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ABSTRACT

In order to develop a good bearing alloy for structuralliegiions in industries, the
present work was planned. Before testing the mechanical miespecluding bearing
property it is essential to understand their structuralufes as structure is going to
govern the property. Considering this aspect the proposal planned. The thesis
describes about the different bearing alloys used in indugheir properties and
limitations. In order to overcome these limitatiorsyme idea was planned and
accordingly experiments were designed and performed. Artilengnd application, one
of the applications is piston alloys where distribated silicon phase is considered to be
important to achieve good mechanical strength alongwise goealing property.
Considering this fact alloys of near eutectic compasithyperside) were made. In order
to understand the distribution of silicon phase differalloying elements were added.
These influence the development of varieties of struciiure present work emphasizes

on the structural features of these alloys.

vii



CHAPTER -1
INTRODUCTION

1.1 Bearings

Bearings are devices used to transmit loads betweativedy moving surfaces. These
are basically used to ease friction between movingpéhey find application in rotating
parts of virtually all machines and automobiles. The autdmalkdustry is the major user
segment for bearings, followed by general engineerireyyhimdustries and railways.

Bearings are produced in various sizes and shapes wisimidéest bearing weighing just

a few grams and the larger ones weighing a few tonnes.nTdterial used to produce

bearings can also vary from conventional steel to cesarbrass and plastics. Bearings
can be broadly classified into two segments:

(a) Anti-friction bearings
(b) Bimetals

1.1.1 Anti-friction bearings: Rolling contact bearings are often referred to antifnct
bearings. Antifriction bearings, as their name implresimize friction by removing any
possible sliding between bearing surfaces and replacingcoaitacts with rolling
interfaces. The main components of an anti-frichearing are the inner ring, the outer
ring, the rolling elements, the cage and the seadhawn in figure 1.1. The anti-friction
roller bearings can be further sub-classified basedhensize of the rolling element.
Depending on the type of the rolling elements that aeel,uthe anti-friction bearings
segment can be classified into ball bearings and rokarings. The balls in a ball
bearing transfer the load on a very small surface.|ld&e carrying capacity is therefore
lower than for a roller bearing, where rollers transfe load via a larger line of contact
with the raceways or the outer surface.


http://www.efunda.com/DesignStandards/bearings/bearings_antifriction.cfm

Figure 1.1: Schematic figure of anti friction ball bearing.

1.1.1.1 Faults in the roller bearings:

Rolling-element bearings often work well but sometimmsor problem cause bearing to
fail quickly and mysteriously. For example with a staary (non-rotating) load, small
vibrations can gradually press out the lubricant betwéenrollers and races (false
brinelling). Without lubricant the bearing fails, evenugh it is not rotating and thus is

apparently not being used.

There are three usual limits to the lifetime or leagacity of bearings: abrasion, fatigue

and pressure induced welding.

a) Abrasion: Abrasion is when the surface is eroded by hard contamgtaaping at the

bearing materials.

b) Fatigue: Fatigue is when material breaks after it is repegtéent and released.
Where the ball or roller touches the race is alwsysie bending and hence a risk of

fatigue. Smaller balls or rollers bend more sharplysmtend to fatigue faster.

c) Pressure induced weldingPressure induced welding is when two metal pieces are
pressed together at very high pressure and they becomdltmaugh balls rollers and



races may look smooth, they are microscopically roddgtus there are high pressure
spots which push away the bearing lubricant. Sometimeg,ethdting metal to metal

contact welds a tiny part of the ball or roller to thee. As the bearing continue to rotate,
the weld is then torn apart, but it may leave racel@cto bearing or bearing welded to

race.

Although there are many other apparent causes of beailogefbut broadly speaking it
can be reduced to these three. For example, a beahiog 8 run dry of lubricant fails
not because it is “without lubricant”, but because latkubricant leads to fatigue and
welding, and the resulting wear debris can cause abr&Siomlar vents occur in false

brinelling damage.

1.1.2 Bimetal bearings:Bimetal bearings (also known as engine bearings) aneapity
used in the engines of automobiles or machines. A Bimetalry is a component made
out of steel strip lined with bearing material (non-dets metal alloys). They are meant to
reduce the friction between the moving parts such as icrdmk shaft, connecting rod
and cam shaft assemblies of any (prime mover) engimgupment with reciprocating
and revolving systems. It finds application in all vaegtof diesel engines, petrol
engines and air compressors. Bimetal bearings arere¢ types — bearing half, bush
and washer. These can be seen in the figurel.2 given:below

Figure 1.2: Bimetal bearings of different sizes.



a) Plain bearingis a bearing which carries load by sliding. Plain beasrgften called a
bushing or babbit. Plain bearings are widely used in most ofrenldiles. A typical plain
bearing is made up of two parts. For example a rotaig pkearing can be just a shaft
running through hole. A simple linear bearing can be a gdiabsurfaces designed to

allow motion, for example a drawer and the slideests on.

Plain bearings are relatively simple and hence inexpen$hey are also compact, light
weight, straightforward to repair and have high loadyoagr capacity. Plain bearings
may carry the load in several ways depending on their tipgr@onditions, load relative
surface speed, quality and quantity of lubricant and testyer (affecting lubricant
viscosity). If the bearings load is carried solely Hyma of fluid lubricant, there being no
contact between the two bearing surfaces. In thesditmors they are known as fluid
bearings. In mixed conditions, load is carried partly mgaisurface contacts and partly
by a film forming between the two. In dry conditions thll load is carried by surface to

surface contact.

Under dry conditions when fluid bearings operate mayrvaser and have high friction
than rolling element bearing at the startup and shutdovam Belf-lubricant bearing
utilize porous journals within which a lubricant is held. the bearing operates and
lubricant is displaced from the bearing surface, me@&iried in from non wear parts of
bearing. Babbit metal is characterized by its resistemgmlling. Common compositions
for Babbit alloys used in industries:

+  90% tin 10% copper
+  89% tin 7% antimony 4% copper
+ 80% lead 15% antimony 5% tin

Babbit metal is soft and easily damaged, and seemstatifjhd an unlikely candidate for
a bearing surface, but this appearance is deceptive. rlictuse of the alloy is made up
of small hard crystals dispersed in a matrix of softlexyaAs the bearing wears the
harder crystal is exposed, with the matrix eroding sdma¢wo provide a path for the
lubricant between the high spots that provide the dbk&ing surface.


http://en.wikipedia.org/wiki/Galling
http://en.wikipedia.org/wiki/Tin
http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Antimony
http://en.wikipedia.org/wiki/Lead
http://en.wikipedia.org/wiki/Bearing_mechanical
http://en.wikipedia.org/wiki/Matrix
http://en.wikipedia.org/wiki/Crystal

1.2 Material properties:
For a good bearing properties the babbit alloys must g@éskowing properties:-

* Load Carrying Capaity
» Wear Rate

» Fatigue resistance

* Good heat dissipation
» Corrosion resistance

* Embedability

* Comformability

* Temperature Strength

* Compatibility

However, soft materials are inherently weak and theeeffiave a limited load capacity
(leading to extrusion) and fatigue resistance (leadingaokcformation). In addition to
the ability of soft materials to conform to the mgtsurface, other advantages are also
important. The ability to embed dirt and other abrasiwetamination helps to minimize
damage to the surfaces. Also the inherent low sheangitr of soft materials reduces the
risk of seizure occurring due to high rubbing temperaturesoiftact occurs. The
compromise solution for bearings is to use soft matenn combination with hard
materials. Abrasive wear resistance can substantilymproved by second phases
embedded in a hard or soft matrix [1].In this way therea igrade-off between the
tribological properties (conformability, embeddabilitydaresistance to seizure) and the
mechanical properties (strength and fatigue resistancgdly babbit materials are Sn,
Al and Cu based for bearing material in which eithetemal is soft or second phase is

soft. Babbit materials are characterise into two caitegs:

1. Substance with hard matrix and soft second phase
2. Substance with soft matrix and hard second phase

Among these categories, the babbit alloys which have deexloped are:



* Tin based
e Aluminium based

» Copper based

Metal-matrix composites (MMCs) exhibit the ability toithstand high tensile and
compressive stresses by the transfer and distributitimecdpplied load from the ductile
matrix to the reinforcement phase. In situ compositactires, such as aluminium
containing silicon in amounts above the solubility tirare formed by solidification.
However, the compositions and relative amounts oftihe phases are limited to a
narrow range, controlled by growth kinetics and equuliorconditions.

1.3 Aluminium bearing materials

Aluminium alloys with desirable bearing properties aredusn a wide variety of
applications. Steel-backed and solid aluminium bearingerapoyed as connecting rod
and main bearings in internal combustion engines and malusbmpressors. Other
aluminium bearing applications are in heavy tooling, schaxing mills, presses, lathes,
milling machines, and grinding mills, and as hydraulic pump bushiigsraft landing
gear assemblies, power shovels, and track rollers autiidid aluminium bearings to
withstand high-shock loads. Rolling mill bearings aret aafs aluminium alloys to
increase load and speed capability. Aluminium bushings ammatly employed for
relatively light, low-speed duty, compared to bearings, #mely are made from
aluminium bearing or other alloys, depending on the dmeti and mechanical properties
required for the application.

Aluminium alloys, such as the 2000, 5000, 6000 and 7000 alloy sareghe most
commonly utilized materials in composite fabricationurlnium composites are widely
employed in the aerospace industry. Al-Si based compossiech as A356
(Al 7Si,0.3Mg) that contain ADs;, ZrO particles or SiC particles are used in the
fabrication of automotive engine components. Weastaste and operating properties
of aluminium cast diesel pistons are enhanced by thefuseminium-based composite

piston ring inserts.



In this project, an attempt has been made to add PbC&mnd Bi separately to
aluminium-silicon alloys. Silicon also has a lowndity (2.34 g cr), which may be an

advantage in reducing the overall weight of the cast coemgo®ilicon has a very low
solubility in aluminium; it therefore precipitates astually pure silicon, which is hard

and hence improves the abrasion resistahtmvever, silicon melting temperature is
1414C which is quite high. However, it decreases upto®87at eutectic composition.
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Figurel.3:Aluminium-silicon phase diagram

Aluminium-silicon alloys form a eutectic at 12.6 wt%cen, the eutectic temperature for
this is 577°C as shown in figurel.3. This represents a typical compodibr a casting
alloy because it has the lowest possible melting temperafl-12.6Si wt% alloys are

therefore commaon

Copper is the most important alloying element for alummm The 2xxx aluminium
group contains copper which is added for strength achievedeaypppation hardening
although the corrosion resistance tends to worsen. iniaim-copper alloy comprising
substantially insoluble particles which occupy the interdgadiegions of the alloy is
shown in figurel.4. The copper melting point is 1683which reduces to 54%& at

eutectic composition of 33wt% copper. Aluminium-copper yall@are most important



alloys which shows precipitation hardening phenonomenomfter giving them a heat

treatment at desired temperature, it will provide maxinmangness.
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Figurel.4: Aluminium-copper phase diagram

The Al-Sn phase diagram (Figure 1.5) shows many of tharessaof an ideal solidifying
system. Al and Sn exhibit mutual insolubility in the sglidase, form no intermetallic
phases and the liquids are miscible.
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Additionally, the melting point of tin (23Z) is much lower than that of aluminium
(660°C). A higher Sn alloy could be utilized as a bearing nmtein which case the
increased Sn content may be beneficial in both timeiredition of porosity and as a solid

lubricant.

A similar result has been found with Pb additions anduis to the lubricity of the Pb.
Addition of lead in small quantities improves the machingbdf the aluminium alloy.
Also Lead containing bearings have the advantage of gdwatdtion. However, their
chief advantage is their low cost. Al-Pb phase diagranshown in Figure 1.6 for

reference.
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Figure 1.6: Al-Pb Phase diagram

1.4 Objective

The increasing demand from many industries for improved piliepart materials has
stimulated the development of new materials. For theraotive industry, the properties
most required are reduced weight, low thermal expansaefficient and excellent
mechanical properties; mainly wear resistance at higipdeatures. In this context,
various new materials such as the Al-Si alloys haven mmnsidered. Of particular



interest are the Al-Si-Cu alloys with hypereutectic positions, due to their optimum
wear resistance. This is a consequence of the largengtrie fraction of primary silicon
phase in the alloy. The optimum mechanical properties daefitte and homogeneous
distribution of the primary silicon phase in the alunn matrix. These are light
materials with high wear resistance, and this particptaperty is important for some
motor parts, such as cylinder liners. In fact, spray forme&i&Au alloys have been
recently used for the manufacture of cylinder liners wheear resistance is essential.
Further, these alloys are light, have low thermapassion coefficient, oxidation
resistance at high temperatures and high hardness. Duriddicsgion of Al-Si-Cu
alloys, Si needles which form eutectic is distributedfias and coarse particle. The
immisible elements like Sn, Pb influence the structureeithyer attracting them or by
repelling them. In order to study their influence on stradti@atures these elements have
been knowingly added in small quantity. The present regestribes their structural
features in detail.

10



CHAPTER -2
AGE HARDENING OF ALUMINIUM ALLOYS

2.1 Introduction

Precipitation hardening, also callecage hardeningor dispersion hardening is a heat
treatment technique used to strengthen malleable mat&sglscially non-ferrous alloys
including most structural alloys of aluminium and titanidtrrelies on changes in solid
solubility with temperature to produce fine particles ofrapurity phase, which impede
the movement of dislocations, or defects in a crigstattice. Since dislocations are often
the dominant carriers of plasticity (deformations ohaerial under stress), this serves to
harden the material. The impurities, in fact, play thme role as matrix substances in
composite materials. Just as the formation of icarican produce clouds, snow, or halil,
depending upon the thermal history of a given portion oath@sphere, precipitation in
solids can produce many different sizes of particleschviiiave radically different
properties. Unlike ordinary tempering, alloys must be kepleatated temperature for
hours to allow precipitation to take place. This time yledacalledaging.

Precipitation or age hardening was discovered by Alfred Wili@ermany in 1906. He
attempted to harden an alloy of essentially aluminumeinapercent copper in an
analogous way to steels by a quenching treatment. The spegiaginitially soft, but

the hardness increased with time at room temperatureladtguench

This process provides one of the most widely used mecharia the strengthening of
metal alloys. In an attempt to understand the dramaé&ogthening of this alloy, Paul D.
Merica and his coworkers [2] studied both the effectarfous heat treatments on the
hardness of the alloy and the influence of chemicaigosition on the hardness. Among
the most significant of their findings was the obsBovathat the solubility of CuAlin
aluminum increased with increasing temperature. Although gpecific phases
responsible for the hardening turned out to be too small wbberved directly, optical

11
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examination of the microstructures provided an identiboaof several of the other
phases that were present.

In his Institute of Metals lecture [1], Merica summadzthe Merica, Waltenberg, and
Scott paper as follows: The four principal features ofotfiginal Duralumin theory were
these:

(1) age-hardening is possible because of the solubilitpeesture relation of the
hardening constituent in aluminum,

(2) the hardening constituent is CuAl

(3) hardening is caused by precipitation of the constituesdnme form other than that of
atomic dispersion, and probably in fine molecular, eddlbor crystalline form, and

(4) the hardening effect of CuAIn aluminum was deemed to be related to its particle

size.

2.2 Kinetics versus thermodynamics

This technique exploits the phenomenon of supersaturatiosh, iraolves careful
balancing of the driving force for precipitation and therthal activation energy
available for both desirable and undesirable processes.

Nucleation occurs at a relatively high temperature (offtieh below the solubility limit)
so that the kinetic barrier of surface energy canmuee easily overcome and the
maximum number of precipitate particles can form. Thesticles are then allowed to
grow at lower temperature in a process cadlgohg This is carried out under conditions
of low solubility so that thermodynamics drive a gredt#al volume of precipitate

formation.

Diffusion’s exponential dependence upon temperature makepifagen strengthening,
like all heat treatments, a fairly delicate process Title diffusion nder aging, and
the particles will be too small to impede dislocatioffieatively; too much @ver aging,
and they will be too few and far between to interathwie majority of dislocations.

12
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Age hardening behaviour of discontinuously reinforced alumimnatrix composites has
been a subject of great interest both from scierdifid technological view points. The
nature of change in kinetics and magnitude of hardening durgngg aof these
composites depend on

(a) matrix material [3,4],

(b) type of reinforcement including its size, shape aridme fraction [4-6],
(c) method of processing the composite [4],

(d) post fabrication treatment [7,8] and

(e) temperature of aging [3,4].
2.3 Aging Process

Aluminum, as well as some alloys, such as high-niclesdlIst is subject to a two-stage

phenomenon known as solution heat treatment and aging.

TEMPERATURE

100% Al % Cu —s 0% Al
0% Cu 100%e Cu

Figure 2.1: Age -hardening heat treatment phase diagram
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2.3.1 Solution Heat Treating

Considering the age-hardening process of aluminum-coppes altwyprocess involves a
solution heat treatment at about 265in which

1. the CuA} phase is dissolved in the matrix,

2. the alloy is quenched to room temperature to retain thd solution formed at
high temperature,

3. following the quench, the alloy is either aged naturdilg., held at room
temperature) or aged artificially by heating at a rel&til@v temperature (93 to
204°C).

Figure 2.1 shows the solubility line PS, which indicateeerease in solubility of the
phase in thex phase as the temperature decreases. If a metal ampasition X is
heated above the solubility line to a temperatugge thie phased will dissolve and
uniformly disperse into the homogeneous salisblution. Upon slow cooling, the phase
will reform, and below PS solubility line the metal Mahce again consist of two distinct

phasesf anda.

If the metal with composition X is heated to;, Tand quenched, the dispersed
submicroscopic phase is trapped in thesolution. The solutionn is said to be
supersaturated, because it contains rigrarticles at room temperature than it can hold
in its lattice structure. This process is called solutieat-treating. Figures 2.2 and 2.3
show the changes in microstructure as a result of quenchi

2.3.2 Aging

The supersaturated solid solution is unstable and if, d&fhe, the exces8 will
precipitate out of the phase. This process is called aging. There are tipes tf aging:

» Natural aging
> Atrtificial aging
» Abnormal aging

14



2.3.2.1 Natural Aging

When the process occurs at room temperature, it sdca#itural aging.

2.3.2.2 Artificial Aging

If the material that has been solution heat treatedire=sgya heating to speed up the
precipitation, the process is called artificial agingshould be noted that freezing the
solution heat treated material will retard the agingcess.

2.3.2.3 Abnormal Aging

In many instances aging will occur without precipitatidine particle may actually

diffuse within the lattices and distort them. This tgbaging is called abnormal aging.

O dissolves
ino —-»

«— Quench

Age

TEMPERATURE
-

TIME —

Figure 2.2: Aging process graph between temperature vs time

After solution heat treatment the material is ductlace no precipitation has occurred.
Therefore, it may be worked easily. After a time $bkite material precipitates and
hardening develops. As the composition reaches its saturateal state, the material

reaches its maximum hardness.

15



Start: Alter quench: Fine
« + coarse 0 supersaturated @ precipitate 0
(equilibrium at appears in
room temperature) to strengthen

Figure 2.3: Microstructural features on precipitation hardening.

The precipitate, however, continues to grow. The fineipitates disappear. They have
grown larger, and as a result the tensile strengtheofrtaterial decreases. This is called
overaging. The hardness and tensile strength varigtimimg aging and overaging are
shown in Figure 2.4.

Solution
|Heat W&

Overaged

HARDNESS
TENSILE STRENGTH

TIME —p

Figure 2.4: Hardness and Tensile Strength and Aging stages.
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Table 2.1: Effect of aging on the properties of Aluminum Alloy2014

ALLOY AND | TENSILE YIELD ELONGATION || HARDNESS

CONDITION || STRENGTH STRENGTH % IN 2 IN. BHN 500 KG
(Pa) (Pa) 10 MM

Annealed 1.86 X 1§ 9.65 X 10 18 45

Solution 4.27 X 16 2.90 X 18 20 105

treated.

Naturally aged

Solution 4.83 X 16 4.14 X 168 13 135

treated,

artificially

aged

As mentioned earlier, refrigeration retards the agirugess. At @C (32F) the beginning
of the aging process is delayed for several hours aedifigg at temperatures of up to
-73.3C (-100°F) retards aging for an extended period. Use is madkiofact in the
aircraft industry when aluminum-alloy rivets, which nolijmage at room temperature,
are kept in deep-freeze refrigerators until they are driidwe rivets have previously
solution-treated, and as a single phase they are vetijledw&fter being driven, aging

takes place at room temperature, with a resulting inereestrength and hardness.

However, with the treatment to give maximum hardnessgieneral precipitate particles
are not visible with the highest-resolution light miamse. When the particles are visible
the alloy has overaged. Not only is the hardness le$® ioveraged state but usually the

alloy is very much less ductile compared to maximum hardness

The mystery was solved first in aluminum-copper alloytependently by Guinier and
Preston in 1937 by careful X-ray diffraction work. Diffuseattering occurs outside but

associated with the Bragg reflections of the solid gmytand these are due to regions in
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the matrix solid solution enriched in solute atoms. Srsallite-enriched regions in a
solid solution where the lattice is identical or sorhatwerturbed from that of the solid
solution are called Guinier-Preston zones (G.P. Zones)

2.4 Precipitation in Al-Cu alloys

In aluminum-2 atom percent copper, four different predigstaoccur and each may be
made to form by controlling the heat treatment. Theioeace of metastable precipitates
iS quite common in precipitation-hardening alloys. Typisgbtem for describing in

details the sequence of events is aluminum-copper althoeghhdgnomena mentioned

here occur in many other systems.

Guinier-Preston zones of the first kind (GP-I) aretgdaof copper atoms one or two
atoms thick and commonly 25 atoms in diameter orientedlgit@K100} planes in the
aluminum-rich matrix. Since the sizes of copper and elum atoms differ by about 12
per cent, the lattice is distorted in the regionghefzones. As a matter of fact, the zones
here form as thin platelets to minimize strain energlgey form parallel to {100}
because the elastic modulus is least in this diredB&al forms at room temperature and
is the first precipitate to form at 100°C. It is nadtde at 210°C; GP-1 formed at a lower
temperature rapidly dissolves in about 30 seconded if #talns heated to 210°C. This

is called reversion or retrogression.

Guinier-Preston zones of the second kind (GP-Il) higkér (10 atoms) and of larger
diameter (75 atoms) than GP-I, but they are not jusGhtgl precipitates. In GP-1l an
ordering of aluminum and copper atoms occurs to give arage composition of about
CwAls. GP-1l is the second precipitate to form at, say, €30f the first at 210°C. The

strongest aluminum-2 atom percent copper at room temperantans mainly GP-I1.

8" is a third metastable precipitate. It has the nomawhposition CuAl and is
tetragonal with a lattice distorted frofn so that it may form nearly coherently or

epitaxially with the aluminum-rich matrix. It forms im& matrix in a Widmenstatten
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pattern. The arrangements of atoms in the interfad@bit plane are nearly identical in
0" and the matrixd” begins to form later than GP-1l at 130 or 210°C.

Actually all types of precipitates may give hardening bR @ones and ordinary
precipitates with some degree of coherency give grdwtetening. In some systems,
maximum precipitate on hardening occurs with GP zonesm{alum-copper and
aluminum-zinc); in some systems maximum hardening occulsaveoherent ordinary
precipitate (nickel-titanium, aluminum; nickel, chromiumastium, aluminum; and

aluminume-silver).

Guinier divides GP zones into two classes: ideal amdigh@al. The atomic sizes of zinc
and silver differ little from that of aluminum. Withése, the lattice of the aluminum-rich
matrix is not distorted very much in the region of thee=y which are spherical in shape.
These are classed as ideal zones. The zones in aluroopper are an example of non-

ideal zones.

An important consideration is why metastable preciptatech as GP zones afd
should form at low temperatures, rather than the stablepitate. The answer lies in the
theory of nucleation and diffusion-controlled growth. threse cases a large surface
energy exists between the stable phase and the niattihe GP zone is a perturbation
of the matrix and the surface energy is small, indensdifficult for the former, easy for
the latter. Very little diffusion is required to nudlea GP zone. A large number of small
particles are able to form during the quench from the isohiteating temperature and on
the subsequent low-temperature precipitation heat treat@eenched-in vacancies play

an important role in facilitating diffusion.

If extra vacancies are present they may be put in bychure irradiation or cold work
diffusion processes take place at very low temperatiBeme age-hardening alloys
(copper-beryllium) do not develop full hardness unlesy te cold-worked before
aging. The free energy of the system may, of colnesdurther lowered if the metastable
precipitate is replaced by the stable (or a more stadvkipitate. This occurs if the

temperature is raised.
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2.5 Interaction of dislocation and precipitate

Discussion about the various precipitates in aluminum-cogipawed that the problem
which must be considered to understand precipitation hardenihg isteraction of a
dislocation with a field of obstacles. The obstacldspaomary interest here are
precipitates defined broadly to include Guinier-Prestonez and metastable second

phases as well as stable phases.

Consider a row of such obstacles and a dislocation mauing slip plane. For slip to
occur, the dislocation must either move around thegbestor through the particles. An
active dislocation will select from the various pathailable to it the path where the least

energy is expanded.

The dislocation may avoid the particles or obstacledebying the slip plane in the
vicinity of each particle, or it may avoid the parglby the Orowan mechanism [9]. In
this mechanism, the dislocation bends between the partebving a dislocation ring
about each particle. In either case, energy must bdisdipp increase the total length of
dislocation line.If the Burgers vector for the dislocat is b, the increase in shear stress
(t) over the value for the metal without precipitathse to bowing of dislocations of line
tension T between particles of mean planar spagdinggiven by the Orowan equation

T=2Ti/Ab

The significance of this relationship is that anything timeteases the inter-particle
spacingh, will rapidly reduce the strength of heat treatedyallo

2.6 Factors that Influence Overaging

2.6.1 Temperature

Increasing temperature can increase the rate of diffusibich may accelerate the
dissolution and growth rates and therefore enhance pacoarsening. With increasing
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temperature, the maximum solute solubility in the maitso increases and precipitates
may dissolve to release solute in solid solution. Bbo#seé mechanisms increase the

interparticle spacing and this in turn can soften tlwyall

2.6.2 Diffusion coefficient

During coarsening, solute has to be transported from siselgéing phases to the growing
phases. Faster diffusion species accelerate coarserdndpameverse is true for slower
diffusing species.

2.6.3 Size of precipitates

Smaller precipitates dissolve faster compared to lavges. Therefore, the contribution

of dislocation-particle interaction to strengtheninglast faster with smaller particles

compared to larger ones.
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CHAPTER -3
CASTING PROCESS

Fabrication processes are used to shape, machine andgtafs.nThe metal which is
operated is in the form of an ingot obtained by reducingefiming the metal ore. The
fabrication processes are basically casting, forginggahhmachining, metal joining and
finishing. Fabrication of parts with other methodsimet consuming. Casting is a fast
way to produce the desired shape.

A casting may be defined as"anetal object obtained by allowing molten metal to
solidify in amould ", the shape of the object being determined by the shape of thid mo
cavity.

3.1 Advantages of casting process

Certain advantages are inherent in the metal castirgggsoThese often form the basis
for choosing casting over other shaping processes sucla@sning, forging, welding,
stamping, rolling, extruding, etc. Some of the reasomstHe success of the casting
process are:

1. The most intricate of shapes, both external andnatemay be cast. As a result,
many other operations, such as machining, forging, and nggldtan be
minimized or eliminated.

2. Because of their physical properties, some metals enbe cast to shape since
they cannot be hot-worked into bars, rods, plates, @r stimpes from ingot form
as a preliminary to other processing.

3. Construction may be simplified. Objects may be cash isingle piece which
would otherwise require assembly of several piecesdlientiy other methods.

4. Metal casting is a process highly adaptable to the regem=mof mass
production. Large numbers of a given casting may be prodwargdapidly. For
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example, in the automotive industry hundreds of thousahdasb engine blocks
and transmission cases are produced each year.

5. Extremely large, heavy metal objects may be cast wienwould be difficult or
economically impossible to produce otherwise. Large puoysihg, valves, and
hydroelectric plant parts weighing up to 200 tons illustrate abdivantage of the
casting process.

6. Some engineering properties are obtained more favorablgast metals.
Examples are:

a) More uniform properties from a directional standpaiset; cast metals exhibit
the same properties regardless of which direction lectssl for the test piece
relative to the original casting. This is not genertalle for wrought metals.

b) Strength and lightness in certain light metal aljayhich can be produced only
as castings.

c) Good bearing qualities are obtained in casting metals.

7. A decided economic advantage may exist as a result ob@apr a combination
of points mentioned above. The price and sale factardeminant one which
continually weighs the advantages and limitations ofc@sse used in a
competitive of enterprise.

There are many more advantages to the metal-casting prafesourse it is also true
that conditions may exist where the casting process give way to other methods of
manufacture, when other processes may be more affickor example, machining

procedures smooth surfaces and dimensional accuracy r@aaiiée in any other way;

forging aids in developing the ultimate of fiber strengtid toughness in steel; welding
provides a convenient method of joining or fabricating wroughtast products into

more complex structures; and stamping produces lightwveltgget metal parts. Thus the
engineer may select from a number of metal processitigoaie that one or combination,
which is most suited to the needs of his work.
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3.2 Basic steps of casting

Three steps are involved in a casting process[10]:

1) heating metal till it becomes molten
2) pouring the molten metal into a mould
3) allowing the metal to cool and solidify in the shapéefmould.

Casting is used in the automobile industry to produce engimislor cylinder heads.
Metal casting is vital to our economy and security. Déffé metals are cast by many
different processes for different applications. Castamproducts and processes offer
advantages unavailable from products made by other metainfprand fabricating
techniques.

Castings are used in areas like transportation, aerqspaiesse, mining, construction,
maritime, fluid power, & domestic household. Some cashponents include: engine
blocks, suspension parts for automobiles & fluid flow ponments like valves, pumps,
pipes, and fittings. To cut the emissions there isea he improve the fuel efficiency and
make the vehicle lighter in weight. Non ferrous matka hluminium is lighter than steel
and has density one third of that of steel. Aluminium h&saer density of 2.7 gm/cc
compared to 7.8 gm/cc of steel. Aluminum and aluminumysliare lightweight with

good corrosion resistance, ductility and strength.

Aluminium castings are more expensive than ferrousasastings. The greater use of
aluminum can decrease vehicle weight, improve its pedoce and reduce fuel costs.
Pure aluminium possesses relatively poor casting fesatur@ for this reason castings are
prepared from aluminium alloys. The main alloying elemeats silicon, copper,
magnesium, zinc, etc. Aluminium silicon alloys haveodocasting and corrosion
resistance properties. The fluidity increases witieail addition. The addition of copper
to aluminium increases its strength and hardness. [Uh@raum copper alloys are heat
treatable and possess good machinability.
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CHAPTER -4
LITERATURE REVIEW

Most of the piston alloys used in industries are caskeiggectic aluminum-silicon
alloys. They have some very distinct advantages.

* Light-weight
* Low coefficient of thermal expansion

* Jlow variation

Since the pistons are made to precise tolerancemahafacturer needs to pour the alloy
into the mold and have them solidify exactly the sarag avery time. An alloy with a
composition near its eutectic will solidify almost at once. An alloy that has a
composition far from its eutectic will solidify at tefent rates with regard to the parts of
each of the alloying elements. The precipitations loy@ereutectic alloy of Al-Si are an
example of this but are tightly controlled to gain theig®l properties and maintain low

variation from one cast piston to another.

These advantages come from the properties of the hypetieutlloy used. Thus,
considering this fact that these exhibit good bearing propewie have selected alloys of
near eutectic composition but of hyper side.

4.1 Al-Si eutectic composition

Aluminum silicon foundry alloys are usually alloyed cldsehe eutectic or near eutectic
compositions due to the small freezing range, good castadilitlydesirable properties
obtained at these compositions. As the molten afayobled the silicon begins to come
out of solution and form precipitates. Some of theail remains undissolvd in the
matrix of aluminium. These little "islands" of siin that are spread throughout the

aluminum matrix greatly harden the metal and create @ngrhenon known as
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precipitation hardening. They also cause a change in th@noperties resulting in a
lower coefficient of thermal expansion and heat temsf

Understanding the mechanism by which the eutectic fornts grows is important.
During the solidification of aluminum silicon alloysrst the primary dendrites grow.
After the dendrites impinge upon each other, the dendrdbility is restricted. Mass
transport to compensate for shrinkage occurs mainly byrdemeritic feeding.

Interdendritic feeding involves the flow of eutectic liquidus, the origin and growth of
the eutectic is of major importance to fluid flow.

Figure 4.1 shows the microstructure of the aluminumesilieutectic. In general, when
there are approximately equal volume fractions of the pivases, eutectics of binary
alloys exhibit a lamellar structure. On the other haihdne phase is present in a small
volume fraction, this phase tends to be fibrous. Asule of thumb, the eutectic

microstructure obtained will tend to be fibrous whee tolume fraction of the minor

phase is less than 0.25, otherwise it will tend to besllam[11]. If both phases in the

eutectic are non-faceted, the eutectic will exhibitgula morphology. In this case, the
microstructure is made up of either lamellae or fikerging a high degree of regularity
and periodicity.

-a 'II, "f'"‘) ‘r"""”"lq.‘h Hr_..:_‘
.-!._..-a"' "'-?L‘H Ir

Figure 4.1: Al-12.5wt% Si alloy (a) Slowly cooled 200X (b) Chl|| CaSSOOX

On the other hand, if one phase is faceted, the eutacrphology is often irregular.
Even though the volume fraction of silicon in the alwmmn-silicon binary is less than
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0.25, the typical aluminum-silicon eutectic is closeratdamellar structure than to a
fibrous one. This is usually attributed to the strong @aropy of growth of silicon and to

the relatively low interfacial energy between sihicand aluminium.

Primary silicon is the pre-eutectic silicon formed in hgogectic aluminum-silicon
alloys. Primary silicon tends to assume differetrphologies like massive crystals of
geometric star like or dendritic shape, complex regsillaon morphology. At higher
growth velocities, the edges and corners become thaeigrowth sites, leading to the
formation of dendritic type silicon phase as shown in FEgdr2. Higher growth
velocities cause isotropic growth of silicon resultimg the formation of dendritic
morphology as in metals.

4.2 Modification of silicon by addition of different elemerts

Addition of some elements like sodium or strontiuntrace amounts causes a change in
the solidification, morphological characteristicssaficon both in eutectic and primary
form. This change (specifically the morphological d®nis termed as modification.
Because of its commercial importance, study of this pimemon of modification has
been the subject of intense research efforts datweg to early 1920s till today. In this
section, the various changes associated with modditaand different theories
explaining these changes are reviewed. Sodium was usechpnadidly as the modifier
till the late 70s, after which strontium was used.

27



Modification of the Al-Si eutectic from a flake-like & fine fibrous silicon structure can
be achieved in two different ways; by addition of cert@lements (chemical
modification) or with a rapid cooling rate (quench maddifion). Several elements are
known to cause chemical modification. The most comm@ments used in industry
today are Sr and Na, which changes silicon from coplse-like to a fine fibrous
structure, and Sb which only causes a refinement in thte-flke silicon structure.
Addition of other alkali, alkaline earth and rare eartftals have also been reported to

cause modification, although very limited data is avadlablthe literature.

The variation in structural features for the two Al-8lloys both of composition
13wt% Si when doped and undoped with small degree. The twe ale Al-13wt%Si
and Al-13wt%Si-0.01%Na. As this alloy is hypereutectic, prim&i forms first,
depleting the liquid of Si until it reaches the eutectenposition where the remaining
solidification follows the eutectic reactionhe primary Si has a cuboidal form which can
be seen in the micrograph figure4.3. The eutectic mixtine)gh, is non-lamellar in
form and appears, in section, to consist of sepantg¢econnected flakes (Figure 4.3 (a)).
Adding a small quantity of a ternary element, here sodtamnses modification in the
microstructure. This addition effectively moves theeetit point to a higher silicon
concentration and lower temperature. This modifiesgtiosvth of the eutectic silicon to

produce an irregular fibrous form rather than the usuleé$la

(a) (b)
Figure4.3: Micrograph of (a) un-doped and (b) Na doped alloy.
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The eutectic point has moved far enough to make thg, alothis composition, hypo-
eutectic instead of hyper-eutectic. So now primary alphad, rather than primary Si.
White blobs of primary alpha dendrites can be seen, wuled by a fine, fibrous eutectic
mixture of alpha and Si figure4.3 (b).

Major [12] conducted directional solidification experimentsh and without strontium.
Platelet morphology of silicon in low growth rate, nbas into a massive irregular
silicon phase. Figure 4.4(a) shows the unmodified siliéolipwed by modified silicon
in Figure 4.4(b).

100um,
y: . rr

Figure 4.4: (a) Unmodified aluminum silicon eutectic in wth the quench interface
(b) Modified aluminum silicon eutgic (0.3%Sr) with the quench inte-
-rface.

A. Knuutinen, K. Nogita, S.D. McDonald, A.K. Dahle [13Ldted the modification of
Al-Si alloys with Ba, Ca, Y and Yb. Modification of A$i alloys is known to result in a
depression of the eutectic arrest temperature. It has Iseggested that a larger
depression is related to increased modification. Thetsftef different concentrations of
separate additions of Ba, Ca, Y and Yb on the eutegistain an A356.0 (A-7%Si—
Mg) alloy have been studied by thermal analysis. All loédse elements cause a
depression of the eutectic arrest, however Ba and stidt e fibrous eutectic Si while Y
and Yb result in a refined plate-like eutectic silicomaklysis of the effects of the
elements on eutectic nucleation and growth temperatimck$he recalescence shows two
different trends. Addition of Ba and Yb both causes linelaanges with increased
concentration, while addition of Ca and Y result inirstantaneous effect with the first
addition and no further significant changes with incréasacentration.
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An assembly of all cooling curves collected for difier barium contents is shown in
Figure 4.5. The scale of the figure 4.5 is adapted to bestréte the behaviour around
the eutectic arrest and the time scale is such thddeas not cause any overlap of the
cooling curves. Corresponding micrographs of a representatitextic region in each

sample are also shown.

Temperature ()]

Figure 4.5: Assembly of cooling curves, with focus on the t&gctic reaction, for all
tested Ba addition levels to the A356.0 alloy with cosponding optical
micrographs of representative eutectic structurén each sample.

A coarse plate-like silicon morphology was observethatum levels of 200 and 260
ppm. The microstructure is similar to that in the unrfiedialloy without significant

modification. Several regions of very refined, fibrowslicon were observed with
addition of 460 ppm Ba. The eutectic was fully modifie@@® ppm Ba, i.e. with a fine

fibrous eutectic across the sample. Further bariumiadditresulted in an increasingly
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refined eutectic structure. It should be noted that largekiglparticles were observed in

the microstructure for barium levels exceeding 500 ppm.

ratuna [C)

T

Figure 4.6: Assembly of cooling curves, with focus on the t&gctic reaction, for all
tested Ca addition levels to the A356.0 alloy wittorresponding optical
micrographs of representative eutectic structurén each sample.

It can be clearly observed in Figure 4.6 that the first modnf Ca, 36 ppm, causes a
large change in the cooling curve compared to the unmdddi®y. The growth
temperature has dropped about 4°C and a large recalesctautesebbserved prior to
the eutectic arrest. The corresponding microstructuragairen wellmodified fibrous
silicon. Further increases in calcium content do netrséo alter the cooling curves
significantly, i.e. the eutectic growth temperature amedalescence seems largely
unaffected, and the eutectic microstructure remains-metlified and does not change

significantly with increased calcium content.
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Tempeaaiums {*0)]

Figure 4.7: Assembly of cooling curves, with focus on the &&gctic reaction, for all
tested Y addition levels to the A356.0 alloy witroaresponding optical
micrographs of representative eutectic structurén each sample.

In Figure 4.7 the cooling curve and microstructure of theadified base alloy is also
shown. The cooling curves have been offset alongitie gcale to assist the comparison
of the eutectic arrests. It is readily apparent fragufe 4.7 that the addition of yttrium
causes a significant depression of the eutectic arfds. recalescence increases
continuously with increasing yttrium concentration, whilbe t eutectic growth
temperature first decreases significantly with the ghidion of 700 ppm Y and then
seems to show a slight increase with further increasegttrium content. The
micrographs show that yttrium causes modificationhef $ilicon to a refined plate-like
structure and the level of refinement of the silicoense relatively constant as the
yttrium content is increased from 700 to 5200 ppm. A nevs@heas observed in the

microstructure at the higher levels of yttrium addition
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Figure 4.8: Assembly of cooling curves, with focus on the t&gctic reaction, for all
tested Yb addition levels to the A356.0 alloy witrocresponding optical
micrographs of representative eutectic structurén each sample

Figure 4.8 shows an assembly of the cooling curves wiahsfon the eutectic arrest for
all ytterbium levels investigated in this work. The coolingve for the unmodified alloy

is also shown. Representative micrographs of the eutentrostructure are shown for
each sample. It should be noted that the cooling cunee® been offset along the
abscissa to ease the comparison. With addition of 940ypenbium the eutectic is very
coarse and flake-like, similar to the unmodified alloyhen the ytterbium content is
increased to 2900 ppm the eutectic silicon is still pl&ie-but much refined compared
to the unmodified alloy, and the sample was only partigifred. A modified fine plate-

like structure is observed across the whole sam@8@Q ppm Yb.

Chang J., Moon I. and Choi C [14] studied the refinementast microstructure of
hypereutectic Al-Si alloys through the addition of rasgtle metals.they performed the
microstructural observation and thermal analysis o2BAwt % Si alloys with different
rare earth metals to examine the effect of raréhaadtal on the refinement of primary

silicon phase. Simultaneous refinement of both prinaany eutectic silicon morphology
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is achieved with the addition of rare earth and itscéffecreases with the amount of rare
earth addition and cooling rate. Depression of 12—-17 °C in pyineaction temperature
and 2-7 °C in eutectic temperature is measured with thdaudditrare earth. Rare earth
bearing compounds were not believed to act as a nuieagent of primary silicon
phase. Some rare earth bearing compounds determined tow&@earound primary
silicon in the matrix. The twin density of eutectiach remains same regardless of the
addition of rare earth. The refinement of silicorrane earth treated hypereutectic Al-Si
alloys is supposed to be due to the suppression of the nocléatperature of silicon

phase.

4.3 Mechanical properties

Rajesh Sharma, Anesh Kumar and D.K. Dwivedi [15] studiedinfluence of solution
temperature 450-550°C on microstructure and mechanical propeatfiescast
Al-12% Si-0.3% Mg and Al-16% Si-0.3% Mg alloys has been regubrit was observed
that an increase in solution temperature increasetettsle strength of all alloys under
investigation. Ductility was adversely affected. Highefuson temperature produced
better refinement and distribution of eutectic silicoystals than a low temperature. Heat
treatment of all alloys showed spheroidization ofeetit silicon crystals. Scanning
electron microscopy (SEM) of tensile-fractured surfazas carried out to investigate the

influence of solution temperature on the mode of fractur

Li Rong-de, Li Run-xia, Yu Li and Hu Zhuang-qi [16] investightie effect of trace
elements Cd and Sn on the microstructure and mechgnmigpérties of Al-Si-Cu-Mg
cast alloy. With the increase of Cd addition the stiemgtalloy rises at first and then
drops. The optimal amount of Cd and Sn addition for AC&iMg alloy is about 0.27%
and 0.1% respectively. Due to the formation of someseo@d-rich phases and pure Cd
particles the mechanical properties of alloy decreasenwdd amount exceeds 0.27%.
When more than 0.1% Sn added, some Sn atoms form lotmgnelitectic compound at
grain boundary, and then cause over-burning in alloy velodution treated, which may
deteriorate properties of alloy, especially ductility alfoy. On the other hand, the
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addition of Cd and Sn remarkably increases the peak hardndseduces the time to
reach aging peak in Al-Si-Cu-Mg alloy. The action of Cdisgquaternary Al-Si-Cu-Mg
alloy is effectively the same as that occur in binAtyCu alloy that the enhanced

hardening associated with Cd/Sn addition is due to the pramotithed’ phase.

M.F. Moreira and R. Fuoco [17] have done the study of adharistics of fatigue
fractures in Al-Si cast components. As introductitire general aspects of fatigue
fractography and some examples of fatigue failures umimlum cast components are
presented. The examples of fatigue failures emphas&zentbrofractographics aspects
and their relationship with microstructures of alloysieTithree stages of fatigue are
directly related to the macrographic aspects of thguatfractures. The process of
fatigue consists of three stages [18]:

* Crack initiation (stage I)

» Progressive (“stable”) crack growth across the compq(seage 1)

» Final sudden fracture of the remaining cross sectidheofomponent (stage IIl)

The microstructures of cast Al-Si alloys is esselgtizdnstituted by dendrites ofphase,
eutectic cells oft + Si and tertiary eutectics (iron rich, magnesiunh and copper rich
eutectics) precipitated in the intercellular regio®nce all these second phases
(Si, CuAb, M@.Si, AlsFeSi and Als(Fe, Mn}Sik) are harder than the phase, if the
localized stress level surpasses the material yieldngttie there will be some
deformation of thex-phase matrix while the hard phases may fracture or iexgersome
decohesion from the-phase matrix, thus forming microvoids. In the absencstrets
concentration factors, the second phase decohesiontifrea-phase matrix or the crack
of the second phase can be the fatigue crack nucleatn ¢stage |). The morphology
and the size of the second phases in the microstrustuhe Al-Si alloys are important
factors causing stress concentration in dhghase matrix around them. Rounded and
small second phases particles cause lower streserdoaion levels and delay the
fatigue crack nucleation. Rounded and small Si particles bmarattained by good
modification treatment practice and rapid solidificatioates (permanent mold).
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Additionally, the solution heat treatment contributeshe breakdown and coalescence of
the Si particles.

Although these technical aspects are well known for coemtsnsubjected to fatigue,
overmodification problems are very frequently observedguré4.9 presents
microstructures of A356 alloy in three different comdis: without modification, with

Sr-modification + heat treatment and with Sr-overroation + heat treatment. Also,
changes in the morphology of the Si particles obtaimgdneans of the modification
treatment and solution heat treatment reduces the datigack propagation rate in
stage 11 [19].

Figure 4.9: Microstructures of A356 alloy in three different onditions: a) without
modification (200X); b) with Sr-modification + heatreatment (200X)

and c) with Sr-overmodication + heat treatment (200X

At the same time, there is no practical solution totrd the morphology of the other

second phases (CuAMQ.SI, AlsFeSi and Als(Fe, Mn}Sk), so the common practice is

to minimize the copper and iron contents to reducerdidn of second phases and to
apply high solidification rates, in order to obtainadler particles. Certainly, much more

important to the stress concentration and to fatig@ekcnucleation (stage 1) is the

presence of casting defects as microporosities, oxide imokiand shrinkage porosities,

since the sizes of these defects are much larger thearsize of the microstructure

particles. The reduction of the fatigue life of the congad is directly proportional to the

casting defect size [19, 20].
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Figure 4.10a presents the aspect of a diesel engine ndamifbich failed in field after
200,000km. The crack is coincident with a reentrant sharp .ahlgéepart was produced
in 11%Si-0.22%Mg-0.36%Fe-0.25Mn with Na-modified alloy using sandldmo
Figure 4.10b shows the typical microstructure of the castitly a-phase dendrites and
a+Si eutectic, with modified Si particles, and the pneseof some iron-rich phase,
probably, Als(Fe, MnkSk. There are numerous large sized microporosities. Therge
aspect of the fatigue fracture surface is presented in éigutOc. Although, the
component failed in field, there is no evidence of beaahks suggesting that the load
cycles during the component life were essentially cohstxamination of the fatigue
fracture surface in SEM shows the presence of fatigiegtistr, as presented in Figure
4.10d. The possible explanation for the short fatigue difethe component is the
component design (sharp corner) associated to the lazgeasd high amount of

microporosities.

Figure 4.11 a and 4.11b present a fatigue fracture in the Heaa automotive diesel
engine piston cast using 339 alloy with 13 % Si. The faticasture surface exhibits the
traditional beach marks (Figure 4.11c). The microstructureorsstituted mainly by
primary Si particlesq + Si main eutectic and secondary eutectics of Cu, Md~anaith
no a dendrites. The microstructure and the low magnificatieM &ispects are presented
in Figure 4.11d and 4.11e, respectivétycontrasts with the previous examples, there is
no evidence of smooth region in the stage Il regiotheffatigue fracture surface. Also,
the fracture surface presents a ratchet mark in thek gnapagation direction, probably
as a consequence of two independent fatigue crack propagatparallel direction,
which tend to unification. Observations in SEM with highagnification, hardly
characterize the presence of fatigue striation (Figur&fy.
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Figure4.10: Fatigue fracture in diesel engine manifold (a) cogident with a reen-
trant sharp angle; b) microstructure of Al-11%Si with modified Si
particles and numerous large sized microporosss; c) aspect of the
stage Il region of the fatigue fracture surface; )dtear ridges in the
fatigue crack propagation direction, as observed IBEM.
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Figure 4.11: General aspect of an automotive diesel enginesfan cast using 339
alloy with 13%Si (a), which presents a fatigue crack (b) ithe head region; c)
aspect of the fatigue fracture surface presenting beach nks; d)
microstructure of the 339 alloy constituted mainly by primary $ particles, o
+ Si main eutectic, withoute dendrites; e) SEM low magnification image of
the fatigue fracture surface, withoutevidence of smooth region. There is a
ratchet mark in the crack propagation direction; f) high magnification SEM
observation: fatigue striations are barely seen.
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It was concluded with the study of different Al-Si akoat:

 The main macrographic characteristic of the fatigue dractof Al-Si cast
components is the presence of beach marks concemtrelation to the crack
initiation region;

 The main micrographic characteristics of the fatiguecttne in Al-Si cast
components are the tear ridges in the direction otthek propagation and the
fatigue striation in a direction perpendicular to thec& propagation;

 The presence of the fatigue striation is easily oleskrwm the regions of
dendrites and hardly observed in eutectic regions, sadébection of fatigue
striation in Al-Si cast components depends on dhdendrites content in the

microstructure.

S.P. Nikanorov [21] studied structural and mechanical prop@&tids-Si alloys obtained
by fast cooling of a levitated melt. The aim of his war&s to determine the structure
and mechanical properties of near eutectic and hypereutetsi alloys with high Si
content obtained by fast cooling.

Optical microscopy revealed a fine-grained structure for Espepared by quenching
of liquid metal. Figure 4.12 shows the optical micrograph&l-Si alloys obtained by
casting of levitated melts for (a) 11.5, (b) 20, (c) 25,3@)and (e) 35 wt.% Si. In the
hypoeutectic alloy (Figure 4.12a) there is eutectic struckutte primary crystals of Si
solid solution in Al. The 20 wt.% Si alloy (Figure 4.12@shan anomalous finest-grain
eutectic structure. There are star-shaped primary Sadsyen the background of eutectic
structure for the 25 wt.% Si composition (Figure 4.12c). d@dwecentration and size of
primary Si crystals increase with increasing Si confgdtand 35 wt.% Si).

Figure 4.13shows that Young’s modulus increases with increasing Si content. It is

noteworthy that alloys prepared by quenching of the levitateltl md higheE values
than those obtained with conventional casting.
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The Vickers hardness was measured only for samplésSwvitontent up to 15 wt.%. The

Vickers hardness of transverse sections was slighiyer for 15 wt.% Si alloy
(HV =440 +10MPa) than for the sections of 11.5 wt.% SialleV = 430 +20MPa).

Figure 4.12: Microstructure of Al-Si alloys vs Si content: (a) 15 wt.% Si, 1 is the
primary crystal ofa solid solution, 2 is the eutectic structure with
needle like Si component of black colour. (120 wt.% Si. (c) 25 wt.%
Si, 1 is star like primary Si crystal. (dBO wt.% Si, 1 is star like Si
primary crystal. (e) 35 wt.% Si.

Fig. 4.14shows the temperature dependence of Young’s modulus of Alle$s with
11.5, 20, 25 and 30 wt.% Si as well as for Al-11.5 wt.% Si aitied 0.01 wt.% Sr.
Note that there is temperature hysteresis of Young’'s fuedor all alloys quenched
from the levitated state except for the Al-11.5 wt.% Si-0.QXowSr alloy. The
hysteresis depended on the alloy composition.

41



E. GPa

&5 T T T T | B R
0 & 10 15 20 25 320 35

Si content, %

Figure 4.13: Young’s modulus of Al-Si alloys vs. Si content at rootemperature:
(1) present results, (2) the results for ceantional casting into a mould.
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Figure 4.14: Young’'s modulus of Al-Si alloys vs. temperature forarious Si
contents: 1—11.5wt.%, 2—20wt.%, 3—30wt.%, 4—3504 Si;
5—AI-11.5% wt.% Si—0.01% wt.% Sr.
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As shown in Figure 4.15a, the lo&lcorresponding to the yield point also exhibits a
maximum at about 20 wt.% Si. The Si content correspgnth maximum value of the
yield point is higher then for the eutectic point of Al-eloy (about 11.7%) that is seen
from Figure 4.15b, where high temperate part of the phageasn of the alloy is shown.

by
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600 577°C
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Fig. 4.15: (a) The yield point P as a function Si contentb) The aluminum-—silicon
phase diagram (Si content in wt.%

The mechanical behaviour reported above is related tmigr@structure, which can be
understood with the help of the diagram of microstructafe Al-Si alloys vs.
composition and solidification rate, as determined erpentally infor a Si content up to
17%. Figure 4.16 shows this diagram with the upper border ofeiiien of coupled
growth, the region Il, extrapolated by us from 17 to 383a&i. Note that there is a wide
range of Si concentrations and solidification ratesngi coupled growth of a fine fiber
eutectic-like structure without any primary crystdlee solidification rate was estimated
to be between f@&nd 10 K/s. In [22, 23]the melt quenching was performed for similar
conditions and the measured cooling rate supported our estiveue.
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Figure 4.16: Diagram of Al-Si alloys microstructure vs. Si conceration and
cooling rat&.

The alloys compositions and the approximate solidificatate used in the present work
are indicated by star-like points in Figure 4.16. From tlyjisré, it follows that our A-20
wt.% Si alloy was produced in the region coupled eutgectevth and its finest eutectic-
like structure without any primary crystals is responsfbtethe maximum vyield point.
The samples of Al-11.5 wt.% Si were obtained outside rdgson and had a coarser
eutectic structure with dendrites, resulting in lower yield point. The sample25ivt.%

Si were cast close to the border of the region Idl #e alloys with 30 and 35 wt.% Si in
the region Il where primary Si crystals were growiiigis necessary to note that the
borders of the regionaere shown for 50% transformation of the structuresréfbee
the alloys with Si content in the region from 25 to33Awfor our the solidification rate
should have had inclusions of primary Si crystals, tzessiand numbers of which
increased with increasing Si content. The interfacevdxen these crystals and the eutectic
matrix decreases the yield point. Increasing the Sterwns thought to decrease the
temperature coefficient of Young’'s modulus due to increasmglent contribution to
atomic bonding.

In the quenched samples the Si content sdlid solution exceeds the equilibrium value.
The Guinier—-Preston zones can arise under heating ofsdngples during these

measurements. In the zones with higher Si concemtrdkie contribution of covalent
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interatomic forces increases. It causes the increasiggdaring the heating of samples
and decreasing of the temperature coefficient of E. Maxinmn the concentration
dependence of the temperature coefficient of Young’'s nugchtl 20 °C can be explained

by the finest eutectic structure of the alloy making clifti the creation of the zones.

Hengcheng Liao, Yu Sun and Guoxiong Sun [24] studied the caorel@etween
mechanical properties and amount of dendritidl phase in as-cast near-eutectic Al—
11.6% Si alloys modified with strontium. The amount ohdidic a-Al phase with
varying Sr content in near-eutectic A-11.6% Si alloy wassueed by quantitative
metallography analysis software and the correlatiormethanical properties of fully
modified alloy with the amount of dendriticAl is discussed. Addition of Sr in Al-Si
alloys results in a considerable increase of the ammfuntAl. Mechanical properties of
the fully modified alloy are linearly related to thelwme fraction of dendritia-Al,
which plays a key role in improving the mechanical propediesear-eutectic Al-Si

alloys.

The following conclusions can be made from the resdltee present investigation.

(a) Addition of 0.0375% Sr to A-11.6% Si alloy promotes thewgh of columnar

dendrites and results in a remarkable increase in the arabdendritica-Al phase, by

236.9% compared to the unmodified alloy.

(b) When the Sr content increases from 0 to 0.0375%ultimeate tensile strength and
fracture elongation increase by 34.0 and 714.6%, respectivhly.quality index, a
combination measure of mechanical properties, increase3d9y.

(c) Mechanical properties of the modified alloy are liheaelated to the amount of
dendritic a-Al phase present. It is suggested that the dendiidd phase plays an
important role in improving the mechanical properties afreutectic Al-Si alloys.

4.4 Wear characteristics

Feng Wang, Huimin Liu, Yajun Ma and Yuansheng Jin [25] haveestutle effect of Si
content on the dry sliding wear properties of spray-deposil-Si alloy. In their
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investigation, Al-12Si, Al-20Si and Al-25Si (wt%) alloys weratbgsized by spray
atomization and deposition technique. The wear resist#rtbe alloys was studied using
a pin-on-disc machine under four loads, namely 8.9, 17.8, 2@738.6 N. The
microstructures, worn surfaces and the debris wesdyzed in a scanning electron
microscope. It had been found that the effect of Siesdron dry sliding wear of spray-
deposited Al-Si alloy was associated with applied loadsloder load (8.9 N), with
increasing Si content, the wear rate of the alloy dexgeased. At higher load (35.6 N),
spray-deposited Al-20Si alloy exhibited superior wear resistdn the Al-12Si and
Al-25Si alloys. Figure 4.17 shows the wear test resulig;iwepresent the wear rate as a

function of the applied load.
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Figure 4.17: Variations in the wear rates of spray-deposited Al+&lloys with load.

Dheerendra Kumar Dwivedi [26] studied theear behaviour of cast hypereutectic
aluminium silicon alloys. He reported the influence allbying elements on wear
behaviour of binary (Al-17%Si) and multi-component (Al-17Si-0-8NMg—1.2Cu—
0.6Fe) cast hypereutectic aluminium alloys. Experimeniaysa were prepared via
foundry technique. Wear behaviour of A-17Si and A-17Si-X {X =Cli, Mg, Fe}
alloys was studied using pin on disc (ASTM: G99) typefrmtion and wear testing
machine. Dry sliding wear tests were performed at varglidsng speeds (0.2—4.0 m/s)
and contact loads (10-30 N) against hardened ground steel disanigbs 60 HRC). It
was observed that the addition of alloying element nbt reduces the wear rate in mild

oxidative wear condition but also increases the tramsibad. Temperature of wear pin
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near the sliding surface was measured and it was retateear and friction behaviour of
experimental alloys. Increase in hardness was alscedadue to alloying. SEM study of
wear surface and wear debris was conducted to analysexatie of wear and wear

mechanism.

L. Lasa and J. M. Rodriguez-lbaf#¥] studied the effect of composition and processing
route on the wear behaviour of Al-Si alloys. The weadviour of five Al-Si alloys,
with Si contents between 12% and 16% and different CuNinadditions, has been
studied using pin-on-disc tests. The importance of alloyiegents and alloy processing
has been proven. New thixoformed microstructures showaerbwear resistance than

alloys produced in metallic moulds.

The alloy composition is given in the table 4.1. Alloys HB} and H6 were cast in
permanent metallic moulds by Hydro Aluminium. Alloys lH8d H4 were Na and Sr
modified; alloy H6 was not. The alloys were testedhbas-cast and after T6 heat
treatment. The parameters developed for the heat atgmere: solutioning at 500°C
for 5 h in a salt bath (except alloy thixo477 that wastsm heat treated for 3 h), water
guenching at room temperature and artificial ageing in avatfil at 180 °C for 4 h.

Two different test conditions were used (A and B). Toa& applied was 46.51 N and the
distance 2000 m in both of them; the speed of the disedvéaetween 0.089 and 0.356

m/s for condition A and B, respectively.

Table 4.1:Chemical composition (wt%) and hardness of the all@y

Alloy Chemical composition Hardness (HRB)
Si Mg Cu Mi Fe Ti As-cast Aller To
Hi 1285 1.30 113 (.00 .11 01l 43 [k
H4 12.29 1.30 440 0.00 0.1z 011 L] 86
Hé 1590 1.20 471 0.00 0.12 011 b7 91
477 15.30 .58 418 <042 .21 LI 3] i &9
Al 15.70 0.4 436 4.10 017 87

Alloys H3 and H4 have both nearly the eutectic commosifThe microstructure consists
mainly of the eutectic aluminium silicon phase wittry few primary silicon particles
that are evenly distributed in the matrix. Alloy H6 waet modified and as a
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consequence, the microstructure is completely diffefidms alloy consists of a very fine

eutectic aluminium-silicon phase with a few clustermassive primary silicon particles.

Thixoformed alloys thixo477 and thixo501 exhibit a very homogenauasostructure;

they contain an aluminium globules, a high fractednprimary silicon particles and a
fairly small amount of eutectic aluminium—silicon antermetallic particles surrounding
the aluminium globules and forming small pockets. Therostructures of the alloys are
shown in Figure 4.18. The wear rate of the alloys at tedting conditions is shown in
Figure 4.19. The overall response of these alloys wasdiferent at the two conditions

considered.

Figure 4.18. Microstructures of the alloys: (a) H3; (b) H6; €) thixo477; (d) thixo501.
Notice a aluminium phase in whiteutectic and primary silicon partic-
-les in dark grey and intermetadls in light grey.
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Under condition A, the effect of alloy compositionsmeery marked. Alloys H3 and H4
have similar composition and microstructures but thetimthdi Cu content of alloy H4
makes it more resistant to wear. Comparing the respohsgloys H4 and H6, the
beneficial effect of the higher silicon content isar too. Nickel does not seem to have
any remarkable influence upon wear. However, it should bednihat alloy thixo501
with 4.1% Ni content performed slightly better thamwlthixo477 with less than 0.42%
of Ni. The fine homogeneous microstructure of both tluxweied alloys greatly improved
the resistance to wear. The smaller spacing of the prisilgcon particles in these alloys
could be responsible for this improvement The T6 heaatrtrent did lower the
coefficient of wear of alloys H3 and H4, but no sigrafit change was apparent in the
rest of the alloys.

The higher coefficient of wear observed in alloys H3 addalds due to the transition in
wear mechanism that took place during the tests. This tcangiis less pronounced for
alloy H6 and non-existent for both thixoformed alloyseTteat treatment improved the
wear resistance of alloys H3 and H4 by means of delaysgdhsition as can be seen in
Figure 4.20 where the loss of pin height as a functiahstance is plotted.

OH3
OH4
4 1] HH6
O Thixa477
Thixo501

Coefficient of Wear (g/Nm) * 10 /

| P 7

Condition A (as-cast) Condition A (T8} Condition B (as-cast) Condition B (T6)

Figure 4.19: Coefficient of wear of the alloys as a function of $&6ng condition.
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Figure 4.20: Change in coefficient of friction with transition in wear: (a) alloy
thixo501; (b) alloy H4.

Under condition B, the higher disc speed reduced the expetitime by four. The disc
surface did not suffer so much contamination from tharvdebris, the protective oxide
layer remained stable on the pin surface and consequdhttiieaalloys, with the
exception of alloy H6, suffered less wear. In alloy Hé higher disc speed of condition
B provoked the rupture of some of the big silicon partictgging rise to deep wear
groves and, in consequence, increasing the coefficieméaf.

o
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Figure 4.21: Pull-out of the silicon particles in alloy H6 duing test under
condition B.

Under constant load and test distance conditions, te#ficdent of wear of the alloys
studied is highly dependent on the disc speed. At ther fdisie speed of 0.356 m/s, the
mechanism of wear was found to be of oxidative natureafitide alloys suffered low to
moderate wear. At the slower speed of 0.089 m/s, lower fduSa contents led to

accelerated transition to adhesive wear and consequdwlywear rate increased
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dramatically (Figure 4.21). The fine homogeneous microstreiadfi both thixoformed
alloys improved the wear resistance by inhibiting cotepjethe transition to adhesive

wear.

The heat treatment improved the wear of the low silicontent alloys under low speed

but the influence upon the rest of the alloys was nastent.
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CHAPTER -5

EXPERIMENTAL WORK

In this chapter all the details about the preparationduadacterization of samples has

been described. In the present work, the casting technagubeden utilized to prepare the

samples of aluminium alloys. The experiment techniquelvwes following steps:

» Casting

* Preparation of samples

» Characterization & Testing

The alloy composition that is selected for present sisidy

D

D

D

SET - |
Elements Al Si Pb Sn Cd Bi Alloy
(Wt%) | (wt%) | (wt%) | (wt%) | (wt%) (wWt%) comp.(wt%)
Sample-1| 87.4 12.6 -- -- -- -- Al-12.6%Si
Sample-2 | 82.9 12.6 4.5 -- - -- Al-13.19%Si
Sample-3| 82.9 12.6 -- 4.5 -- -- Al-13.19%Si
Sample-4 | 82.9 12.6 -- -- 4.5 -- Al-13.19%Si
Sample-5| 82.9 12.6 -- -- -- 4.5 Al-13.19%Si
SET -1l
Elements Al Si Cu Pb Sn Cd Bi Alloy
(Wt%) | (wt%) | (wt%) | (wWt%) | (wt%) | (wt%) | (wt%) | comp.(wt%)
Sample-1| 82.9 12.6 4.5 -- -- -- -- Al-13.19%S
Sample-2| 78.4 12.6 4.5 4.5 - -- -- Al-13.84%$S
Sample-3| 78.4 12.6 4.5 -- 4.5 -- -- Al-13.84%$S
Sample-4| 78.4 12.6 4.5 -- - 4.5 -- Al-13.84%$S
Sample-5| 78.4 12.6 4.5 -- - -- 4.5 Al-13.84%$S

D
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Purity level of metals:

» Aluminium — 99.99%
Silicon — 99.9%
Copper —99.5%
Lead — 99.5%

Tin — 99.5%
Cadmium — 99.5%
Bismuth — 99.5%

vV V V V VYV V

5.1 Casting

Equivalent quantities of the various metal granulars wedert by weight. For making
each 100gm batch, the weighing was done in a very accuesdbing balance (Sigma).
For e.g. forSet —I:

Sample I (Al- 12.6%Si) the quantities of the metals taken as:

Al =87.4gm
Si=12.6gm
Similarly,
Set-Il:
Sample I (Al- 12.6%Si-4.5%Cu)
Al =82.9gm
Si=12.6gm
Cu =4.5gm

For each sample after weighing metal granulars, theyat into the fire-clay crucible.
Then the crucible with metal charge is placed into tidfur electric furnace (muffle
furnace) which is heated upto 750°C and metal is allowedett Stirring is done while
melting for complete mixing of charge. When all the grarsilmelt and mixed
completely, the molten metal is removed from thedaeand poured into an iron mould.
After allowing the metal to cool and solidify in theaple of the mould, the casted
samples are taken out of mould.
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GRINDING/
POLISHING
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CHARACTERIZATION

MICROSTRUCTURAL HARDNESS

MEASUREMENT

Figure 5.1: Flow chart showing the whole experimental work
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5.2 Sample preparation

5.2.1 Cutting

The cast samples are cut in the transverse diresftbrthe help of hexa in the four equal
parts. The one of the piece of the cut sample is ugezshmple preparation.

5.2.2 Grinding/polishing

The cut samples prepared above had an uneven surfacke Sottsamples were then
taken for the grinding/polishing operation. The sample firas held over a grinding
machine with a moving belt to obtain a smooth surface. grimding is done in such a
way so that all the scratches are in the same aireand the grinded surface becomes
flat. After this the samples are polished properly usiiiigreént grits of emery paper.
Because the samples being aluminium alloy, aluminiumgbsoft, it is rubbed over the
400 and 600 grit emry paper for a small time. Then it was tubler an emry paper of
800 grit and then over a very fine emry paper of 1000 grié foonsiderable time in order
to get a smooth and clear surface of the sample.

The sample was then polished on a fine polishing machine asiagumina polish. This
was done to get a well polished and a smooth surface edqdar the further

characterization of the samples.

Similarly all the samples were polished for a consiolerime, over and over again until
a very fine and smooth surface was obtained.

5.3 Characterization

> Microstructural Characterization
> Hardness Measurement
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5.3.1 Microstructural characterization

The well-polished samples were then observed under picab microscope.
Micrographs were taken with the help of CCD camera la¢h¢o the optical microscope
and are further viewed on computer with optical imagelyaea software at

magnification of 200X and 400X for all the different samsple

5.3.2 Hardness measurement

Hardness of all the samples is measured before amdthé aging treatment. For aging
treatment the muffle furnace is first preheated to 15@tperature after that the samples
are put inside the muffle furnace (Navyug India) for thier.2duration. After 2 hrs the
samples are quenched in distilled water and change onéss after quenching is
measured. Now the samples are allowed to age hardensmbra temperature and
hardness of each samples are measured with timeafgemhe hardness of each sample
has been measured on Mitutoyo hardness testing maclhicé womprises of Vickers

hardness number.

5.3.2.1 Vickers Hardness Test

It is the standard method for measuring the hardnessetdls, particularly those with
extremely hard surfaces: the surface is subjected tanalasd pressure for a standard
length of time by means of a pyramid-shaped diamond.didgonal of the resulting
indention is measured under a microscope and the Vickednéeks value is calculated
by putting the valued in the formula. The Vickers DiamondaRyd harness number is
the applied load (kgf) divided by the surface area of the iatient(mnf).

Microhardness test was done for the various samplegy ubke Vicker's Hardness
machine. The readings of the indent obtained were taken tla® corresponding
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VHN (Hy) was obtained. Three to five readings were obtainedefmh sample at
different phases, while observing from the microscopherVicker's Hardness machine.
The formula used is:

Hy=1.854 F/ 4

Where:

F=Load in kgf

d = Arithmetic mean of the two diagonals, d1 and d2 in mm
Hyv = Vickers hardness

=

A .
WV

d o

1y

Figure 5.2: Vickers Pyramid Diamond Indenter Indentation

W

A constant load of 100 gm was applied for 15 seconds oereliff samples. The results
obtained were then tabulated and a graph prepared bygt#hkentime at which the
sample’s hardness was measured against\he H
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CHAPTER-6
RESULTS AND DISCUSSIONS

6.1 Microhardness test

Microhardness of each sample was measured in the #diSphase (white). The reason
for this was to see the feasibility of providing hard nmawith proper distribution of the
softer phase into it. Hardness measurement was daae tihe feasibility of this material
as a bearing material as hardness and wear characsesi® related to each other upto a
greater extent. A variation in hardness was obsefwethe samples of Al-Si-Cu in the
entire range of time intervals.

The readings obtained for various samples by using tlke¥Ws Hardness testing
machine are tabulated below:

Table 6.1 change in B w.r.t aging time for the samples:
SET-1 SAMPLE-1, Al-12.6%Si
SET-1l SAMPLE-1, Al -12.6%Si -4.5%Cu

Set-l, Samplel Set Il, Sample 1
Time(hr.) Corresponding | Average | Corresponding | Average
Hy Hy Hy Hy
0 68.565 94.68
67.5867 68.8 100.852 105.549
70.243 121.1156
69.56,66.92 97.416,95.76 | 108.998
1 68.564 102.0424,108.96
64.47 08.34 | 117.34,107.65
3 65.3836,64.172
108.958,120.144 109.306
66.946,66 67.679 99.638,114.44
67.9104,75.664 100.2704,112.336
4 66.3144 100.27,98.54
67.5864 65.729 118.827 110.021
63.286 110.967
5 77.2176 100.27 107.99
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66.3144 69.234 106.364
64.1728 117.36
6 74.907 115.875 113.652
61.348 68.439 118.0784
68.564 107.004
67.5864 103.36
, 66.946 68.372 115.875 111.391
70.5864 114.44
66.628 110.92
72.6034 113.3 112.36
18 70.436
71.984 : 112.86
68.8956 113.0
- 64.472 6774 113.0 113.0
69.56 113.0
62.12 57 03 130.964
26 69.228 : 1109668 | 119.028
69.9028 115.154
70.56 138.215
20 69.9004 70.132 128.3932 | 127.016
75.664 114.44
76.436 130.099
” 75.28 75.743 130.99 130.099
75.28 130.99
73.422 121.893
46 72.34 72.001 134.48 130.599
70.2432 135.424
70.9 135.42
61 77.216 7243 129.24 131.016
69.2 128.39
69.23 131.52
- 67.01 71.19 134.72 132.64
76.4358 131.68
75.664 74174 133.6156
66 74.16 142.0672 | 133.125
72.6084 126.72.130 1
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72.69 135.427
70 73.424 73.16 135.427 141.46
73.4 153.5324
73.06 137.276
71.28 72.346 137.276
118 135.46
72.6987 131.84 '
66.002 125.08
126 77.2178 150.271 136613
80.468 74.1562 141.089 '
74.16 141.089
132 70.5865 71.065 130.099 135.234
68.2366 134.516
76.04 119.583
140 62.7 136.347 129.85
74.91 69.216 133.62
71.28 126.72
155 73.9 138.21 128.42
74.907 73.9 120.34
76.825 130.1,118.08
162 72.6988 73.029 110.97 125.305
69.595 142.07
66.00 45.875
74.16 09.35 118.079
179 120.781
67.91 128.39 '
74.91 117.337
187 70.59 71.14 125.396 19993
67.91 123.47 '
78.81 123.47
199 71.28 72.99 116.60 120.91
68.89 122.678
74.532 116.603
210 69.229 71.564 126.72 110,975
70.932 116.603 '
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Figure6.1:Change in microhardness w.r.t. aging time for samp-1 of set-1 and set-ll

Figure 6.1 shows the natural aging plots for the Al-Si Ah&i-Cu alloys. From the
figure it is completely evident that the overall hardgnpsovided by Al-Si-Cu is much
higher than the Al-Si alloy. This is due to the strehghtng phenomenon provided by
the addition of Cu in the Al-Si-Cu alloy. Moreover tbemposite Al-Si-Cu shows the
increase in the hardness and attains peak hardness (144.46 D hr. but the plotted
line of Al-Si do not show such increase in hardness aghng time. This can be
explained on the basis of precipitation hardening phenomshown by Cu present in
Al-Si-Cu alloy. According to this phenonmenon a varietly different precipitate
structures is formed below the solvus line. As In allolyAleCu system, a succession of
precipitates is developed from a rapidly cooled super@&iisolid solution (SSS). These
precipitates develop sequentially either with increasing éeatpre or with increasing
time at temperatures between room temperature and Messd he several stages are
identified by following notation:
SSS—» GP zones» 0° —> 0" — 0(AlCu)
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These GP zones are coherently embedded in the matrigh ywhovide the increase in
hardness phenomenon and the decrease after the phaktis the growth of incoherent
precipitates during overaging.

Table 6.2 Change in K w.r.t aging time for the samples :
SET-1 SAMPLE-2, Al -12.6%Si -4.5%Pb
SET-1l SAMPLE-2, Al -12.6%Si -4.5%Cu -4.5%Pb

Set-l, Sample 2 Set-1l, Sample 2
T(lhr?)e Corresponding | Average | Corresponding Average
Hy Hy Hy Hy
69.56 119.5829
0 62.99 64.93 86.20
62.99 85.74 97.174
64.173
65.079,68.896 103.8616
1 62.996 65.18 93.624 101.496
59.64,63.58 107.004
63.58,68.896 103.254
3 62.996,66.628 | 65.244 95.764 103.254
66.946,62.4188 100.268
63.58 98.544
4 69.90 66.915 95.7644 101.533
67.2652 110.29148
59.1196 100.268,92.58
5 63.876 64.3 113.0,110.28 104.101
69.903 107.64,100.84
69.23 109.622,99.1144
6 64.17 64.085 99.1144 106.452
58.86 115.875
65.38 105.728 104.345
7 79.224 69.49 107.648
63.874 99.688
65.69 114.44
18 67.91 66.13 105.102 110.857
64.79 113.0312
61.85 101.444
22 64.77 63.5 121.892 111.661
63.88 111.648
64.774 126.76
26 64.774 64.774 110.28 118.372
64.774 118.076
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74.53 125.896
30 65.38 75.84 121.08 117.78
87.61 106.364
78.41
42 73.06 74.02
70.59
74.532 117.7336
46 79.64 72.28 115.152 122.034
73.42 133.6156
70.934 129.24
51 70.24348 72.281 126.72 126.476
75.6656 123.47
74.90 144.44
55 73.06 73.19 123.417 127.349
71.63 120.344,120.334
73.42 113.276
66 75.66 75.43 139.1628 128.539
77.22 121.1158
70.59 140.12
74 69.90 70.36 126.72 140.308
70.59 158.048,130.347
72.70 137.27
118 74.16 72.36 128.39 135.58
72.34 141.08
70.24
63.31 126.72
126 71.98 70.09 121.893 135.135
71.98 159.21,132.72
68.24 121.1158
132 74.16 69.13 132.723 122.759
65.08 114.44
70.24 123.47
140 71.63 69.29 141.1 123.44
66.0 119.58,109.62
66.95 133.61 131.75
155 71.63 68.4 142.067
66.63 119.58
65.69 122.67
162 69.23 71.25 131.84 126.53
78.82 125.08
72.69 121.89
179 70.93 71.81 124.27 123.08
67.27 102.64
187 70.59 68.92 119.58 121.598
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Figure6.2: Change in microhardness w.r.t. aging time for sanip2 of set-1 and set-ll

A similar characteristic in the behavior of hardness also observed for the samples
containing Pb (Figure 6.2). Hardness increasing trend is sanmethe Al-Si-Cu alloy
and peak got maxima at 74 hr (140.3)HHowever lead is added in these samples to
provide lubrication property. Thus the sample providesubedation property with the

same hardness as Al-Si-Cu alloy.
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Table 6.3: Change in H w.r.t aging time for the samples:
SET-1 SAMPLE-3, Al -12.6%Si -4.5%Sn
SET-1l SAMPLE-3, Al -12.6%Si -4.5%Cu -4.5%Sn

Set-I, Sample 3 Set-Il, Sample 3
T(lhr?)e Corresponding | Average | Corresponding Average
Hy Hy Hy Hyv
61.848 84.3776 89.108
0 61.848 61.848 92.5812
61.848 90.5464
58.3356 89.52 90.208
1 68.236 65.266 91.552
69.228 89.554
62.992 94.684 92.322
2 64.472 63.485 87.6
62.992 94.684
61.288 97.38 91.51
3 60.1896 63.347 89.552
68.564 87.6
4 67.744 93.624 96.166
66.92 65.789 99.112
62.704 95.764
5 64.794 103.248 100.43
66.0 65.598 94.684
66.0 103.86
6 75.664 101.44 101.884
69.9 71.597 99.112
69.228 105.1
7 78.412 95.2224 104.386
68.5652 73.960 99.1144
74.904 118.824
9 70.584 69.692 104.232 104.232
70.584 106.3644
67.9104 111.6488
21 78.816 70.481 100.27 103.61
66.6292 110.29
66.0 100.27
25 67.908 70.99 107.648
73.7904 102.0424 101.46
71.28 94.684
29 66.946 72.921 117.336 108.986
67.9104 97.976
83.0432 111.648
73.7888
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33 70.5864 107.00 105.898
70.932 70.248 103.25
69.228 105.10
44 74.532 76.459 110.291 105.116
76.4356 108.958
78.412 99.1145
52 69.229 72.54 102.644 111.488
70.5865 105.102
80.46875 126.72
69.9029
96 73.7905 74.264 129.24 117.3
79.6370 103.86
72.6987 113.827
70.932
108 69.90 69.175 110.967 116.18
71.98 118.79
67.586
67.586
124 73.79 68.988 110.967 112.231
66.629 107.00
66.946 118.786
132 66.0 66.315 110.967 112.6
66.315 110.967
66.65 115.875
148 67.91 65.288 100.36 107.67
67.265 100.36
63.28 110.29
62.70
154 74.16 71.329 105.10 104.27
68.896 104.48
70.932 103.25
171 68.565 67.49 105.73 107.66
66.0 107.64
67.91 109.62
179 66.63 67.27 106.3 105.28
67.91 106.3
62.42 103.25
191 70.24 68.4345
66.629
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Figure6.3: Change in microhardness w.r.t. aging time for sanmp3 of set-1 and set-Il.

Here in figure 6.3 the trend is also same in increasingnieas due to precipitate
formation during aging of the Al-Si-Cu-Sn alloy. In thisegeak is attained at 96hr. and
the hardness value is 117.3,Hvhich is smaller than previous Al-Si-Cu and Al-Si-Cu-
Pb. Sn is added to provide dimensional tolerances and gobedeability to the alloy.

However the Al-Si-Sn alloy do not show any much increaske hardness phenomenon.

Table 6.4: Change in H w.r.t aging time for the samples :
SET-I SAMPLE-4, Al-12.6%Si -4.5%Cd
SET-1Il SAMPLE-4, Al -12.6%Si -4.5%Cu -4.5%Cd

Time Set-1l, Sample 4 Set-l, Sample 4
(hr) Corresponding Average Corresponding Average
Hy Hy Hy Hy
0 118.08 114.96 89.06 86.24
111.65 84.378
115.15 85.29
2 118.83 119.59 85.285 84.46
119.58 87.62
120.35 80.469
3.5 113.03 115.15 87.144 87.144
117.34 87.144
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115.15 87.144
6 121.89 119.36 86.673 88.201
119.58 84.83
116.60 93.1
8 114.44 115.398 83.93 85.3
116.6 86.67
115.154
17 113.03 115.97 92.07 85.85
118.83 86.67
113.73 78.82
23 120.35 127.753 88.58 85.95
134.52 82.61
128.39 86.67
26 130.1 120.397 87.62 86.52
121.12 86.21
113.03 85.74
117.37
28 126.72 119.8 86.67 83.59
112.34 84.14
124.27 80.89
115.86 79.64
30 115.88 115.5 90.05 88.602
110.29 89.55
120.35 86.21
71 124.24 115.91 84.83 87.174
115.154 89.55
108.3 87.14
94 112.34 112.6 86.207 87.15
115.15 87.14
110.29 88.096
100.5 109.62 113.31 81.31 82.32
115.875 82.61
114.44 83.04
102.5 107 113.36 76.44 83.28
115.88 84.83
118.03 88.58
117 111.65 113.98 89.064 87.16
115.88 85.74
114.44 86.67
121 115.15 117.37 80.89 81.779
119.58 84.74
86.67
124 113.73 113.38 78.41 82.095
113.03 83.04
84.83
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145.5 114.44 113.98 81.74 83.06
111.65 82.17
115.88 85.28
145.5 118.079 114.02 88.598 86.758
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110.29 89.07
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Figure6.4: Change in microhardness w.r.t. aging time for sanip4 of set-1 and set-ll

Here Cd is added to the Al-Si and Al-Si-Cu alloys. Dugresence of Cu in the alloy
hardness peak is achieved at 23 hr. of aging corresponding H27But the similar
results in the case Al-Si-Cd that it does not showiaergasing hardness trend. However
the overall hardness of Al-Si alloy is increased dditgon of Cd than that of Al-Si. Cd
metal being soft is incorporated to Al-Si alloy to providetdresurface and mechanical
properties.
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Table 6.2 Change in K w.r.t aging time for the samples:
SET-1 SAMPLE-5, Al -12.6%Si -4.5%Bi
SET-1l SAMPLE-5, Al -12.6%Si -4.5%Cu -4.5%Bi

Time Set-l, Sample 5 Set-1l, Sample 5
(hr) Corresponding Average Corresponding Average
Hy Hy Hy Hy
0 85.749 82.4 147.11 142.11
81.74 145.06
80.051 133.62
2 76.05 78.29 142.07 147.9
74.91 149.2
83.93 152.43
3.5 76.82 78.1 139.16 137.90
81.74 137.28
75.67 137.28
6 73.06 77.09 143.055 138.16
82.17 134.516
76.05
8 82.17 85.33 141.08 139.65
87.62 138.22
86.2
17 82.17 82.92 156.9 152.53
85.28 148.55
81.31
23 78.61 82.03 153.53 145.87
85.74 138.21
81.74
26 80.47 82.48 152.43 148.29
84.38 151.35
82.01 141.1
28 78.01 80.16 138.21 139.51
76.74 150.27
85.28 130.1
80.88
30 79.64 78.03 143.06 132.43
72.7 122.68
81.74 131.84
71 76.05 75.11 140.1 134.15
75.66 134.52
73.06 133.60
128.39
97.5 78.01 76.45 138.2 150.9

70




76.05 154.56
75.29 161.56
149.21
100 75.67 73.69 134.52 132.57
73.79 128.39
71.63 130.1
137.27
102.5 77.67 75.67 136.35 133.84
73.6 121.12
114.05
117.5 74.16 77.55 154.64 145.23
77.61 131.84
80.89 149.21
121 74.16 71.91 131.84 140.63
69.23 135.43
72.34 154.64
124 72.69 72.95 146.08 145.39
71.98 154.64
74.16 135.47
143 74.16 75.4 137.27 130.2
80.05 122.68
71.98 130.1
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Figure6.5: Change in microhardness w.r.t. aging time for sanmp5 of set-1 and set-ll
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On the addition of Bi to the Al-Si-Cu alloy however dot show any increase in the
hardness behaviour (figure 6.5) as shown in the previous résiildue to presence of
Cu and Bi the overall hardness of Al-Si alloy is irased.

6.2 Microstructural Analysis

Microstructural features are the key features that prothéebackbone for the wear
characteristics of all the materials. A detailed stafithe microstructural features of all

the samples was carried out for the samples.
6.2.1 Optical micrographs of before aging treatment

Optical micrographs provide the structural features ofsdummple being studied. The
samples are prepared with different alloying elementsasting route. The micrographs

are being taken after well polishing the sample at higtegnification.

6.2.1.1 Micrographs of SET-I

Figure 6.6: Micrograph of Sample-1 Al-12.6%Si at 200X.
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Figure 6.7: Micrograph of Sample-2 Al -12.6%Si -4.5%Pb at 200X.

Figure 6.8: Micrograph of Sample-3 Al -12.6%Si -4.5%Sn at 200X.
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12.6%Si -4.5%Cd at 200X.

4 Al -

Figure 6.9: Micrograph of Sample

12.6%Si -4.5%Bi at 400X.

5Al-

Figure 6.10: Micrograph of Sample
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The micrographs of samples prepared for set-I are slhowgure6.6 to figure6.10. The
micrographs indicate lots of variation in structuraltfieaes. For sample 1, Al-12.6% Si
the structure is eutectic in nature. Therefore typicatui®s observed in sample 1 is
needle like structure of Si uniformly distributed in twbite matrix of Al as shown in
figure 6.6 taken at magnification 200X. However, primarycsili can be seen as
embedded particle inside the matrix.

On addition of Pb we can see that the structural feaareesimilar to that of eutectic
type of structure means the addition of lead does not yndl& structure. Also no
separate morphological feature is visible for lead allgyBut on critical analysis it can
be seen that the growth the secondary silicon phesedcurred from the interface where
the primary silicon exists. The overall features appeabd rosette type of structure
comprising of Si needles as shown in figure 6.7.

In case of Sn and Cd addition the structural featuresliobn appears to be blunt and
twisted type visible in figure 6.8 and figure 6.9. The structuaahktion exists in the form
of transition of the silicon phase which tries to agthe spherical shape by getting the
Si needle stretched. Though the structure looks to beromifoit here also the presence
of primary silicon phase exists. The amount of primangse in case of Cd is somewhat
higher than Sn. In case of Cd similar results has besaredd by W.Y. Yoon [28] on
addition of 2% Gd in Al-14%Si alloy.

In case of Bi, it modifies the structural featurestlud alloy as shown in micrograph
figure 6.10 taken at higher magnification 400X. Bi leads thecsiral feature to the
columnisal development of the eutectic phase and ueeyrfeedle like structure with
complete mixing of Bi in matrix is observed. It formmnaplete eutectic type structure.
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6.2.1.2 Micrographs of SET-I

Figure 6.11: Micrograph of Sample-1 Al -12.6%Si -4.5%Cu at 200X.

Figure 6.12: Micrograph of Sample-2, Al -12.6%Si -4.5%Cu -4.5%Pb at 200X.
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Figure 6.13: Micrograph of Sample-3, Al -12.6%Si -4.5%Cu -4.5%Sn &00X.

Figure 6.14: Micrograph of Sample-4, Al -12.6%Si -4.5%Cu -4.5%Cd a200X.
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Figure 6.15: Micrograph of Sample-5, Al -12.6%Si -4.5%Cu -4.5%Bi aR00X.

Similarly as in case of set-I, in the lInd set of pées the addition of copper leads to the
formation of more primary phase as compares to sileatectic phase. A coarse plate-
like Si morphology is observed (figure 6.11). The modifietsch are in the form of
immiscible substances increase the volume fracticutdctic phase.

The growth morphology observed in the case of Pb andi&tiaa leads to variation in
structure. On addition of Pb coarse needles of Silbseroved irregularly distributed in

the matrix phase as shown in micrograph figure 6.12.

The addition of Cd allows the formation of more pnignphase with fine distribution of
Si needles. The features apparently indicate the dasah of primary silicon which

ultimately gets transform to Si-eutectic structure (fg€rl4).

The structural feature alloy containing Bi is quite déf@ as compare to other alloys.
The Bi segregates along the dendrites as interdendhtiic | The feathery growth of the

Si-phase which is eutectic phase is observed all alorgfrineture (figure 6.15).
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6.2.2 Optical micrographs of after aging treatment

6.2.2.1 Micrographs of Set-I

Figure 6.16: Micrograph of Sample-1 Al -12.6%Si at 400X.
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Figure 6.17: Micrograph of Sample-2 Al -12.6%Si -4.5%Pb at (a) 200X (B)00X.

0 a7 s Dol A

Figure 6.18: Micrograph of Sample-3 Al -12.6%Si -4.5%Sn at 200X.
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Figure 6.19: Micrograph of Sample-4 Al -12.6%Si -4.5%Cd at 400X.

Figure 6.20: Micrograph of Sample-5 Al -12.6%Si -4.5%Bi at 200X.
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6.2.2.2 Micrographs of Set-II

A A '?m:'?‘f“"’ P

Figure 6.21: Micrograph of Sample-1 Al -12.6%Si -4.5%Cu at 400X.
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Figure 6.23: Micrograph of Sample-3,Al -12.6%Si -4.5%Cu -4.5%Sn at 400X.

80 B g o e i e SO R
Figure 6.24: Micrograph of Sample-4 Al -12.6%Si -4.5%Cu -4.5%Cd at 400X.
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Analyzing the above micrographs it was found that theneot much difference in the
structural features of the alloys containing Pb, Sn and&dmodifiers) before and after
aging process. Only some precipitate has been formewdgethardening of the alloys.
But in the case of figure 6.20 on the addition of 4.5%Bi IHL2A6%Si alloy, a lot of
variation in structural features has been observed. grams ofa-Al can be clearly
visible in the fine eutectic Al-Si structure. The deprassio the eutectic has been
observed due to addition of Bi such that morphology chafgaeshyper to hypoeutectic
side. This can be explained by similar results frorarditure as observed by W.Y.
Yoon[28] on case of addition of 3% Y and 2% of Sm in Al-14%&ifiy, which had large

negative mixing enthalpy with Si due to which eutectic $stals were modified.

6.3 Conclusions

The Al-Si near eutectic alloys containing Pb, Sn, Cd and<$Badditive element were
studied. The samples of the alloys were made by thénggstocess consisting of the
various steps such as melting, pouring and solidificatioallofy in mould. After that

samples are prepared for further characterization. Urclaaracterization study
microhardness and micrographical features are studied. &imeaim of this work was to
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prepare such bearing materials which can able to provideerbiughness and

compatability and good wear properties.

From the above study it can be concluded that:

1. Hardness of Al-Si increases with addition Cu. Furthereiase in the hardness can
be obtained by heat treating the Al-Si-Cu alloys.

2. Casting method can be used to develop different bearingiaiaitgike Al-Si-Cu)
at commercial level taking care of its parameters.

3. However, the hardness properties provided by Pb and Sn in@l+Sre same,
but as lead being cheaper than tin can be used commerSialte Pb, Sn, Cd and
Bi being soft can be used to provide lubricant property.

4. From the micrographic study, structural features cleatsthe distribution of the
alloying elements (Pb, Sn, Cd and Bi) are fine in thenalium-silicon eutectic
alloys.

5. The micrographic study indicates that the elements useabdsiers Pb, Sn and
Cu less modifies the Si morphology in near eutectayallHowever, on addition
of Bi the morphology completely changes from hypereigtéathypoeutectic.
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