} alloy (Fig. 4b) was racorded as E77 C {curwva
C) which has lowered tc 568 C {(curve B) with the introduction of
sodium and appraachad 69 C {curve A) when strontium was introduced

thto the alley SH,

During growth of the e=uktectic cails, the liquid betwaen the
aluminium dendrites becomss progressively rcicher in solute
elamanta, since they are rejected by both aluminium and silicon and
theae form complex phagses which at I1nwar temperaturea nucleats on
the eutectic already present. Growbh of. these constituents 18 slow
and thereforae, a couarse intermeztallic netwark forms Lhroughout the

structure to compleie the salidification sequence. It is
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suggested’ ! that afrer solidification of the primary aluminium
dendritas, the aluminium-silican autectic starts to freeze wuntil
tha 1iqu1d becomes saturabed wilh impurities [(Fe, Mn)} and then tha

intermetallic Torms.

However, tha basic differences between modified and nonmodified
atloys is that in nonmadified alloyse, the eutectic silicon once
nuclaated by aluminium, grows ahead of the advancing aliuminium
interface to form a rcontinuous 51 platelet network. S5ince both
pnhases remain 1n contacl with the liquid throughout the course of
eutectic orystallization, growth is possibls at the equilibrium
temperature. In modified alloys, gilicon is likewise nucieated by
the aluminium but 1t dea2s not grow ahead of the aluminium. Ths
aluminium phasa defines the crystallization front and grows around

the silicon, 1solating it from the liguid.

Figure ¢ is a schomatan okehoh af the change of growth. This switch
of leading phase for sutectic crystallization is the critical point
of the mogification process and bhe experimental evidance far it iE
overwhalming. The conlinuity of silican particles through the
aluminium, tho interpenetration of ilican plates where TwWo
different orientations meet, the presence of afuminium rich 11quid

argund tha giowing 81 licon neadles as visihle in the gquenchoed



- Ll
Fig.4. Schematic freezing of Al-51 eutectic; {a) unmodified: 8i
crystals lﬂadiﬁg cryatallizabtion, Notice interpenitrating
Bi crystales at grain boundary; {b) modified: Al loading
crystallization, notice boundary composed of aluminium with

gilicon films torming from excogd Bilicon iu residual

-

liquid.
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alloys and tha hush nhape of outectic silicon extacted from
nanmedi fied a11ays,wjﬂ are some of tha evidenca for tha silicon
lead in nonmodified 4alloys. In tha modified alloys Lhe
discontinuity of the silicon is proven by the better distribution
of the sutectic colonies with aluminium at the boundaries, the
presence at the gran boundaries of occasional silicon films
arising from the excess silicon in ths liguid, the globutar
appearance of the silicon when sectionad and the necessity of
continuous ranucleation. Further support of this change can be

obtained from bthe mechanical properties.

2.5. Factors influence Aluminium-5ilicon GCasting:

The melting and casting of Aluminium and 1its alloys are alsa

affected by the Tollowing foreian eTemantsHM.

2.65,.1. Hydrogen and oxyaen:

when meltad in the air, aluminium allioys are oxidized and saturated
with hydrogsn. When the oxidation films on the surface attain a

thickness of 0.2 mm, the rate of aoxidation dacreases sharply owing
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ta a Jow rabe of oxidation- diffusion through tEha film. Hydrogen
can be dissalved in Aluminium in an amount up to 3 cm#fiDD gm of
the melt which indicates hhat Lhes% alloys ara strongly liable to
form gae blow holes and porosity in castings, Addition of alkali
and alkali-earth metals 1ncreases Lhe solubiltity of hydrogen in

Atueminium.

2.2, Water Vapor:

Water wapors are Lhe mgst harmful companent of furnace gases ot
Aluminium. They react wikth Alumipnium according to the following

reacticn:

EAI+EH§) = A]EDE + fiH , leads to contamination of the melt with

Aluminium oxide and hydroaen.
2.5.53. Air Gnirapment.s:

Alr entranmant 1n pouring the metal into high moulds 18 prevented
by using multi-step or slot type gating systems which additionally
ensures a mare favorahle temperature distribution along the mauld

hzight,



2.5.4, Shrinkage Parosity:

The major factors which control the formation of shrinkage porasity
n the cast alltoys are solidification temperature intervals,
temperature gradient in the freezing zone and growth morphology.
The racent 1nvestigation”“ expressed in detail the importance of
grain growth morphology upan porosity formation in case of long
freezing range alluys. Al alloys are tliable to form shrinkage
porosity which can be preventad by arranging ilarge volume of risers
and chills or for more critical casting by letting the metal Lo

sclidify in compressed air.

2.6.Residual 5Stresses in Casting:

The internal residual sbtresses in the casting aries from the

following sources ®':

(i) Uneven cooling rates of various seclLions of the casting,

(11) Rezistanss of the mould to normal salid contraction of the
casting, and

{111} During shaking of tha casting from the mould, the interpal

hresses may be lockad irn the structura,

CIYE o [r1ng weldrna or result irom other febrication operations.
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The effact of residual stresses nan ba either beneficial or
datrimepntal depending upan Lheir  moaygnttude, sign (tensile or
compressive), and distribution with respect to tha service induced
stresses”“. Czatings are often givan A thermal stress reliaving
treatment for removing obiectionahle stressas. Strags reliaving 16

conducked at somewhatl lower Lamperature for non-farrous matals.

There are numerous examples of the use of such heat treatments 1O
effect a reasonable degree of strass reliagf. One example is the
work of Hill €C al.”“ (4960} on aluminium alloys, where thay have
described an “up~gquanching’ technigque. There may he greater
certainty of a valid rasult with sub-resonant. Thas technique has
cmergaed only rgcent1y 2z a paossible mathod of stress re119f”m
{Renal, 19489). In thisa techniguz bhe casting is vibrated not on tha
peak of the frequency-amp11tude curve, but low on tha flank of the
curve, Thus, although gualiky-controal checks cannot be speciftied to
agses the tevels of retained olress in a part, proco&s conl.rol can
ha speciiied and choecked, and  Lhis will provide a retiable

safeguard.

Bfrass relteying may aluas be accompltshed wholly or partly by

- _
mechanical maan:s (30 put sush mathods arg nob common. viz.

L) tasting shrFacos ara comoat imos shob-pined for al iminating



LR

surface tepsile stresses and introducing surface compressive
strassss (Lo improve fabkigue 1ifeld.

{ii) Residual casting stressss are, re-dijatributed by stressing
Beyond the yield peink, e.g., ovarspeeding turbine wheels,

using autofrattage for prestreesing large gun barrels.

For the l1ast four decades, the sectioning (saw cutting} method has
been used extansively for meaesurseing the residual stresses. The
studies conducted at Lehigh Univarsity by soms reeearcherswgdm have
made significant contributions to the understanding of the
magnituds and the distribution of the residual streess. Although the
sactioning methed 15 one of tha most reliable technigues for
residual stress measuremant, i1t is destructive and the sectioning

procedure itself is very time consuming and costly.

How—-a-day, the semi-destructive blind hole-drilling sbrain gauge
method s appiied for residus’ strese measﬁrement. An experimental
1nuestigation”ﬁ'gf the residuat stress was done by the blind hole-
dr11ling methad and found that this method is much less time
conBuming than the conventional sectiloning (saw cutting) meothod.
Neutron diffraction is alsc a well estanlishad method for the
measurement. of residual strosses ins1de meteilic enginesaring

components,
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2.7. Effect of Procegs Variahles on Al1-5i Alloys:

There are many process variasblas which affeck the structure and
machanical properties of al-51 allove. The procass variablas may
G lude the fol lowing:

{1} Effact of alloying elements {i.ea. compositions)

171} Effect of casting temperatursa

(111} Effect of heat Lreaimenk .

2.7T.1. Effect of Alloying Elements:

Chroaies:  Chromium additions  are commonly made  in law

concentrations ko room temperalure aging and thermally uwnstable
compasition 1nh which germinabkion and grain growth ara known £o
ocrur . Chromium Lypoinatly forms the conpound ErA]? ., which displays
grbrom2ly bintbed sodide-slatoe solubvility and is thoeretore usaful in
SBURPress ing giirin growth bewdond bizs, Chron i anproves coreos ion
resistance in certain alloys anhd incraases guanch sensitivity at

higher concentrationsiiil,

Cannar: The first and most widely used Afuminium alloys were

those containing 4 to 10% copper. Most of the copper is present in

golid sctution in the Aluminium mAatrix, although soma occurs in the
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compounds, especially 1n association with nickal. The equilibrium
aolid solubility of cnpper ip Aluminium falls from about 5.5 wiX
at the liguidus toc ahbout 0.2 wi¥ at room temperature and this
limits are probably approximately the same 1n the aluminium—silicon
commerciat al]my”ay Copper substantially improves strength and
hardnees +in the as-cast and heat treated conditions. Copper
generally rsduces resistance Lo general corroesion and in epecific
cmmpnéitions and material conditions, stress corrosicn

sugscaptibility. Addition of copper also reduce hot tear resistancse

and decroase casbkasbhilily.

Al loys Gnntainﬁng Coppar and silicon with smaller amounkts of other
slemants cover a wide range of mechanical properties““, and they
ara usefuyl for soma of the specialized purposes. The A1-Cu-5i
allioys have bebter casting characteristics then the Al-

Cu alloys but are nol so rosistanl to corrosion as thoe aluminium-
silicon alloys. The Copper conteant provides atrength and hardness,
while the silicon content 1mproves the casting gualities and
ncreases bLhe resisltance Lo corrosion. The effect of copper on
aluminium is substantially greater than that of other solution
hardeners and this has bean attrihuted“4k ta the rather lmrgs

difference 1n lattice parametor of the twa constituent atoms.
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tickeal: Nickel is mainly present in the form of a series of

dark etching, relatively massive compounds; the atching responss
within a single phase san vary markedly, indicating that the phasas
-mre capzble of exitsting over a range of composition. The etching
hohavicr is alsc affected by ths presence of copper, which can
enter into compound formabion with the nickel. Nicksl 1is usually
emp loyed with copper to enhance elevated temperature properties, It
also reduces the co-efficient of thermal expansion. HNickel,
ariginaltly in amcuntz of 2-3%, has been‘ a traditional alloying
addition in low expansion allovs apparently because it was thought
to improve mechanical properties at elevated temperatures. The
svidance has bean accumulated on the precise effect of nickel on

the machanical properties by R. A, Gay et. a1“5j in more details.

Hanafﬂe“ﬁ'. found that, within the 0-2.5% range, nickel increased
the hardness of a ILMi3 type alloy.The nickel element provides
dispersed compounds 1n microstructure. The large volume of silicon

that is present in structure can be swamped by any nickel effect.

Eﬂgnasiwz’a: Magnesium is mainly present as the MgMt complaex

compound, only a small amount going into the aluminium malrix or
into Lhe other compounds. Abova the sclubridity timit, 1L Aappears as

a coarse, primary constituent, typically in script form. In fully
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heat treated alloy, it is present as a picturs of coherant with the
matrix and is not optically resn1vabTe“”.

Tt 1 obvious from the result of the addition of magnesium, has
defipnite effect on the aluminium-silicon alloy. The effect of
magnasium, copper and nickel have been studied by R.F. Smart“M,
based on ahout 10.5% silicon, in which each specimen contained
different amount of Lthe three elemants.The effect of these elements
in hardening the aluminium-silicon alloy have been shown in Fig.5.
The magnasium 15 more powarful hardener than copper but, untike tha
later, its effect 1s fully observed enly after heat treatment. This
is to be expected s=ince, magnesium functions mainly as a
precipitation hardener. The strengthening effect is not Tinar, the
1nitial addition of G._4% being most effective. The coarse, primary
Mg,S81 has little beneficial effectk on mechanical properties. The
a]um1ﬁ1um-silﬁcmn alloys stand highest on the list in corrosion
resistance and has excellent casting characteristics, which are
imper tant 10 reproducing fine design details. When low electrical
conducLivity is neceasary, an alltoy conlaining 5% Mg, t.5% Mn, and

1.5% Ni can be used.

Iron: iron improves hot tear resistance and decrease the tendency

for dio sticking or scldering tn die castiong. Increases in iron
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content are, howaver, accompanied by subsatantially decreased
duetility.The presance of 1ron leads to the formation of Al=-S5i-Fe

compounds which hoends to be acicular 1R Shape””.

S9¥11c0oN: Cutstanding effect of silicon in aluminium allovs is

the impravement of casting characteristics, It improve fluidity,
hot tear resistance and feeding characteristics silicon reduce
spacific gravity and co-efficiant of thermal expansion. ®ilicon

increases tha strength and decreasss the ductility of the matrixtt,

In some alloys the formation of 31 containing compoundas makes the
alloys heat treatabie which gives further improvements 1n
mechanical properties. Bubt such alloys have a low strength at
glevated temperature and this has led to the introduction of
magrnesium  and  copper whiteh allow the alloys to achieve the
signifrcant improvement by precipitation heat treatment and the use

of M1, Cr ¥n etc. Lo improve hot strengthHBL

Antimnny: At concontration Jevels egqual to or greater than

0.08%, antimony refines eutectic aluminiun-sviicon phase to
tamellar form in hypoeutectic compositions. The affestiveness of
antimony tn altering the eutectic structure depends on an absence

of phosphorus and on an adoguately rapid rate of solidification.
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antimony also reachks wikh sither sodiumer strontium to form coarse

intermetallies with odverss sffects on castability and eutectic

structure“”.

Lead: Lead is commonly used in aluminium=-silicon casting alloys

gt 0.1% {max.) for improved machinability.

Mangarnese: Manganese is normally considered an impurity in

casting compositions. In the ahsence of work hardening, manganese
offars no cignificant benefits in cast aluminium alloys., BSome
evidence exist, howsver, that a high volume fraction cf HnA!E T
alloys conteining more ithan 0.8% manganeae may benaficially
nfluence {nternal casting soundness. HWangeness can alsoc be

employed to alter response in chamical finishing and anudizing“1h

L

FZANC® 7Zino hag alse haeen kept ko low specification Timite in most

aluminium~stlicon eutectis Lype alloy,. Economic considerations
have led to rocent investigolicons of the affect on mechanicat
propertios of relaxing the limits of zinc. Day et a1, has shown
that additions upto 0.£% give no eignificant deteariocration in

machanical proparties.
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2.7.2. Effect of Casting Temperature:

MHalt Teaperature:

The maximum malt temperature, 1.e., tha highest temperatura reachsad
by the molten alloy during the meiting or refining operations, 18
cansidered as an other important factor affecting melt gualtity. In
general, 1t has been found that overheating of the melt s
deleterious to Lhe mechanical properties and grain size of
aluminium casting attoys ", Cooling the melt down to a low pouring
temperature may, 1n some alloys, restore partly or completely the

propertiss of the casting.

Holding Tigaa:

It is always desyrabhlic that the holding time, 1.e., the time the
alioy is beplh in Lha anolben skbabe tofore poaring, be ey shorbt us
possiblewm. in oomercial  foundry practice this can not  be
gonsislantly obtained, hbhacsauze of unforeseen delays in mauld
nroparation, or similar operalional shortecomings. It is essential,
therefore, to know kow such prolonged holding times, at various

ma | L temperature levelz, affact Lhe properties of the castings.
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Hurrehwh found that the effect of prolonged heating an tengile
properties was onty slight, but reported a greater influence on the

resistance to repeated impact.

Pouring Teaperature: .

Mcst foundeymuen are aware of the imporbance of the proper choice of
strict control of the pouring temperature. It is accepted that the
best one for most aluminium allovs is the lowest temperature at
which the sourd casting <an be produced and that, uwaually, the
mochanmical properttas can decrease w}th the increase of pouring
temperature. There are numerous referances orn the effect of pouring
temperature on the mechanical properties of aluminium casting
alloys. In most cases, bhe decrease of mechanical properties with

rising pouring temperature has been attributed to the increase in

grain size,

Colton and Lavelle' do not believe that lower mechanical
properties of castings are due to 1§rgﬂ grain size, and state that
the decrease 1in strangth and ducgtility 15 due to increased
shrinkage and gas porosity caused by higher temperature. The large
grain size, Lhey say, is also caused by high temperature, but this
is marely a concurrent, phenomenon not the cause of poor properties.
They found thal test bars of «ual scundness have ggual properties,

regardless of the grain size within a 10~15% fold range. To

T A
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ovaercome the affects nfF grain coarsening abt higher temperatures,

the uze of mora aeffactive grain refiners has baen racommendedm*h

2.7.3. Effect of Heat Treatment:

The principal objectives of heuab treatments ara““

il to homopenize the cast structure which 1s nenuniform becauce
of se1eétive salidification during freezing.

1i) to relieve stresses inducad by cooling after casting, during
quenching, welding or forming.

111) to avoid the dimensional changes which might otherwise ocour
n sarvice, especially for parts which operate at elevatad
temperatures with close tolerances,

ivl to remove the effeocts of cold work which the metal has
received eilther Jduring fabrication, as in cold rolling, or
subseguently in forming.

v to produce specifin mechanical propertias, 1.8., temparing in

cold-worked and heat treated alloys,

Tha effect of heat treaiment upon an AT-51 alloy depends on the

o 5
following factors'?:

tr)y Srhicon contant

{11} Daegree of chilling in casiing
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{1ii)Duration and Lemperature of heat treatment
{iv) Rate of cooling from the solution temperature

{v) Degree of modification.

ITn mast of the heat-treatable aluminium alloys, artificial aging
produces a higher strength and lowar alongation with wvery much
higher yield strength than in the case of natural aging. The
fatigues strength 1s nol 1nereased correspondingly and the notch

fatigue strength may even be decreased.

If selution heat treatment is followed by artificial aging, some of
the alloy ing elements are precipitated in the alloy, which further
Tncreases the strength and hardness. Frolongad artificial aging
provides dimensicnal stabiliity, but the strength and hardness paas
through mﬁxlmum values arnd drop, and at the same time the

eliongation may increase somewhat,

Controversial opinion exists with the effect of heat treatment on
modified alloys. Modification alters tha properties of the
Aluminium-silicon alloys containing magnesium and makes the alloys
more responsible to heat treatment'*!! and also gives mora ductility
arter heat traatment. Duk it has also been reported by an another
author that Lhe modifi1ers (Na and Sr) have very Tittle 1nfluance on

the property of hesl treasked macerials.
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Tha strengthaning role of different afements on atluminium~siticon
autectic atloys has recentiy been clarified!!® %, Tha addition of
magnesium to sand cast aluminium alloys with &=~11% silicon
increases strength and hardness and decrease alongation aé shown
fig. 6. According (o Eaileyi“] at any ageing temperature or time,
for both sand and chill casting, the uitimate tensile strength and
yield strength increases directiy and the percentage alongation as
measured by "fit hack"” varies invarsely with increasa in magnasium

-

coencentration from .32 to .74 weight parcent.

2.8. Application of Al1-33 Alloys:

Aluminium~Silicon altlioys are tha mosk widely used Al-casting
allove, prunarily bacause of thear excellant castibility. Thay find
conastderable application in marine equipment and hard ware because
of high resistance to salt water and salina atmosphare. They are
alsc used for deccrative parts hecause of their raesistance Lo
natural environments and abhilily to reproduce detail. Although
steel, titanium alloys and composites are to be conseidered along
with aluminium and Lz alioys as primary materials of aircraft
construction, 70-80% of the total structural weight of conventional

sircraft, small and largye, is provided by Al-alloys.

Aluminium- &ilrcon eyfectic or Aear eutectic alloys ars usually

uzed For making pistonc For all rypes of diesel and petrol enginas,
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CLOMPrEsssor , FuG il ik FTd PRI, agr icultural parts and for othor
angine parts operating at elevated Lemperatures. These alloys are

atleo used ip making liners, piston rinyg, cylinder blocks etc.

In viaw of the large reguirements of aluminium for the aircraft
industry, the later has taken strong initiative in sponsoring Aas
wall as undertaking research on applying Rapidly ggiidificaticon
Process (RSPY to Al-alloys throtigh the Powder Metaliurgy (PM)

route.

iz.a_ Limitatiocns of Al1-5i1 Alloys:

A major Timitation common to Al-alloys thus far is their lack of
thermal Es1:a|t:|il1'ty”:r j.a.,their loas of strangth at a rapid rate
between 100 and 200 € {375 and 475 K} due mainly to pracipitate
coarsen1ng. Resistance to such coarsening can be increased through
come transition metal additions. The low modiclus of elasticity 1is
vet another deficiency of convenhional al-alloys. It is well known
that worth while design pay~ocffs in airframes can result from evan
a slight incraase in mwodioius, practically if this was Lo be

achieved wiLth reduction in density and without loss of strength.
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The disadvantage of this material when compared to cast iron is

5“. A a result it is more

its relatively poor damping tapacitf
difficult to minimize wibration and noise and there 148 the
possibility of a reduced fatigue strength. However, research 18

st111 baing diregted toward improving the wear-rasistence of the

altoy to 1ncrease its potential as a replacement of cast 1ron.

2.10. Scope of the Present Work:

In wiew of tha foragoing discussion, tha main objects of the

present study arga

1. To develop an aluminium-silicon piston alloy from locally

avallable scrap materials.

)

To investigate the effects of modi1fication, ceocling rate and

heat treatment on the morphology of 31,

3. To study the effect of heaL treatment on stress relieving
during casting, and finally

4. To maotivate the Incal industries to adopt the technique for

better performance of the piston, piston ring, liners, cylindar

blacks sto.
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3, EXPERIMENTAL PROCEDURE

3.1. Intrcduction:

A number of castings  were carr ied out to determine the effects of
cooling rate, modifigation &and heat treatment on the micro-
cbrucLlure and propartias of the Al1-53 piston allay. In order to
arhieve these cbjectives, locally available scrap p1stons were usad
an.busic raw materials. First of all, scrap pIBLONE were melted 1N
the furnace to make 1ngot for piston alloy and then chemical
analysis were carried out to determine jts compositicn. Details of
tha cxperimental procedure are furnished in the following sub-

sactions.

3.2. Pattern Preparation:

A special type of wooden pattern was selected for making stan-dard
tensile specimens in the as-nast conditions. The datail drawing
of the pattern is shown 10 Figure 7. The pattern was made ©on the

kanis of available infmrmatwonsuuw“ﬂ



Pig.

7. Tho wooden pattern with four idontical tonpile cpocimons.

All dimonsions aro in mm,
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3.3. #oulding Materials:

The moulding materials shoutld be such that mould cavity retains its
shapa ti11 the molten metal solidifies and castings ara made 1n (1)
pPermanent moulds, which are wmade of metals and alloys, and (ii)
Temporary maulds, which are made of rofrachtory sands. In the
nresent case, cast iron mould for chill casting and green sand
moutd for gand casting ware used, detarls of which are given

Ge 1ow:

3.3.1. Chill Casting:

For  chill casting.' cast iron  keel block mould was used. Its
shape and size 18 shown in Figure B, Beforse casting, the keel blaock
mould wss properly dressed with alumina coating and heatsd with
gas Tlams to remove any moisture and to decrease the temperature

gradient bebweern Lhe wmowld and the molten alloy.

3.3.2. Sand Gasting:

For sand canhing, groecen sond neoudd was used, In the present. Work,

the natural sand was considared as main moulding material.

-
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FIG.8.. CAST |RONKEEBLOCK MOULD.
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The A.F.S. grain fineness number of the sapd was measurad by
Tylor's Siave Shaker and was found to be about 170. The moulding
aggragate consisted of mainly sand and 18% clay to which B-6% water
wae added. The mould wserd for the experiments contained four

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

3.4. Charge Materials:

Locally available scrap pistons (broken automobile pistons) were
used as the main charge materials. Analysis of the material was
shown in Table-1. The analysis of different elements were carried

put using standard pr@cedureeﬁ'L '

]
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e
i
t
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Chemical composition (wWiki of the ATuminium-%ilicon Piston Alloy,

. ]
57 S PL Mn Mg N n 3N A1 {




Strontium (0.t%]1, in the form of an A1-~14% S51-10% Sr master alloy
wae used as a moditying agent. The refine slLructure and proparties
reach o maximum at a strontium concentration of abouvt 0.1%, then
tend to d2crease wilh further strontium additions beyond this
lavel. It was added tn the charges at the start of the melting. This
temper 4lloy was cub into small pieces { 3 to 10 mm) and put at the

bottam of the crucible'?™'. This allows sufficient time to dissolve

tha master alloy and to react effecstively with the piston alloy.

3.5. Melting and Casting:

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

carried oul, similbanecusly. The details are oullined balow:

3.5.1. Melting:

The malting was carrisd out in a natural gas fTired crugibla
furnace. The required amount of piston allaoy was kepl 'n a graphite
crucible which was nplacad in the furnace and heated slowly. when
the melt ués ready, it was stirred with a miltd stesl rod. Tha
shrrrer Willd - codtad o w Lk ' Aluming  wash Lo pririmi s

contamination of the melb and carefully pre-heaatad,



-
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After ratsing the temperature of the furnace wall above tha melting
range of the aluminium-silicon alleoy, the melt was kept at that
tomperature for suffinienl Lima. The crucible was then removed from
the furnace wikth Lhe kelp of a clamp having 2 Jong pair of arms, In
order to clean the mell, flux (N4,C1) was added into the crucib]a
and stirring was continued for few seconds. Then the dross waé
akimed off from tha fop of iLhe cruciblte with a alumina precoated

steel spoon and the clearm melt wae poured into the moulds.

3.5.2. Temperature Hoasurement:

During malting, care was also taken to msasure the superhesaling
temperarture as well as the pouring tamperatura of the melt. The

temperature was moasured wilth the helip of a Oigital Thermometer

l

which pave a direct reading of $2° accuracy.

The melt wa:E superheated Lo about 750 C and waes held at this

temparatura for about 5 minutes. For the best resulta, the pouring

of the melt was done ut 700-720 cHil

3.5.3. Mould Preheating:

The sand mould was First driad naturaolly and than by gas flame

priar Lo pouring Lhe melt.  The heol block was also pre-heated to
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ahsul 200 to 250 G pafora pouring tha molt. Mould preheating s
nacassary to dacrease the temperaturd gradienl botween tha mould
and tha cooling sibstrate which toards to promote the grain

refinoment during colidification of the malt.
q_%_4. Casting.

AfLer skimming off Lhe LoD drocs, the clean melt with a pouring
tamperature of 700-720 © was poured into. the metallic mould and
the sand mould. Tha molben alloy wWab poured into the mould inm a
continuons BELredam in order to avoid any turbulence, thus minimizing
dross formabion and hydrogan pick un in the casting. However, alt
of tha oporations wa2re carried oul so quickty that the temparaturs
drep from 720 O wag notk mare than 10 C. Fach tensile Epacimen was

individuatly marked Tor igesncificutian.

3.56. Hzat Treatwent:

Although o nambor of hashk treatmant process cab be applied on the
g luminium~s1 1 icon allays hut for prasent work, the full hesatb
preatments {1084, e lunion, ageing arel precipitaticn treatmente)

wora carvied ouh aonording to Che fo1lowing procedura:
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The sneciﬁens wzre solution Lrested at a tamparature of 520 © (5
C) in a resistance haabing wmuffle furnoce. The required Lime at
Lhis temparature wus & hours for both chill and sand castings. They
wicre then gquenched in hol witoer bath at 60 € fur 168 minutas. Aftor
removing the spacimens Trom hot water, they were dried and kept in
a treczer (-10 C, overnight. Thene epacimens were again hegted at

180 C (x5 G} for & hours, removed from the furnace and air cooled.,

d.7. Specinen Far Different Tests:

Tha tensile specimans were obtained from round, cast to shope and
cize, test hars from yreen sand moulds and the cast iron kasl
biock chi1ll meuwld. The chill cast specimens were cut from 'keel
block’ cast proguct. Standnrd tensile specimens with a nomina]
diameber and mintmum paralilel  Tengkh of 13 mm and 57.2 mm
respectively {showh in Fig. 9} ware prepared from keel block.

AT chill cast specimens of standard 60.740.5 mm gauge length were
vead for tensile lesting. But the as-cast f(sand) epacimens were
Lested without machining. Metalloyraphic Specrmens wora also

prepared from  chill and sand oost products.

Yl
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FIG. 3 , STANDARD ROUND SPECIMEN FOR TENSILE TEST.
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I3.7.1.Teps1le Teasting:

As=-cast and heat treated under both modified and unmedified
conditions ware tested with a tensile tasting machine to obtain UTS
and poercentana elongution, Tenstla Lesta worsa conducted on a 50 tan
of Tinius Ol=an Testing machine using b ton scalas. After breaking
Lhe spoacimens, sur faces wara stbudied Lo assess . the type of fraclLura
pocclirred during skravning. All the tests wore carriad out at room

temperature.
3.7.2. Hardnnos Tezts:

Brinell Hardiess Lesiing was conducted using Avery Brinell Hardness
Testing Machine, In order bo detarming the Brinell Hardness of the
test piagces, 10 mm drapeter indenkbator and applied 1oéd of 500 Kgp
ware vsed and the lToading time was about 20 seconds, Thie procedure

was maintained for all spocimons.
3.7.3. Density Measuremont!:

in order to determine the donsity, Lhe sampiss wero poliished and
cleared with soop waler and dried at 110 & 1n bEhe oven. Then each

SPCC EMCH wWias o we 1 ghied o bolh g and water. The weight of each
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spastnen was massured by elcctronic balancs {(accuracy 0.7 mol and
the obzervad dansity was thus caiculated using the following well-

lnown Archimedean mebhod:

Densily {pn.} T o merem X
W

whare, W. = waight of spocimon in air
HH = weight of specimen in water
Py = densiLy of wiher at room temparature,

d.7.4. Percantage Porosity Meagsuroesnt:

For maeasuring the percontage porosity af the casting, 1t was
necessary to determine the maximum density of the specimen. For
this purpsosa, bhe specimen which was used for bulk depnsity, was
comprassod  TE-80% of ito instbial thickness so that the voids and
pores are npressad wogrther to make the sample DUFE*FFEEWEj“. Thet
ihe spectunch was pelished, waskhad, deiad and weighed in the same
mannar as desoribed 1n secbion 4.7.3. The paercentage of porosity

wilg Lhan calcuiaiaed uzing the foullowing formutalt,

] T R
Pevcontoge Poavaonilyiboy = ’ L. X ond

Pufs

a,,
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whara,
Peis = Dens ity of the pore-free sample

Py = ghserved density of the sample

3.7.5. Stress Palieving Tests:

Stress relieving of cylindrical castings wers accomplished by
trermal treatmsnt. Thts was dona exactly in the same way as hcat
traatment  operation was carried outf. The peripheral length af the
cy linder was measured firect in the as-cast condition then thermal
treaatnent wis  ocarried out for both the medified and unmadified
samp les, The oylinder was theh seclioned by milling machine and
the final perinpheral length  was measurad again. The diffarence
between the two readings (if any) was extension due to relieving
aof internai residual stress induced during sotidification. If there
i no extension, then Lhe residual stress has been raeliaved due
to thermal treatment. The procedure of measuring the residual
gtrens far cylindrical casting by sectioning method has baon

ddopted by ssveral investwgatcr”gﬁm.
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J.8. Hetallography:

The specimens were palished in the usual manner by emary paper.
Final polishing was carried out with fine alumina powdar
{ 0.1 wicren) by harnd. This was necessary to remove any micro-

scratches from bhe specimans.

After polishing, the specimens were cleaned by acetone and were
etched in 3% HNO; and 2% agueous hydrofloric acid (HF) solution,
The atchiﬁg Lima was about 20-40 seconds but repeated atching and
polishing was necessary to reveal the structure. Microstructures of
these specimens were examined under the aoptical microscope both in
the =atched and unstched conditians, Photomicrographs of tha
sbructures were Laken as nocassary to see the morphotogy of s677icon
in the presence and absonce of strontium at fixed magnification
(X100). Fhotomacrograph of the fracture surfacese of the 6RECIMans

were also taken to assess the type of fracture in tha casting,
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4.EXPERINENTAL RESULTS:

4_1. Introduction:

The results of the present investigation hava been presented 1n
this chapter in tabular form and matallographic etructures have
tbeepn illustrated wilk suitable photomicrographs. For conveniencea,
this chapter has been divided inte two parts. The first part mainly
deals with the effect of modification by strontium and the second
part comprises the effect of neat treatment on structure and
properties of modified and unmodified alloys. In each case, the

affact of cooling rate has also been investigated.

4.2. Effect of Modification on Structure and

Proporties:

The results of the tensile test and hardness of aluminium-s811icon
pieton alloy in the as--cast condition are shown in Tabies 2 and 3,
and graphically shown in Figs, 10 and 11. The photomicrographs of

tha etructures of chill and sand cast samples ara shown in Figs. 12

gl 13, (‘\
[}
m |
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Tensile Properlies of Al-51 Piston alioy, eas—-cast condition,

=M

i
Moditfication | Mould Type UTS (N/mmt) Elongation, {¥)
Chill | 173 ‘ 2.5
L difian i
nmee Sand 116 ] 1.5
chi11 | 188 3.0 r
Moditied !
Sand | 127 1.8
] E
TARLE-T

Mardness (EBEHN) of Al1-%5i

Piston allaoy,

as-cast condition:

-
Modification [ Tvpae of Casting BHN
j
i Chiiid 16
|
Unmoail Fied
Sand G5 1
i .
Ch111 ag
Modified -
Sand 78




UTS {N/so.mm)

200

180 |

160

140 1

—
3
=

100

B C
A Madification Treatment

A & B=unmodified chill & sand vast respectively

¢ & D:modl¢lod chil & sand cast respactively

Fig. 10, Graphical reprosentation of tensile propertiss of

&l-Bi plsien alioy, as-cast condltien.

3.5

% Elongation
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11 can ba saen that, for unmadified alloy, the . Ulkimazte tensile
strengith, percontage of elongation and hardness of chill cast
epanimans are as 1753 Mfmm?, 2 Bw amd 76 HA, rospectively, wheraas

for Lha sand cast spacimens, Lhey are about 115 Nfﬁmﬁ, 1.6% and
65 HO, respectively. T can alsc be seen that, for both rate, of
coaling, these values are increased when tho alloy is modified with

At i

stronbiumn.

The porcentace porosity of bolh chill and sand castings ara shown
1 lablo ¢, and gruphically presantoed in Fig., t8., It con be gosn
that Lhw poarcontage of porosity  for chill and sAnd cast unmod i iad
epecimans are aboubk 0,77 and 1.07 reaspectively , whereas for
modified alloye, they are ahout 1.11 and 1.44 raspectively.

4.3. Efvect of Heat Yrexbtment on Structurce and

Proporties:

Tha detailed results of heab treabed modified and unmodified
sarples aore ghown 1n Tables 5-7 and have been graphically shown
{1n thke bar Torm} in Figs. 17 and 13, Photemicrographs of tLthea
mod1f1ed and unmodified spscimens for both rates of cooling are

shown 1n Figs. 1% Lo 22,

1+ cun be sean Lhat, the ultimate tensile strength, percentags .

longatian and hardnoss of heat treated unmedified chill cast
specimens are as 27 Mﬁumﬁ, 1.5 % and 122 HB, respectively, whareas
for sand cast spacunens they ars ag 230 memﬁ, 1.0 ¥ and 108 KB,
puspochively. These values are also increased when Lhe alloy is

modiftcat.ion and heat Leoobed,

M
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y.1% Sr), chill

. a
Fig.14. Modified A1-8i Piston alloy (12.2% 5i,
cast, B8 unutchod b otchad X100.
* - N | R
iR R it b1 - ; TrTat; . -
Fig.15. Modifind Al-51 Piaton alloy (12.2%, 0.1% gr), sand CaBL,

a unetchad b itohed X100,
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TABLE-4

porosity of A1-81 piston alloy:

&1

Modificar Mould Type Densi1ty, ;;;:Density Porosity
tion /oo (g/fcc) (%)
cﬁ]11 2.BA9 2.71 0.77
Unmodif ied sand 2.67 ».699 1.07
SRR 2,67 2.7 1,11
Mod i Tad gand 2,66 2.699 1.44
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TABLE-5

Ternsila Properitas of Al-3

Piston allay,

69

hagt treated condibion;

Modification Mowld Type uTts, {HImmE] Elongation, (%]
Ch111 278 1.5
{
Linmod Fie I
nm ted Sand 230 1.0
Modified Chitt 2495 2.0
[
Sand 244 1.5
L L
JABLE~

Hardness (PHN)} of AT-54

Piston alloy,

heat treated condition:

Modification l Typa of Casting BHM ]
1 Unmodif1ad I Chill 122
‘-Eﬂﬁd 109
Modified Chill 124
- sand 118




TABLE-T

Peripherial Expansion of Cylindrical casting {A1-51

dua to Heat

Traeatmank

740

Piston alloy)

1 Modifica- ;aripherial Langth (mm) rDifferanme Extension
tion % pafore HT After HT [”“} (%)
Unmodified 233.2 236.6 3.3 1.42
ModiTied 234.5 237.5 3.0 1.27

]
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Hardness (BHMN)
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Heat treatment

A & B=unmodifled HT chill & sand cast respeatively
C & D=modified HT chill & sand cast respectively

Fig.18. Grapghlcalrepresentation of hardness af Al-Si
Piston alloy, heat treated condltlon.
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Fig.19. Unmodified heat troatad A1-5i Piaton alloy (12.2% 311,
chill cast, & unetched b atchod, X100,

a b

Fig.20. Unmodifiad hoat trented Al-8i Piaton alloy {12.2% 891),
eand cast, n unetched b atched, X100,
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4.4. Effect of Wodification and Heat

Treatsent upon Stress Relieving

The results of as—casl unmcdifizd and modified specimens are shown
in Tahle~8, whersas Table-2 showe bthe results of heat toreated
casbings. It can be sczen that the extension due to relieving of
inteirnal residual stress af unmediftied and modified specimens are
g 2.5 mm and 1.0 mm respaciively, whereas the values in tha heat

treated condition fre as 1.0 and n1l.



TABLE-8

Stress relieving {(expressed as an extension} of AT-31

Piston alloy,

PR St ol et

as-cast condition:

T . N
i Peripharnit tongth, (mm)
|
Modificakion | . Extension {mm)
Feform Aftar {
sectinning sectioning
Unmodified £32.8 285.0 2.5
Moditiad 234,00 237.0 1.0
TRABLE-BQ

Stress Relleving {expressed as an extension) of Al-81 Piston alloy,

heat traated condition:

ot

Modification

Perinharal Tength,

{mm}

BaTore

gsech|oning

After

sactioning

Extension [mm}[

Unmodified

Aad.b

237.5

Madified

231.5

237.5

N -
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5 DISCUSSION ON THE EXPERTMENTAL RESULTS

5 1. Introduction:

The experimenta) resylts so Tfar obtained during present
investigation ehow that the change of process variables have &
great sffect on structure and properties of aluminium=silicon

piston alloy. These have besn discussed in details in the following

sub-gections:

5.2. Effect of Cooling Rate:

biffarences in cocling rate markadly affect the structure and

properties of the modified and unmodified castings.

5.2.1. Structure:

Figs. 12 and 13 show the micrastructuraes of chil]l and sand caat
specimens respectively in the unmodified condition. The figurses
chow that the amount of the primary stlicon is less 1in chill cast
specimen than that of sand cast. Microstructure of the sand cast
specimen consisis of g-aluminium dendrites, acicutlar gilicon and
primary silicon plates and the structure is less refinad than the
ch1l! cask, Cooling rale contrals the primary dendritea. During
metal lographic examination, it 18 avident that highly branched and
feathary dendrites resultbed From rapid cooling rate dus to tha

restriction of ths recai: scencd, whareas low rates led to the
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formation and developmant of primary silticon piate. Fine grain
structure promotes improved mechanical proparties, while coarse
grain structure, by emphasizing grain boundary effects, results in
lower mechanical properties (Table 2 and 3 and Figs. 10 and 11},
Tha reason for fine structure in the Gh%TT cast speciman may be
discussed 4s follows: The eepuration of the liguid into two solid
phases can take pl e only by diffusion just before solidification.
The distance through which this diffusion can occur depends on the
tLime available, whish i turn depends on  the rate of
solidification. Thus, rapid cooling will allow a short time for
diffusioh at the liguid-solid 1nterface, and a fine structure will
reaul /88 Thys higher the cooling rate finer the structure and

vise YEI'Sa,

5.2.2. Properties:

It can be gseen from Tables 2 and 3 and Figa. 12 and 13 that fastar
cooling rate improve the tenszile properties and hardness of the
aluminium—silicon piston alluy. Since the degree Df'underccﬂ]iﬁg 15
lass in siowar rats of cooling (i.e., sand cast specimen} and fewer
nuclei are availible for growth which eventually lead to the
farmation of comparatively coarse crystalline structures and hence
inferior tansile properties.The hardness of fastly cooled {i.e.
chillil casting ia also haighar than those obtainad from
comparatively slowly cooled casting (Table 3.

1t can be sesn from the measurement of porosity of the spacimens
{Tahle~d4 and Fig, t8}, thiat the poereontage porosity 16 highar in
sand cast specimen Lhsn chif! a0 spacimen. The large pores

{greater porcnity) in san f cast is formod due to the coagulation of
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many micro-pores and high deyrea of hydrogen and watar abeorption
by the mellL from the green sand mould and Lheir rejection upon
solidification. Furthermore, in tha sand cast bars, tha pores occur
over a wide araa, and are either interconnected fissures, or of
vunconnected interdendritic oval shape.Due to higher porosity in
sand cast specimen both physical and mechanical proparties are

nferior to those of chill cast speciman,

Eerger”*]has studied porosity in aluminium and magnasium alloys and
has shown that, faslter cocling rate show higher density than that
of &lewer rate of cooling. Thus the porosity depends upon the

solidification rate as well as the freazing range of the alloy.

5.3. Effect of Modification:

Strontium  treatment bas proved ter  improve the varicus
characteristics of the aluminium-silicon piston alloy, which are

discussed helow.

5.3.1. Structure:

The extent to which strontium is able to refine the eutectic phass
of the structure mainly depends on its concentration in the molten
alloy before the commencemant of solidification and also on the
growlh rabe induced, T iog wellang, cara was taken not Lo al luw
the melt tamperature to excesd 750 C, since the action of strontium
bacomss progressively less offoctive above that temperature. This

melting procedure was adopted in the presant investigation to
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modify the alloy effectively. Since modifying elements depress the
nucleation temperature, they also Tower the growth temperature and
change the growth morphology from coarse plate to apparently
globular shape. Thus better properties of the alloy were obtained

due to structural modification.

The microstructure of modified specimens show {Figs. 14 and 15}
thab the aluminium matrix contains large amount of rounded silicon
with no primary s1licon. The silican cryatals are predominantly of
the feathery or star shaped type (Fig.14). Actuatly the
nucteation and growth process affects appreciably the structure of
the aluminium-s1licon alleys boeth directly and indirect?y”“. When
relatively amall suppercooling 1s  induced by the modifier, the
stability of the joint growth of planses s disrupted. At the same
time, the colony-like structure of the modified aluminium-silicon
eutsctic indicaltes a connection betwaen the planes 1n the process
of solidification. In this case the leading phase is the aluminium
companent, which during Joint growth will putstrip the growth of
s1licon crystals, tending to surround themP8) At the same time,
the presence of sirontium, the surface tension between Bluminium
and siticon are reduced. The result is that aluminium solidifies
arovnd particles of zilicon, blocking them from the lidquid. Due to
the pearicdic supersaturation of the liquid with silicon, the
gilicon phase wedges oubk ar Lhe sol1dification front and are

immediately surrounded by aluminium phase,

Modification by silrontium changes the mode of aolidification af
the enteckic sc tho wd i fied entactic crystallizas with aluminiim
cryshals v the deod  instoad of cilicon crystals, as in the
unmodified Aalloy . The change of tead in eutectic crystalliration
changas the struzture of eytestic fram a mixtyure of two continuous

ntéarpeniltrating phases one of which 38 brittia, to that of &

e by
- =L

-
—_—
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discontinuous brittie phase imbaddad in a soft matrix, Thie changas
of structure produces the improvemant of mechanical proparties,

which 1s the characteristic of medification.

The modified autectic alloy also shows rod-like, (Fig. 15} growth
of silicon rather than plate-~like, (Fig,f3) as obtained mn
unmadified alloy. When the atuminium-silicon eutectic piston alloy
15 ¢cast without modification, 1argé primary silicon crystale are
seen  in the structure (Fig.12). This characterietic has an
unfavorable effect on castihility and alsc on the technologicatl

properties of the alloy.

5.3.2. Properties:

Tables 2 and 3 show the tensile properties and hardness
respecltivaly, of Lhe modified altloy. It can be seon that both
chitl and sand cvast modified specimens show higher UT3, %
elongatinn and hardnass tLhan  the unmodified ones. Similar

chzervations were also raporled by otharg!i 8100

In the present. investigation, addition of strontium exhibils
stibstanl1al increase in tensile properties of the alloy. This
hecrease  might b due to modification of the structure which
changes Lhe shape ot bhe eutectic s1licon "coral™ in the alumin ium~
matrix, i.e,, from a needle~like to a rounded morphology (Figs.14
& 161, The hogher strength and ductility of chill cast specimans
result from the combined effect of rapid cooling and modification.
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Tt 18 also noticeable from the Table 4 and Fig.16 Lhat the density
af Lhe modilicd alloy g somewhial lower  than Lha unmod v ied ones.
The reason for alight lower value may be due to ox idation reaction
of tho sbrontium n]]oy“”, As regurds Lhe microstructure of the
modified alloy (F1g.i58) 1t conkains some hales and vyoide epecially
in the nand cast specimens which causas lower density that ic some

what higher porosity of the alloy.

Howaver, a close examinabion of all modification results obtained
in this investigation {Table 2, 3 and Figs. 14, 153 shows that &n
increase 1n mechanical oproperkies is uwsually accompanied by the

grain refinement.

1

§5.3.3. Fracture Surface.

The appearance of the fracture surfaces after tensile testing also
show the differences {(Figs. 23 and 241. The fractura surface of the
unmodified alloy have a lusbrous, well-faceted brittle appearance
which resembles the appearance of brittle 5111con phase, wharaas
the modified surfaces kave a lighter, silky fractura which
suggests that fracture has occurrad largely througﬁ the ductile
ajuminium-matri<. In the firsr case, the fractura follows tha
continuous brittle phase, whereas 1n the second case the brittile
nhase i5 discontinusus and the fracture goes through the plastic

aluminium phase. Dus to continuous hreaking-up of tha brittla
silicen skeieLons by modification, this is most probably the
anothor causa of noreasing the shrength and ducstility of thea

modiried alklfoy.
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Fig.23. Fracture surface of Al1-8i Piston alloy, a unmodified ;
ch111l b unmodified sand; A5, .

H B ;
Fig.24. Fracture surface of Al-8% Piston alloy, a modified chiil

b moditi1ed sand; 25,
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5.4. Effect nF'Heat Treatment:

The effect of full heat treatment for both modified and unmodified
alloys have ied to ensential changas in structure and properties nf
aluminium=-s111con piston alloy. These can bhe discussed in the

following sub-zections.

5.4.1. Structure:

soma sort of etructural refinement was achieved in both chill and
sand cast spacimens when Tull heat treabkment operation was carried
oub in the present invastigation., The microstructure ocbhtained after
full heat traatment are shown in Figs., 19 to 22, It can be sean
that due to heat treatment both the primary silicon crystals and
autectic s111con needlas show some spheripdizing i.e.the sharp
carners becoma rounded and the eguiaxed twin crystals (Fig 19) are
found. In the mod i Tied heatb trented alloys, the ovarall structuraes

are retfinaed aliminabing primary si1licon crystals.

The structure of aluminium~silicon eutectic alloy {Fig. 22} show
the partictes of FeiSial, {(qray, scriptlike) and Hgisi {black! in
the aluminium—rich eolid salution matrix. The present investigated
alloy contains copper and nickel which enhanced the strength and
hardness at elevated temperature. Such type of resulte were also
observed by other rusearchers“biﬂ. Hanafea[ﬁi, studied structura and
properties of the LH-12 type alloy. His study showed that the
presenca of nickel within Lhe range of 0,1-2.8%  increased tha
hardness of the alioy. This was attributed to the dispersed

compound in microsbructaras,
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The effect of heat treatment iz more significant in the sand cast
alloy compared to ohi111 cast alloy, Tha reason might be that due to
ch11ling, the sharp corner of the eutectic silicon bacomes rounded
and due to heat trealment, 1Ls offect is thus not pronounced fully.
On the other hand. i sand cast specimen, the eutectic silicon 18
sharp and due to heat. treatment, its sharpness samewhat reduced and
hocomas cubangular showing grouater effect. Morooveor, magnesiamn
£1]icide compound is Tiner and incre evenly distributed in the chill
cast. alloy, and further refining and diepersion resulting from heat
treatment occurs to a limited degrea. Thus the tensile properties
are marginally affected for chil1l cast alloy, whareas the effect of

heat treatment on sand cast alloy ie very pronounced.

dHN_ Due Lo

compistion of homogenizatisn, mora sclutes come to the soiid

When heat treated, the dendrite arm spacing is reduce

salution. Hence, finer structtre obtainad, resulting greater

strength and hardness from the subseguent precipitation reaction.

5.4.2. Properties:

The changes af Lensile properties and hardness due to heat
treatment of atuminium-si1licon piston alloy have been shown in
Tables &8 and & respectively. A& number of importent points emerge
from the results obtained during this set of experiments. The
specimen having the highest UTE was found in the haab treated
condition, although in general the highest ductility (% alongation])
was found in the modified as-cast gcondition. When heat treated, it
Forme a homugeneous single phesa, followoed by nuenching Lo retain

the eniute component 1n unctahle state. Subsequent ageing and
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precipitation trealment in the range of 180 C, the soluta atoms
were rejected and form a cluster as m coherent or semi-cohareni
pracipitate. The strained field around & coherant or semi-coherant
precipitate 1nhibit the movement of dislocations with increase in
strength and hardness hut decrease 1n ductility. This can be
expiainaed that the increase in etrength due to heat treatmant 18
balanced out by the decrease 1n ductility!5'. E.H. Dix!™  aten
observes that most of the heat trastable aluminium-alloys produce
higher strength and Jlower elongation when ageing is done after
quenching. When ageing s paerformed during prasent investigat ion
after sclution treatment and guenchimg, size of the casting
(Tinearly) 1increased {Table-7). This may be dus ta the
precipitation of alloying elemantz and also considerable growth

ococurred for silticon precipitation!®lf

The peak values of the mechanical properties were reached at highos
cooling rate of the beat treated modified alloy. The modificakbion
and heat treatment s superb for required properties rather than
unmodified and unhnat treated ones., This changes in mechanical
properties, were mainly due Lo the zize, shape and distribution of
the magnesium silicide {Hgﬁ1} precipitate particies during
agetng.The pistan alloy under 1nvestigation contains 0.75% Mg
{(ehown in Tabite 1), It has bern reportod f1et that magnésium 1m Gne
of the mast I1mportant elements among the different alloying and
impurity elements present in the aluminium-silicon allovs which
confer slrength, bul its strengthening effack s fully observed
only aftar heat treatment. Magnesium functions mainly as &
precipitation hardenczr. 2ilicon of the atloy combines chemically
with magnesium Lo form magnesium silicide (Mg,51) along the (100]
direction of the aluminium matrixii?!, The compound, when finely
dispersed by controlled precipitation during heat treatment, 1s
responsible for siLrengiheniing the alloys.
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Due to precipitation hardening or supar saturated sol1d solution of
the matrix, tLhe alloy response to a lawer ductility but highar
hardness. However, substanlially greater ductility 1s obtainable
from the alloy submitted to sepecial casting techniguos
(8.g.continuous casting) or to working (forgad material): in these
case, elongation af 5-10% may be attained“ﬂh The properties reach
a maximum under heat Lreated conditions where tha s1licon~flakes of

the eutectic phase of tha castings are more uniform.

5.4.3. Residual Stresces:

The stress relieving data (measured as an extension) can be seen in
Tables 8 and 9. After thermal treatment, the value of extension 1&
found about { mm in case of unmodified specimen, whareas this value
i6 zero 'n the modified one. The latter observation indicates that
tha residual stresses obtained from the tast satisfy the condition
of static equilibrium. When thermal treatment operation is carried
out, Lo alspecimen, the objectionable residual stresses are removed.
The internal! residual stresses that is induced due to uneven
cooling rate of castings or from cther fabrisation cherabtions musth

be remcvad after thermal treatment undoubtedly.

Mowadays, the usust method of reducing internal strass ie as
follows:"™'. In this case, the casting is reheated to a temperature
at which sufficiant plastic flow can ccour. When heated, the
cutside af the =pzcimen 18 evpanded before the centre becomes warm.,
Thus, the centre will be placed under an additional tensile gtress,

and 1t tensile stranoin will Ga increased.
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6. CORCLUSTONSG

The following conclusions may be drawn from the results of the

present investigation:

(1)

{2)

{33

4]

15}

The increased rate of cooling produced by chill Easting
increases the refinement/elimination of primary silicon
crystal From bthe structurse and hance improves the tensila
properties and hardness of the A1-%7 piston alloy. On the
othar hard, in slowly cocled sand casting, coarsee plate Tike
crimary silicon including acicular type eutectic structurse is

observed resulting inferior properties.

Strantium modifization eliminates the primary silicon cryetal
and refines the sutackic structure from both chiltl and sand
castings and hence improves the tensile properties and

hardnass of aluminium-=ilicon aiston alloy.

The percentage porosity of modified aluminium-silicon piston
alioy sz slightly highor For both rates of cooling, o 1though

the strangth and hardness 18 tmproved dus to structural

mad iTication,

The fracture surfiace of Lhe modified alloy wseems to be
ductile type, whereas brittle type fracture is noticed in

the unmadified ofloy,

The tuli heoat treatment. {solution, ageing and precipitation
tLreatment) increazes the strength of the alloy at the expense
af ducLility tor bobh bhe medifiad and unmodified alloy.
llowevel , the affert of heat treatment is more pronounced 1n



(6}

{7}

(8}
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the sand cast spacimans than the chill cast spacimans.

Vaery fine, equiaxed and globular type structures are obtained

in the heat, treated modified alloys indicating that

madification bhas zome effect on heat freatment operation.

The residusl stress in bthe modified alloy is found to pbe
Tfully relfieved due to rthermal treatment, which satisfies Lhe
condition of statizc equilibrium. On the cther hand, unmodified
alloys show some doeyrees af residual stresses exist

after heat treatment, indicating that further treatment or

othor procadure needs to be applied.

Finally, for bast combination of structure and properties in

tha aluminium-silicon piston alloy, modification together with

full heat iLreabment s advocated.

.



It

91

SUGGESTIONS FOR FURTHER WORK

is clear that therse are a significant number of process

variables that influence the structure and proparties of aluminium-

silicon piston alioay. It is hoped that this study has provided a

frame work for understanding the effects of process variables on

structure and properties and in doing so, it has highlighted the

need for furthar work in the following area.

(i)

{3)

(5)

folidification characteristics of aluminium—silicon piston

alioys shoald e invest 1gabed.

Effact of procers vardables on trikological propertias of the

aluminjum-&ilicon pieton alloy should be mada.

A comparative study of sodium and strontium modification on
structure and properties of aluminium—silicon sutectic alloy

should be carried ocut,

Effect of alloving elements on structure and properties of
aluminium~s1Tlicon piston alloy should be investigated.

Attempt should be made to show the effect of thermal
treatment parameters on residual stresses of aluminium-

gllicon piston alloy.
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