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ABSTRACT
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The aim of the present work isto study the dry sliding wear behaviour of
A356/Al,0,nanocomposites at both room and elevated temperatures. Dry
wear tests were conducted at several sliding speeds at room temperature.
Wear test results showed that The A356/A1,0, nanocomposites exhibited
lower wear rates at both room and elevated temperatures when compared
with the A356 monolithic alloy. Increasing the volume fraction and/or re-
ducing the AlO, nanoparticles size reduces the wear rates of the A356/
Al,O, nanocomposites. I ntroducing the Al O, nanoparticul atesto the A356
aluminum alloy assisted in increasing the mild-to-sever wear transition
temperature. The composites exhibited transition temperature between
150 and 200 °C, whilethe unreinforced all oy exhibited atransition tempera-

nanocomposites;
Aluminum alloys;
Wear;
Elevated temperatures.

ture between 100 and 150 °C.

INTRODUCTION

Metal matrix composites (MM Cs) have been ex-
tensively sudiedinlast two decadesand are S gnificant
for numerous applicationsin the aerospace, automo-
bile, and military industries3. MM C consistsof ame-
talic basewithareinforcing condtituent, usudly ceramic.
Theattractive physical and mechanical propertiesthat
can beobta ned with MM Csind udehigh specificmodu-
lus, superior strength, long fatiguelife, highwear resis-
tance, high creep and improved thermal stability. Nor-
mally, micro-dzed ceramic particdlesareused toimprove
theyield and ultimate strength of the meta. However,
the ductility of the MM Cs deteriorateswith high ce-
ramic particle concentration®. Recently, itisof interest
to use nano-sized ceramic particlesto strengthen the
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metal matrix, so-called metal matrix nano-composite
(MMNC), while maintaining good ductility. With
nanoparticlesreinforcement, especidly hightempera:
ture creep resistance and better fatigue life could be
achieved“d,

Superior wear resistanceis one of the attractive
propertiesin MMCs. It has been found that particu-
late-reinforced MM Cs show wear resistance on the
order of 10 timeshigher than the un-reinforced materi-
asinsomeload ranges. Many studies have been per-
formed in order to understand the effects of various
factorson thewear resistance of conventiondd MMCs
such asthe particlesize, thefraction of thereinforcing
particles, theload, and the diding speed, on thewear
resistance of the particulate-reinforced MM Cswith Al
matrices®®. Thereinforcing partidesused inthese stud-
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iesaremostly SICorALLO.,.

Few investigationswerereported on thewear be-
havior of MMNCshowever it isexpected that thewear
resistance of MMNCswill be higher than the conven-
tional MM Cd°. Inthe present investigation thetribo-
logical behavior of A356/A1,0, MMNCswereinves-
tigated at room and el evated temperaturesunder dry
diding conditions,

EXPERIMENTAL PROCEDURES

TheA356Al-Si-Mg cast alloy wasused asama:
trix. Thechemical composition of theA356Al aloyis
lisedinTABLE 1. Nano-ALO, particul ateswereused
asreinforcing agents. TheAl O, nano-particul ateshave
two different average sizes, typicaly, 200 and 60 nm.
Severd metal matrix nanocomposites(MMNCs) were
fabricated with different volumefactionsof Al,O, nano-
particulatessuch as 1 vol.-%, 3 vol.-% and 5 val .-%.

TABLE 1: Thechemical composition of A356 alloy.

Alloy Chemical Composition (wt.-%)
Fe Cu Mn Mg Zn Al

66 025 011 0002 014 0.026 Bal.

A356

TheA356/Al,0, nanocompositeswere prepared
using acombination of rheocasting and squeeze casting
techniques. Preparation of thecompositea loy wascar-
ried out according to thefoll owing procedures: About
1 kgof theA356Al alloy wasmelted at 680+2°C ina
graphitecrucibleinan electrical resistancefurnace. Af-
ter completemelting and degassing by argon gasof the
alloy, the aloy was allowed to cool to the semisolid
temperature of 602 °C. At such temperaturetheliquid/
solid fractionwasabout 0.7. Theliquid/solid ratiowas
determined using primary differential scanningcaorim-
eter (DSC) experiments performed ontheA356 dloy.
A smplemechanicd gtirrer with threebladesmadefrom
stainlesssted coated with bentoniteclay (seeFigure 1)
wasintroduced into the melt and stirring was started at
approximately 1000 rpm. Beforestirring the nano-par-
ticlesreinforcements after heating to 400 °C for two
hourswere added inside the vortex formed dueto stir-
ring. After that, preheated Al O, nanoparticleswere
introduced into the matrix during the agitation. After
completing theaddition of Al,O, nanoparticles, theagi-
tation was stopped and the mixture was poured into
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preheated tool steel mould and immediately squeezed
during soliditication. Figure 2 shows a photograph of
the mould used for squeezing the nanocompositesand
theingot after squeezing. The produced ingot has 30
mm diameter and 130+10 mm length.
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Figure 2 : A tool steel mould used to squeeze the
nanocomposites(a) and theingot after squeezing (b).

The nanocompositeswere heat treated at T6 be-
fore conducting the machining tests. The
nanocomposites were solution treated at 540 + 1 °C
for three hoursand then quenched in cold water. After
cooling specimenswereartificially aged at 160+ 1°C
for 12 hours. The micro-hardness was measured on
polished samplesusingthe Zwick/Rall micro-hardness
tester. Thetestswere carried out by applying aninden-
tationload of 25 gwith aVickersindenter. Minimum of
ten readings were conducted for each specimen and
theaverageva uewere considered.

Dry diding wear testswere carried out on the pin-
on-disc wear testing machineshowninFigure 3. The
elevated temperatures wear testswere performed un-
der dry diding conditionsonly up to 250 °C. Thewear
testswere carried out at room temperature under sev-
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eral dliding speedsof 0.4,0.8and 1.2 m/s. Theload
waskept constant at 15 N. The chemical composition
of the 314 stainless-steel disc was 0.13 wt% C, 1.8
wit% Si, 21.2 wt% Ni, 24.8 wt% Cr, 1.4 wt% Mn and
balance Fe. Thewear testswere carried out after heat
treating theinvestigated alloysto T6 condition. The
specimens used were of acylindrical shapehavinga
diameter of 8 mm and a length of 12 mm. The
specimen’s ends were polished with 1200 grit SiC
emery paper and cleaned with acetone. The speci-
menswerethen weighted before each experiment on
asensitive balance having sensitivity of 104 g. The
specimen wastixed on a three jaws clutch. The load
was applied to the specimen through avertical pin
fixed with the specimen holder. A Gixed track diameter
of 100mmwasusedinal tests, and avariabledliding
timewith aninterval of 5 min up to 30 minwere ap-
plied to conduct the wear tests. The duration of the
experiment was controlled by astopwatch. After each
experiment the specimen isweighed again and the
weight losswas cal culated. For each test condition,
at least three runs were performed. The wear rates
(thed opesof thediding timeversuscumul ative weight
loss curves) of theinvestigated all oyswere cal cul ated
by using the data after therun-in stage. The elevated
temperatureswear testswere performed using an elec-
trical furnace equipped with the wear tester. Thefur-
nace was controlled with acontrol unit to adjust the
temperaturelevel. Thewear testswerecarried out at
dry sliding conditionsat 100, 150, 200 and 250 °C.

~

Figure3: Thepin-on-disc wear tester.
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RESULTSAND DISCUSSION

Microstructural examinations

Figure4 showsexamplemicrographsof themicro-
structure of themonolithic A356 alloy aswell asthe
A356/A1,0, nanocomposites after heat trestment. Itis
clear from Fgure4athat the structureof themonolithic
A356Al dloy consistsof primary a phase (white re-
gions) and Al-Si eutectic structure (darker regions).
Needle-likeprimary Si particulateswerefound to be
distributed along the boundaries of the a-Al dendrites.
Figures 4b and 4c show micrographs of
nanocomposites containing 3 vol.-% of Al.O,
nanoparticul ates having 60 and 200 nm, respectively.
Clusters of nanoparticlesinthe microstructure of the
A356/Al,0,nanocompositewere observed. Figure4d
showshigh magnification micrograph of ALLO./Sval .-
%(200 nm) nanocomposites. Itisclear that clusters
of nanoparticlesclustersarelocated insdethe a-grains
aswell asnear the eutectic structure. Figure 5ashows
high magnification SEM micrograph of the5vol.-%
Al O, nanoparticulates (200 nm) showing that
nanoparticul ates are agglomerating near the Si par-
ticles of the eutectic structure. The XRD analysisfor
the nanoparticlesisshown in Figure5b. Also, it has
been observed that increasing the volumefraction of
the nanoparticlutes dispersed inside the A356 alloy
increases the agglomeration percent. The
nanocomposites containing 5 vol .-% exhibited the
highest agglomeration percent when compared with
those containing 1 and 3 vol.-%.

Porosity measurements indicted that the
nanocomposites have porosity content lower than 2
vol.-%. Suchlow porosity content isattributed to the
Sueezing processthat carried out during the solidifica-
tion of the nanocomposites. In cast MMCs, thereare
several sourcesof gases. Theoccurrence of porosity
can beattributed variously to theamount of hydrogen
gaspresent inthemelt, theoxidefilm on thesurface of
themelt that can bedrawnintoit at any stageof stirring,
andthegasbeingdrawnintothemelt by certain tirring
methods®™. Vigoroudly stirred melt or vortex tendsto
entrap gasand draw it into themelt. Increasingthe stir-
ring timealowsmoregasesto beentered into the melt
and hence reduce the mechanical properties.
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Figure4: Optiéal micrographsfor (a) A356 monolithic alloy; (b) A356/3vol.-% AI-ZO3 (60 hm) nanocomposites; (c) A'356/
3vol.-% AlO, (200 nm) nanocomposites; (d) A356/5vol.-% Al O, (200 nm) nanocomposites
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Figure5: (a) High magnification SEM micrograph of the 5 vol.-% Al O, nanoparticulates (200 nm) showing that
nanoparticulatesar e agglomerating near the Si particlesof the eutectic structure; (b) XRD analysisfor the particles

shownin (a).

Theamount of liquid insidethe semi-solid slurry
increases with increasing the temperaturewhich on
the other hand reducesthe viscosity of thesolid/ lig-
uid slurry. Nanoparticlesdistribution intheA356 Al
matrix alloy during the squeezing process depends
greatly ontheviscosity of the slurry and also on the
characteristics of thereinforcement particlesthem-
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selves, whichintuence the effectiveness of squeezing
into break up agglomerates and distribute particles.
When theamount of liquidinsidetheslurry islarge
enough, the particlescan berolled or slid over each
other and thus breaking up agglomerationsand help-
ing the redistribution of nanoparticlesand improving
themicrostructure.
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Microhardness of thenanocomposites

Figure 6 showsthevariation of themicrohardness
of the nanocomposites with the volume fraction of
Al,O, nanoparti cul ates having 60 and 200 nm. It has
been found that the nanocomposites exhibited higher
average microhardnessthan the A356 monolithic al-
loy. The average microhardness of the nanocompo-
sitesincreaseswith increasing the volumefraction of
theAl O, nanoparti culates. The nanocomposites con-
taining 200 nm Al,O, nanoparticul ates exhibited
dightly higher average microhardnesswhen compared
with those containing 60 nm Al O, nanoparticul ates.
Theincrease of the hardness of the A356 aloy dueto
the addition of Al,O, nanoparticul ates may attribute
to theincrease of theresistanceto localized plastic
deformation.
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Figure 6 : Variation of the microhardness of the
nanocomposites with the volume fraction of AlLO,
nanoparticulates.

Theincrease of the hardnessdueto the addition
of ceramic nanoparti cul atesto al uminum and magne-
sium alloys were reported by many workerg“10.11,
For example, Ansary et al .'*Y studied the mechanical
properties of A356.1 Al alloy reinforced with nano-
sized MgO (50 nm) up to 5vol.-%. TheA356.1/MgO
nanocomposites were fabricated via stir casting
method. Theresults showed that the hardness of all
compositesishigher than A356.1 monolithicaloy due
to the presence of MgO nanoparticulateswith high
hardness. The nanocompositeswith 5val.-% content
of MgO exhibited lower hardnessthan sampleswith
2.5vo0l.-% MgO dueto the presence of more poros-
ity with the higher content of MgO.
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Dry dliding wear behavior of nanocomposites at
room temper ature

Figure7 showsthe variation of theweight losswith
didingtimefor different diding velocity for the A356
monolithic aloy. Figures8 and 9 show thevariation of
theweight losswith diding timefor nanocomposites
containing 60 nm and 200 nm Al O, nanoparticul ates
for different diding velocities, respectively. Theresults
revealed that the wear loss of the unreinforced alloy
and nanocomposites appearsto increasewithincreas-
ingthedidingtime. It isnoticeabl ethat, at constant ap-
plied|oad, the nanocompositesexhibit lower wear |oss
compared with theunreinforced dloy. Moreover, it can
be seen that the weight loss of the unreinforced alloy
and nanocomposites specimensincreaseswith thein-
creaseof thediding velocity. Itisclear that mild wear
was taken place for both the unreinforced alloy and
nanocomposites. Sever wear region was not observed
for both the unreinforced aloy and nanocomposites.

40

{|—8— 0.4 m/s A356
a5 |—e— 0.8 m/s
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Weight Loss (gx107)

Sliding Time (min)
Figure7: Variation of theweight lossof theA356 monolithic
alloy with diding time.

Figure 10 showsthevariation of thewear ratewith
sliding velocity for theA356/Al,0, nanocomposites
containing 60 nmand 200 nmAl.O, nanoparticles. The
results showed that, for the unreinforced A356 alloy,
increasingthediding velocity increasessignificantly the
wear rate. Whilefor theA356/Al,0, nanocomposites,
increasing thediding vel ocity increasesdightly thewear
rates. Such observation wasnoticed for nanocomposites
containing 60 nm and 200 nmAI, O, nanoparticul ates.
Ithas been found that, at constant dliding velocity and
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volumefraction, the nanocomposites contai ning 60 nm
of ALLO, nanoparti cul ates exhibited slightly lower wear
rates than the nanocomposites containing 200 nm of
AlO, nanoparticulates. At constant nanoparticlessize,
increasing thevolumefraction of the nanoparticulates
reducesthewear rates of the nanocomposites.

The aboveresultsshowed that thewear rate of the
A356 dloywassignificantly improved by theaddition
of the Al,O, nanoparticulates. The wear rate of the
nanocomposites was reduced to about 25% (for
nanocomposites containing 5 vol.-% of
nanoparticul ates) of thewear rate of the A356 mono-
lithic alloy. Thewear rate of the nanocompositeswas
dightly influenced by increasing thediding velocity. In
contrast, wear rate of theunreinforced A356 alloy was
ggnificantly influenced by thedliding vel ocity. Thewear
rate of the nanocompositeswas reduced by increasing
the volume fraction and/or reducing the Al,O,
nanoparticlessze. For any given nanoparticlescontent,
said 1 vol.-%, the mean di stance between neighboring
nanoparticlesfor thenanocompositewith smaler filler
particles(asin 60 nm nano-sized particles) wassmal ler
than that with the bigger particles (200 nm nano-sized
particles). For, example, the number of thenanoparticles
per unit volumefor thenanocompositewith60 nmAILO,
nanoparticleswould be greater than that of the com-
posite with the 200 nm Al O, nanoparticles. Asthe
nanoparticleswereuniform sized sphericd particles, the
greater the number of the particlesontheworn surface,
thelarger the contact area between the particlesand
the contact disc, and hence the better the wear resis-
tance offered by theAl, O, nanoparticles. That might
be areason for explaining the better improvement of
thewear resi stance by using nanoparticles.

Figures 11 and 12 show optical photographs of
the worn surfaces of the A356 unreinforced matrix
and theA356/A1,0, nanocomposites, respectively,
after dry diding against stainlesssted discfor 30 min
at sliding velocity of 1.2 m/sand applied load of 15
N. Itisclear that more surface damageis noticed on
the surface of the A356 unreinforced alloy. Large
ploughing areas could be seen in theworn surface of
the unreinforced A356 alloy. This meansthat an ex-
tensive surface damage dueto the high material re-
moval (delamination process) ratetakes placein the
A356 monolithic aloy. The appearance of the exten-
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sivedeformed worn surface of theA356 unreinforced
matrix aloy suggestssoftening of the matrix.

Figure1l: Optical micrograph of thewor n surfaceof the
A356 unreinforced matrix after dry diding for 30 min at
dliding velocity of 1.2 m/s.

From photographsshownin Figure 12, it was ob-
served that numerous cratersare present over theen-
tire wear track. It has been noticed for the
nanocompositesthat, the extent of groovingintheworn
surfaces of the compositesisreduced with increased
content of Al O, indicating lower material remova as
evidenced in photographs shownin Figure 12. With
increasein volumefraction and/or reducing thesize of
theAl O, nanoparticul ates, theworn surfacewasmore
uniformi.e. lessnumber of cratersisobserved. Pres-
ence of cratersin theworn surfaceisbelieved to be
duetothe cracking and breaking of delaminated layer
intofragments.

Thereduction of thewear rate of the A356 alloy
dueto theaddition of Al,O, nanoparticul ates may at-
tribute also to the increase of the hardness of the
nanocompositescompared withtheA356 unreinforced
matrix. Increasing the volume fraction of the
nanoparticulates increases the hardness of the
nanocomposites and hence reduces the wear rate of
the nanocomposites. The adhesive wear theory stated
by Archard® defined wear volume as afunction of
diding speed, normal load and material hardness. This
theory was based on amechanism of adhesion at the
asperitiesand the material removal processwasre-
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lated to acohesivefailure of asperities. The processes
of crack nucleation and subsequent growth weredis-
regarded. With the assumption that wear particles
could be described as hemispherical particlesof the
same radius asthe contact area, Archard developed
thefollowing expression for wear rate, W (volume of
materia worn):

@

whereK =wear coefficient, d = didingdistance, P=
applied normal load and H = bulk hardness of the ma-
teria. Archard concluded that the wear ratewas pro-
portiona totheapplied load (assumingthat theaverage
size of the contact areas and the wear particleswere
constant) and that the wear rate was independent of
theapparent areaof contact. Thetheory predicted that
enhanced wear res tancewas associ ated with incresse
inhardness.

Figure12: Optical micrograph of thewor n surfaceof theA356/Al,0, nanocompositesafter dry didingfor 30 min at diding
velocity of 1.2 m/s. (a) 1 Vol.-% 60 nm, (b) 1 vol.-% 200 nm, (c) 5vol.-% 60 nm (d) 5vol.-% 200 nm nanocomposites.

Suh*@ proposed that at low sliding speeds, wear
debrisformation could be described by adelamination
wear theory. Wear processes such as adhesive wear,
fretting and fatiguewereal rel ated to thissame mecha
nism. Suh™ stated that wear occurred by thefollowing
sequentia steps: (1) Cyclic plastic deformation of sur-
facelayersby normal and tangentia loads, (2) Crack
or void nucleationinthedeformed layersat inclusons
or second-phase particles, (3) Crack growth nearly
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parallel to thesurface, and (4) Formation of thin, long
wear debrisparticlesand their removal by extension of
crackstothesurface. Therate-determining mechanism
of wear showed dependence onthemetalurgical struc-
ture. When sub-surface deformation controlled thewear
rate, hardness and fracture toughness were both con-
Sidered to bemajor influencing factors.

Inastudy of dry sliding wear of dispersion-hard-
ened dloys, delaminationwear theory wasidentified as
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amajor wear process*3. Hardness and fri ction coeffi-
cient played amagjor roleintheoverall wear process.
Thewear resistance decreased with increased volume
fraction of the oxide phase, even when hardnesswas
increased. Crack propagation was considered to be
thewear-rate controlling factor. Crackswereinitiated
at the particle/matrix interface or by fracture of the par-
ticles. For crack nuclegtion at particle/matrix interfaces,
thefollowing conditionswere necessary: (1) Tensile
stressacrosstheinterface should exceed theinterfacia
bond strength and (2) El astic strain energy released upon
decohesion of theinterface should be sufficient to ac-
count for the surface energy of the crack created.

Investigations showed that for second phase par-
ticlesto beasignificant factor in thenucleation of avoid
or micro-crack, they must possess adiameter in ex-
cessof 2.5 um in order to satisfy the energy conditions.
Therefore, for good wear resistanceit wasfoundto be
desirableto havean dloy reinforced with alargevol-
umefraction of very small coherent particles'¥. The
nanoparticles have high surface areato volumeratio
whichincreasethe coherency and henceimprovesthe
wear resistanceof thedloys.

Itisbelieved that thereduction of thewear ratein
nanocompositesislower a so because of the presence
of thehard Al O, layerswithinthetribolayer. Thelower
wear ratesin A356/A1,0, nanocomposites compared
with the A356 unreinforced alloy reduces the shear
stressestransmitted to the bulk subsurfacematerial un-
derneath the tribolayer, which is one of the possible
reasons as to why mild wear regime tendsto higher
loads, and velocities without the removal of the
tribolayers.

The wear behavior of Al-based metal matrix
nanocomposites(MMNCs) wasinvestigated by many
workerg®1518, Theimprovement of thewear resistance
of theAl matrix was reported by theworkers. For ex-
ample, Debdas et al.[*9 examined thewear behavior of
Al/Fe,0, MMNCsfabricated usingin-situ technique.
Thewear experimentswereperformed inthegrossdip
fretting regimeto understand their tribol ogical proper-
tiesagainst bearing steel in theambient conditions of
temperature (22-25 °C) and humidity (50-55%RH).
For unreinforced Al, extensive plagtic deformation was
observed to causemorewear. Thedeformationinduced
wear isexplained on the basis of formation of persis-
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tent dip bands and subsequent cracking asaresult of
cydicdeformationduringlargenumber of fretting cycles.
Theimprovement in hardnessdueto harder duminide
reinforcements causesincreasein wear resi stance of
20 vol.% reinforced composite and thishas observed
tolead better wear resistance. For 40 vol.% reinforce-
ment, atransition in wear mechanism from predomi-
nantly abrasion and deformation to predominant abra-
sion and tribochemica wear takes place. Thiscontrib-
utedtolarger wear lossinthe compositeswith40vol.%
in-Stu reinforcement.

Thetribologicd behavior of Al/Mgadloysreinforced
with CNTswas studied by Sheng-Ming et a.'. The
MMNCswerefabricated by pressurel essinfiltration
process. Thefriction and wear behaviors of the com-
positewereinvestigated using apin-on-disk wear tester
under unlubricated condition. Thetestswere conducted
at adiding speed of 0.1571 m/sunder an applied load
of 30 N. Within the range of CNTsvolumefraction
from 0% to 20%, the wear rate of the composite de-
creased steadily with theincrease of CNTscontent in
thecomposite. Thefavorableeffectsof CNTson wear
resistance are attributed to their excellent mechanical
properties, beingwell dispersed in thecompositeand
theefficiency of thereinforcement of CNTs. SEM ex-
aminations of theworn surfaces of MMNCs showed
that, during the steady-state wear process, the oxida-
tion wear wasfound to be the main wear-mechanism
for the CNTsreinforced Al composites.

Elevated temperatureswear behavior at elevated
temperatures

Thevariation of thewear rate of the unreinforced
Al matrix aswell asA356/Al, 0 withthetest tempera-
ture, at different diding speeds, isshown Figure 13to
Figure 15. Theresultsshowed that thewear rate of the
unreinforced Al matrix wasincreased sgnificantly after
150°C. Increasing the diding speed and temperature
increasesthewear rate of thenanocomposites. Thewear
res stance of the nancompositesincreaseswithincreas-
ing thevolumefraction and/or reducing the size of the
Al O,nanoparticulates. Both unreinforced Al matrix and
the composites show mild (at low temperatures) and
severe(at high temperatures) wear regimes. Thetran-
sition from mild to severe wear depends on sliding
speed, test temperature and the volume fraction and
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sizeof Al,O,nanoparticul ates. However, thetest tem-
peraturehasthegreatest influenceon thetrangtiontem-
perature than other mentioned parameters. Moreover,
thetrangtion temperatureincreaseswith increasing the
volumefraction and/or reducing thesizeof theAl O,
particul ates. The compositesexhibited transition tem-
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Figure13: Variation of thewear ratewith thetemperature

for A356/A1,0,nanocompositescontaining 1 vol.-% of AlLO,

nanoparticlesat diding speedsof (a)0.4 m/s, (b) 0.8 m/sand

(c)1.2m/s.
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perature between 150 and 200 °C, while the
unreinforced aloy exhibited atransition temperature
between 100 and 150 °C. The decrease of the wear
resistance of the compositesdueto theincrease of the
test temperature is attributed to the decrease of the
strength of the compositesat el evated temperatures.
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For the Al unreinforced matrix and the
nanocomposites, wear testsperformed at temperatures
bel ow thetransition temperature produced rel atively
smoothworn surfaces. SEM examinationsof theworn
surface of the nanocomposites showed that theworn
surfaceswere partialy covered with layersof iron ox-
ide (see Figure 16). Theiron oxides can act as solid
lubricants and expected to reduce thewear rateswith
temperature.

X200

(b) i Fe

1 2 3 ‘ 5 6 7 8 g 4
Figure16: (a) SEM micrograph showsthefor mation of the
iron oxidelayer onthewor n surfaceof A356/5vol.-% 60 nm
Al O nanocomposites(b) EDX analysisof theoxidelayer.

Theoxidelayers(tribolayer) at the contact surfaces
wereformed asaresult of theirontransferred fromthe
counterface dueto the high compressive stresses de-
veloped at theinterfaces. The compacted tribolayer is
harder thanthebulk materid. Duringdiding meta—metal
wear testsof the nanocomposites, theiron oxidelayer
formed on the contact surfaces acted asasolid lubri-
cant andimproved wesr resistant. Theformation of the
tribol ayersincreased the surface hardness signiticantly
and played animportant rolein delaying the mild-to-
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severe wear transition in aluminum matrix
nanocomposites. Thepresence of Al ,O,nano-particles
served asasafeguard by generating ahard compacted
tribolayer with smooth surface and sufticient thickness
to protect themateria underneath from excessive sub-
surface damageby forming aphysica barrier of about
1010 50 pm thick with the counterface.

At test temperaturesabovethetrangition tempera
ture, the observationsindicated that the severe wear of
bothAl and Al/Al, O, composites, took place by mate-
rid transfer tothe counterface. Thethermd softeningdue
therma heating increased thetransfer rate of the matrix
materid to counterfacematerid. Theseverewear at d-
evated temperaturesisinfluenced by themechanicd prop-
ertiesof thematrix. The presenceof secondary reinforce-
ment particulatesaswell asthetribolayer appearstore-
tard theextent of theplastic deformationimposed onthe
wearing matrix subjected to devated temperatures. This
explainsthehhighmild-severewear transition tempera-
ture of the composites compared with the monolithic
marix. Straffdini et al.'") showedthat a elevated tem-
peraturesand at constant SiC particlessize, thethick-
nessof thetribol ayer dependson thevolumefraction of
the ceramic particles. They explained that by dynamic
phenomenawhich responsiblefor the surface damage of
the composites: (1) abrasivegrooving madeby thehard
particlesinthecounterfaceand (2) thetransfer fromthe
counterface materia . Inthe present investigation, the
composites containing 5 vol.% of 60 and 200 nm
Al O nanoparticul ates, offered greater resistance to
grooving and therate of transfer of the counterfacema-
terid ishighisthussufficient hightodlow formationof a
thick tribolayer, which protect theunderlying materid.
Whilein caseof compositescontaining 1 vol.-% of 60
and 200 nm Al O, nanoparticul ates, abrasivegrooving
predominate because of itslower hardnessand therate
of transfer isnot sufficient toformathick tribolayer.

However severd investigationswere carried out to
study thetribological behavior of Al based MM Cs at
roomtemperature>57, only limited investigationsonthe
bebaviour of Al-based MM Csat €l evated temperatures
werereported’®2, Thisisvery surprisngespeddly when
itiscondderedthat € evated temperaturesareoftenfound
inindugtrid gpplications. Typicd examplesarepistonlin-
ersand cylindrica headsof automobileengines, aswell
asbrakerotors. Singh andAlplas®® studied thed evated
temperatures wear behavior of Al6061-20%AI,0,
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MM C. Theresults showed that both A16061 aloy and
the parti cul ate reinforced Al6061-20%Al,O, composite
show amildto severewear trangition when thesurround-
ing temperatureisincreased aboveacertain tempera-
ture. Thistrangtion occursat higher temperaturesinthe
composite. Thesameobsarvationwasnoticed by Kumar
et al.[22 whentheAA6061/fly-ash MM Cswereinvesti-
gated. Theresultshad shown transition from mild-to-
severewear for unreinforced aloy inthetemperature
range of 200-300 °C. With the addition of iy ash to
AAGB061, the mild-to-severe wear transition was not
noticed even upto 300°C. Inthe current investigation,
thesame observationwasasonoticed. TheA356/A1,0,
nanocompositesexhibited mild-to-sever wear trandtion
temperature between 150 and 200 °C, whilethe A356
Al dloy between 100 and 150 °C.

CONCLUSIONS

According theresults obtained inthefourth stage
of thecurrent project, thefollowing conclusionscan be
poi nted out:

1. TheA356/Al,0, nanocompositesexhibited higher
wear resistanceat both room and el evated tempera-
tureswhen compared with theA356 monolithic al-
loy. Increasing thevolumefraction and/or reducing
theAl, O, nanoparticlessizeimprovesthewear re-
sistance of theA356/Al,0, nanocomposites.

2. Thenanocompositesexhibited transitiontempera
ture between 150 and 200 °C, whiletheunreinforced
aloy exhibited atransition temperature between 100
and 150 °C.

3. Examinations of the worn surface of the
nanocompos tesshowed that theworn surfaceswere
partially covered with layersof iron oxide. Theiron
oxides can act as solid lubricants and expected to
reducethewear rateswith temperature.
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