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ABSTRACT

2014 aluminium alloy metal matrix composites (AMMCs) reinforced with
Al O, nano-particles (ANP) were fabricated using stir casting technique.
The volume fraction of ANP varied between 0.5 and 1.5 vol%. The
compressive deformation behaviour of these composites was investigated
as a function of ANP content at different temperatures and strain rates.
Scanning Electron Microscope observations revealed uniform dispersion
of ANPinthe matrix. Strong bonding between ANP and the matrix was also
observed. The yield strength, and ultimate compressive strength increased
withincreasein ANP content, and decreased with increasein test temperature.
The compressive deformation behaviour wasmarginal ly influenced by strain
rate. Work softening behaviour of the composite was observed at high
temperature, which was caused due to dynamic recrystallization and strain
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INTRODUCTION

Aluminium aloy matrix compositeshave emerged
aspotential materialsfor applicationsin aerospace, au-
tomobile, defence, military industry duetotheir excel-
lent properties. Low dengty, lower thermal expansion,
high specific strength, high specific stiffness, highther-
mal conductivity, wear resistance® aretheattractive
propertiesof such composites. Therearevariouskinds
of reinforcement particlessuch asAl.O,, SiC, MgO,
B,C. Aluminium alloy matrix compositeshave higher
specific strength and stiffnessat the cost of ductility®
ascompared to theunreinforced dloy. Theuseof au-
minium metrix compositeasgtructurd goplicationislim-
ited duetoitslow ductility. Thereare severa methods

of fabrication of metal matrix compositessuchasliquid
metal lurgy!”, Powder metallurgy'®, and vortex process
and ultrasonic stirring®. Out of these methods, vortex
technique (stir-casting) isthemaost cost competitiveand
commercially viable process. But themagjor drawback
of thisprocessisto get uniformly dispersed fine par-
ticlesespecially nano-sized particlesin thematrix.
Attempts have been madeto improvetheunifor-
mity indistribution of such finepartidesthrough specia
design and adaptation of ultrasonic or e ectromagnetic
tirring™™. Formability of AMCsimprovessignificantly
when reinforced with uniformly distributed fine par-
ticled'9. Coarser particlesimpart defectswhich make
them susceptibleto crack during deformation leading
to reduced strength and toughness. Coarseparticlesaso
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resultsinlower degree of coherency with matrix. It fi-
nally resultsinless strengthening effect in the matrix*t-
Higher compressive strength of aloy ascompared to
the coarse SIC particle (50to 90 um) reinforced com-
posite after age hardening has al so been reported by
Mondal et.al.l*3. According to theseinvestigators, ef-
fective precipitation of the basealoy during age hard-
ening and shear of coarseparticlesat lower stresslevel
than the age hardened matrix, makes coarse particles
of thebase alloy to be superior to that of the compos-
ites*2, Thestrength and toughnessof AM Csarestrongly
influenced by theparticledigribution anditsvolumefrac-
tion™, The strength, modul us and wear resi stance of
AMCsincreaseswithincreaseinreinforcement volume
fraction’®¥. Provided theparticlesareuniformly distrib-
uted inthematrix and have at | east 25% coherency!®
with the matrix. The clustered region act asvoids or
cracks, and thusthe strength aswell asductility of the
alloy reduce significantly. In order to get the higher
strength and toughness, theAM Cs should have thefol -
lowing characteristics: (i) uniform distribution of par-
ticles, (ii) finer particlesizes, (iii) coherency between
particleand matrix, and (iv) better extent of didocation
Srengthening.

Theextent of matrix strengthening or dislocation
strengtheningincreaseswith theimprovement in coher-
ency of the particlewith the matrix and reductionin
defectsin particles and matrix™. Useof ultrafine or
submicron particles/ fibreinherently leadsto clustering
inthematrix of thecomposites¥. Severa atemptshave
been madeto get uniform distribution of particlerein-
forcement in the matrix*#23. A few of themethodsin-
cluderall bonding process*3¢l in situ technique**7,
SHSprocess*®, dectromagnetic stirring and ultrasonic
stirring™™. However, someextent of clusteringareal-
ways occurred there even though these techniques are
adopted very precisely and precautiond ly. Asaresult,
expected improvement in strength, modulusand form-
ability arenotredisedinAMC’s even when these AMCs
arereinforced with nano-particles@. Inaddition, these
process demand accurate process control and sophis-
ticated instrumentation. In addition, bulk manufacturing
isrestricted inthe above processes. Above point led to
develop adtir casting techniqueto make nano-particle
reinforced AM Cswith uniform partidedistributionand
improve mechanical properties. Improvement of
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wetability between particlesand matrix and uniform
distribution of the particlesintheliquid melt werea so
aimed at. Incorporation of pallets of Al,O, nano par-
ticdewithAl powder induminiumaloy mdtand smul-
taneousmechanicd stirringwasthought to get bulk nano
particlereinforced compositewith better uniformdis-
tribution. This paper ded swith synthesisof Al,O, nano
particlereinforced AA 2014 dloy matrix compositeus-
ing modified stir casting technique. These composites
were characterised for microstructure and compres-
sivedeformation asafunction of strainrate, tempera
tureand ANPvolumefraction.

EXPERIMENTAL

Materials synthesis and microstructural
characterisation

2014 Al dloy -AlO,nano- particlereinforced com-
posite (AANPRC) was prepared using modified stir
casting technique. The How sheet of thetechniqueused
for makingAANPRC isshowninFigure 1. Aluminium
aloy (AA) wasfirst meltedat ~ 700 °Cinanéeectrica
resistance furnace and then the melt was mixed with
ANP (0.5vol%to 1.5 val. %) through the mechanical
dirrer rotating at an angular vel ocity of 400to 450 rpm.
Alloy melt and compositeliquid of AAwithANPwere
pouredintothepreheated cylindrica die. ASANPsare
difficulttodigperseinliquidduminiumaloy mdt through
mechanica stirring, aminor modificationinthistech-
niquewasdone. Inthisapproach, instead of preheated
nano- particle powder, paletsof (10 mm diameter and
5mmbheight) ANPand a uminium powder mixturewere
addedintheliquid metal. Whilemdt wasstirred, these
palletsweredipped insidethe meta bath through the
useof perforated cylindricd sted holder. Theauminium
inthepaletsgot easly dissolvedintheAA melt and the
ANP wasreleased slowly from the pallets and were
distributed uniformly inthemelt dueto tirring action.
After completion of ANPaddition, theAA meltiscon-
tinuedto gtir for another few minutes (~fiveminutes) to
ensure uniform distribution of ANP in AANPRC.
Through thistechnique, AANPRC of 5 kg batch was
made. TheAA and AANPRCswerecast in cylindrica
cast iron dieof 20 mm diameter and 200 mm height.
Samplesof 20 mm diameter and 10 mm height are cut
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from themiddleof thecast AA and AANPRCsfor mi-
cro-structural examination. The cut samplesare pol-
ished and etched using standard metall ographic tech-
nique™. Theetched samplesaregold sputtered prior
to scanning el ectron microscopic (SEM) examination.
The deformed sampleswere cut transversely, mounted,
and polished and etched using standard methodol ogy!*9.
The deformed samplesafter etching werea so exam-
ined using SEM in order to understand deformation
mechanism during compressionsat different Srainrates
and temperatures.

Compression test

Cylindrical samples(of 10 mmdiameter and 15mm
height) were made from cast AA and AANPRCsfor
compression tests. Thetestswere conducted at differ-
ent strain rates (0.01/s, 0.1/s & 1/s) and at different
temperatures (100, 200 & 300 °C) using an Instron
Universal Testing Machine(Mode No.8801). During
high temperaturetests, the test sampleswere allowed
to heat at aparticular temperature for 15 minutesin
order to ensure uniform heating of thesetest samples
during deformation. In order to reducethefriction be-
tween sample surface and test platen, the specimen sur-
faceaswdl asthe platen surface werecoated with solid
lubricant MoS,. The deformed sampleswerecut trans-
versaly, polished and etched using the samemethodol -
ogy used for micro-structura observations. Nano-hard-
ness measurementswere carried out on the polished
samplesprior to and after deformation using aload of
50 mN in aCETR-Nanoindenter (Model :Nanosurf-
Nanite B). Nano-hardness measurement was made at
theand awvay fromtheinterfacein order to find out the
interface strength and coherency aswell asto under-
stand the matrix work-hardening or softening mecha-
nism. The hardness and modul us of the matrix were
al so determined through nano-hardness measurement.

RESULTSAND DISCUSSION

M aterialsand microstructure

Themicrostructure of ascast AA showsdendrites
of primary a-Al and eutectic phase of a- Al and CuAl,
intheinterdendriticregion (Figure 2a). Theaverage
secondary dendrite arm spacing was noted to be 45+
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Figurel: Flow sheet for makingAANPRC

4 um. Theeutectic of CuAl, and a-Al show lamellar
gructure (Fgure2b). Almaost Smilar kind of microstruc-
turewas observed in AANPRC with 0.5 vol% ANP
(Figure 2c). However, in the case of AANPRC, the
secondary arms spacing of a-Al dendritewasrefined
marginaly (354 um). Itisinteresting to notethat ANPs
areuniformly distributed inthematrix, especidlyina-
Al dendrite (Figure 2d) unlikethat in the case of coarse
particlereinforced compositewherethe particleswere
pushed towardstheinterdendriticregions. Itisfurther
noted that the average size of ANPin AANPRC is
~40+ 4 nm (Figure 2d). The average sizes of asreceived
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Figure2: Microgtructureof AANPRC (a) ascast allay, (b) eutectic phaseof a- Al and CuAl2, () AANPRC with 0.5vol% ANP,
(d) uniformly distributed ANPin a-Al, () AANPRC with 1.0vol% ANP, (f) coar ser ANPin a- Al dendrite, (g) AANPRC with

1.5vo0l% ANP having somedegr ee of particleagglomeration.

TABLE 1: Effect of ANP% on themicro-hardnessof theAANPRC

SN % ANP Micro-hardness (HV) % improvement of Hardness
1 0 110 0
2 0.5 125 1351
3 0.75 135 23.2
4 15 140 27.3

ANPswere 34+ 5 nm. The average size of ANPs in
AANPRC ismargindly higher thanthat of as-received
one. Thismay bedueto presence of clustering of ANP
inthe matrix. But theclusteringisnomina astheaver-
age size of as received ANP and that of ANP in
AANPRC isvery closeto each other. The microstruc-
ture of the matrix (-dendrite) of AANPRC with 1.0
vol. % ANPa so depictsuniform distribution of ANP
(Figure2e). Afew ANPareadsofoundtobecoarserin
size(~240 nm) asshown in Figure 2f. However, it ex-
hibitsavery sharp coherent interface with the matrix.
WhileANPcontent increased to 1.5 vol %, relatively
greater extent of particleagglomeration (marked ar-
rows) isnoted (Figure 2g). In addition, the secondary
dendrite arm spacing is noted to be coarser than that
observed in the composites with 0.5 and 1.0 vol %
Al QO,. Thesecondary arm spacinginAANPRC was
noted to be amost similar tothat of ascastAA. This

maly be dueto clustering of particle.

The micro-hardness of the matrix AA and
AANPRC wasmeasured in order to get acomparison
of matrix strengthening dueto addition of ANP. The
micro-hardness of matrix and the dendritic arm spac-
ing asafunction of ANPareshowninTABLE 1. Itis
noted that the strength of dendritearm increaseswith
increasesin ANP content. However, improvement in
micro-hardness due to change of ANP content from
0.5t01.5vol %ismargina (only 10%). Thisisprima
rily attributed to increased agglomeration of ANPin
AANPRC with increased ANP content and coarser
secondary arm spacing.

Sress-strain diagram

Thetruedress- truestrain curvesof AANPRC with
0.5vol % ANPwhen drawn at different temperatures
(100, 200 & 300 °C) and at afixed strain rate (i.e.
0.01/s) areshownin Figure 3a. It isevident, that there
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Figure3a: Truestress-strain diagram curvesof AANPRC
with 0.5wt% ANP at different temperatureand at a fixed
strain rateof 0.01/s

350

SR=0.01

300 /
250 /‘E‘:_.,—

200 F SR=0.1

SR=1
;I ]

ess(MPa)

150

ue Str

100

50 ‘l

0
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

True Strain

Figure 3c : Stress-strain curves of AANPRC with 1 wt%
ANP at atemperatureof 200°C and at different strain rates

isnodistinct yield point on thesecurves. Rather, there
existsacontinuoustransitionfromyieldtoplasticre-
gion aswas observed in most of thecasesinAA. Itis
clearly noted from the Figure 3athat theflow stress of
AANPRC decreaseswithincreaseintemperature. The
gress-grain curvesof AANPRCswhen drawn at atem-
perature of 100 °C and at a strain rate of 0.01/s are
showninFigure3b. Stress-Strain curveof as-castAA,
for comparison withtheAANPRC, areshown onthe
sameplot. Itisnoted that theflow stressof AANPRCs
increaseswithincreasein ANP content. Similar trend
was also noted at other strain rates and temperatures.
It was further noted that at 100°C there was a sharp
valeyinthedress-drain curvewhichwasdueto shearing
of sample and generation of cracksin the shear plane
during compression testing. After shearing, thesample
again gets compacted and the stress increases. The
stress-strain curvesof AANPRC with 1.0 vol % ANP
at atemperature of 200°C for different strainratesare

AANPRC=LS

\LAHPF‘C.:L,L"
NPRC=0.5

True Stress{MPa)

01 02 0.3 04
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Figure3b: Sress—strain curvesof AANPRCsat 100°C and
at afixed strain rateof 0.01/s

showninFigure3c. Itisevident fromthisfigurethat the
flow curvesvary margindly with strainratesindicating
that thedeformation responsewasmargindly influenced
withthestrainrate. Itisinteresting to notethat thereis
no sharp valley in stress-strain curveswhen tested at
200°C. However, thereisatendency of either soften-
ing or work hardening after yielding (i.e. intheplagtic
region). Theyidd stress (0.2% proof stress), maximum
compressive stress and e ongation are recorded from
thesestress- strain curvesand reported in TABLE 2. It
isevident fromthistablethat theyield stressand maxi-
mum compressive stressincrease significantly within-
creasein ANP content, whereasthesevalueincrease.
The magnitude of these parameters (yield stressand
compressivestress) decreaseswith increaseintest tem-
perature. Theplastic strainincreaseswithincreasein
temperature and decreaseswith increasein ANP con-
tent. At higher temperature, fracture of AA and
AANPRC could not be observed, that iswhy theelon-
gation of theinvestigated materialsarenot reportedin
TABLE 2.

Srain hardening exponent

In order to cal culatethe strain hardening exponent
(n) thestress-gtrain curveswereconvertedto In (stress)
toIn (strain) curves, and then two best fitted lines (one
for bottom half and other for top half) were produced.
Thedopeof thetop linegivesthevaueof ‘n” and the
antilog of theintercept of thetop linegivestheplastic
strengthening coefficient (K.). For each curve, these
values were noted in order to see the effect of tem-
perature, strain ratesand ANP content on each of these
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TABLE 2: Effect of strain rate, temperatureand ANP content on theyield stressand compr essive stress
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SN. Al,O3(vol %) Srain rate Temp (°C) Yied Sress(M Pa) UCS (MPa)
1. 100 160 240
2. 0.01 200 140 200
3. 300 110 145
4. 100 190 265
5. 0.0 01 200 150 190
6. 300 120 155
7. 100 200 280
8. 10 200 160 220
9. 300 123 160
10. 100 170 290
1. 0.01 200 150 225
12. 300 130 165
13. 100 200 300
14. 0.5 01 200 160 235
15. 300 130 170
16. 100 230 298
17. 10 200 190 255
18. 300 140 168
19. 100 200 300
20. 0.01 200 168 245
21. 300 145 185
22. 100 220 325
23. 1.0 01 200 176 250
24. 300 147 190
25. 100 235 315
26. 10 200 180 260
27. 300 152 185
28. 100 220 302
29. 0.01 200 180 253
30. 300 185 201
3L 100 230 315
32. 15 01 200 190 258
33. 300 150 205
34. 100 240 325
35. 10 200 210 265
36. 300 160 210

parameters (TABLE 3). TABLE 3 depictsthat n de-
creaseswith increase in temperature irrespective of
strain rateand ANPcontent. At temperature of 300°C,
thevaueof ‘n’isnegligibleand sometimesit showed a
negative vaueindicating strain softening. Infew cases,
even at 200°C ‘n’ is negative and a very low value of
‘n’isnoted. K, also decreaseswith increasein tem-

perature, and increaseswith increasein strain rateand

ANP content.
Effect of AlLO,content

Thevariation of yield stressasafunction of ANP
content at different temperaturesand at fixed Strainrate
of 0.01/sisshownin Figure4a. Itisnoted that theyield
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TABLE 3: Effect of temperature, strain rateand % ANP
content on strain hardening exponent ‘n’ and Plastic
Srengthening coefficient

SN. (5(;2303) Srainrate (S*) Temp.(°C) n Kp(MPa)
0.01 0.199 311.687
0.1 100 0.207 341.0
1 0.195 354.958
0.01 0.133 248.0
1 0 0.1 200 0.125 266.66
1 195 2820
0.01 -0.016 127.749
0.1 300 -0.024 130.843
1 0.018 150.505
0.01 0.198 352.482
0.1 100 0.227 382.221
1 0.229 382.834
0.01 0.156 249.358
2 0.5 0.1 200 0.148 269.616
1 0.149 285.430
0.01 0.016 143.308
0.1 300 0.046 157.590
1 0.031 174.687
0.01 0.170 371.667
0.1 100 0.227 392.986
1 0.229 431.384
0.01 0.106 278.105
3 10 0.1 200 0.072 284.667
1 -0.020 299.166
0.01 0 172.389
0.1 300 0.020 192.096
1 0.003 192.096
0.01 0.203 392.986
0.1 100 0.205 428.804
1 0.210 431.3%4
0.01 0.14 303.3%4
4 15 0.1 200 0.12 317.665
1 0.133 323.435
0.01 -0.028 192.289
0.1 300 -0.028 195.195
1 0.005 205.819

dressincreasessteadily but dowly withincreaseinANP
content. Similar trend of variationinyield Stressat other
strain rates are also noted. Figure 4b represents the
variation of yidd stresswithANP content at afixed test
temperature of 200°C whilethestrainratevaries. Itis

300 -
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Log 4 mfmte mp=L100°C

Yield stress (_MF’R} _

LA =t mp=200°C

temp=300°C

0 0.5 1 L5

A!;Oa {wt%)
Figureda: Thevariation of yield stressasafunction of ANP
content at different temperaturesand at afixed srain rateof
0.01/s.
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Figuredb: Thevariation of yiedd stresswith ANP content at a
temper atureof 200°C and at adifferent strain rates
noted that, irrespective of strainrates, theyield stress
increaseswithincreasein ANPcontent. Itisfurther noted
that at fixed ANPcontent, the yield stress increases
margindly withincreasein strainrate. Duetoincrease
of strainratefrom 0.01 to 1/s, theyield stressincreases
only by 15t0 20%. If an averageval ue, irrespective of
thedrainrate, isconsdered, theyid d stressvarieswithin
+ 10%. Itisagain noted that theyield stressincreases
by 25% to 45% depending on strain rate and tempera:
ture dueto addition of only 1.5 vol. % of ANP. The
improvement in Sressdueto addition of ANPwasfound
to bethe most significant at higher temperature (300
°C) irrespectiveof srainrate (TABLE 3). Thisimprove-
ment of stressdueto ANPadditionisprimarily dueto
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(i) coherent bonding between ANPand thematrix, and
(ii) uniformdistribution of ANPinthematrix thiscauses
moreregtrictionagaingt grain boundary didingand dis-
location motion/ climbing. Because of thevery finepar-
ticlesize, inter-particledistancereduces significantly,
which causes effectiveres stance against dislocation
motion. Strong interfaced sofacilitatesgreater didoca
tion strengthening.

Thevariation of ultimate compressivestressasa
function of ANPcontent for different temperaturesand
a fixed strainrate of 0.01/sisshowninFigure5a. Itis
evident fromthisfigurethat the ultimate stressincreases
steadily but dowly withincreasein ANPcontent. Fig-
ure 5b represents variation of ultimate compressive
stresswith ANP content at afixed test temperature of
200°C whilethestrainratevaries. It isnoted that the
ultimate compressive stressincreaseswith increasein
ANPIirrespectiveof strain rate. Itisfurther noted that
at fixed ANPcontent, the ultimate compressive stress
increaseswithincreasein strainrate. It isagain noted
that the ultimate compressive stressincreasesby 30%
to 55% depending on strain rate and temperature due
to addition of only 1.5 vol. % of ANP. Theimprove-
ment in ultimate compressive stressdueto addition of
ANP a so becomesthe most effective at higher tem-
perature (300 °C), whiletheimprovement isof theor-
der of 40 to 50%. Thisisalso dueto the samereason
asexplained earlier for increaseinyield stressdueto
ANP addition. Thisisprimarily because of very fine
sizeof ANPand theseareuniformly distributed in the
matrix. Asparticlesare of nano-size, thesearedsofree
fromany defects. Further, particlesare perfectly spheri-
cd innature. Thus, preferentia stressconcentration at
any point of particle surface could beavoided. Because
of nano-size and perfectly spherical in nature, these
particles can reorient themsel ves during deformation.
Thereorientation of these particlesbecomemuchesser
at higher temperatureasthematrix getssoften and flows
more plastically. Asaresult, the % elongation does not
reducesignificantly duetoANPaddition.

Itisevident from TABLE 3that thestrain harden-
ing exponent ismarginally influenced by ANP content,
whereas plastic strengthening coefficient increases S g-
nificantly with ANP content. It isinteresting to note
that in some cases, even at higher ANP content (espe-
cidly at higher temperature) the strain hardening expo-
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nent isreduced. Thisisattributed to thefact that the
did ocation generated during deformetion at higher tem-
perature generally sunk at the ANP- matrix interface.
Thisphenomenon becomesmore active dueto greater
possibility of did ocation climb and movement at higher
test temperature. In addition, dynamicrecrystallization
and strain aging (causing preci pitation coarsening) dso
leadsto matrix softening. On the other hand, the defor-
mation of thematrix gets congtrained dueto presence
of this ANP by the way of dislocation and particle
strengthening and resistance againgt flow of matrix ma-
terials. In genera, the strength of ANPRC increases
withincreasein ANP content. Thiscan be understood
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fromasimplecalculation. Thesize of ANPisinthe
range of 20-30 nm with an average value of 25 nm.
Thevolume of aparticle becomes8x10% nm?3. Thus,
per cubic micro meter of volume of ANPRC, for 0.5
vol. % ANP content, number of ANP comes to be~
622. If itisassumed that the particlesarearrangedin
regular array; number of particlein lumlengthfalsto
be~8.5. Thediameter of particleis40 nm. Thusthe
inter-particle spacing comesto be~ 90 nm. Theinter-
face spacing decreases proportionately with ANP con-
tent. At higher ANPcontent, theinter-particledistances
reduced and the particlematrix interfaceareaincreased
significantly which primarily actsas did ocation sink
point. Because of very low inter-particle spacing, the
matrix becomes plastically constraint to alarge expo-
nent. As a consequence of these facts, the overall
strength of AANPRC increases, but the strain harden-
ing exponent variesmarginaly with increasein ANP
content.

Effect of temperature

Thevariation of yield stressasafunction of tem-
peraturefor different ANPcontent and a afixed strain
rateof 0.01/sisshowninFigure6a Itisnoted that the
yield stressdecreaseswith increasein temperature. It
isevident that for significant improvement intheyield
stress, only 1.5 vol. % ANPadditionsare quite effec-
tiveeven at higher temperatures. Smilarly thevariation
of yield stressasafunction of temperature at different
grainratesfor fixed ANPcontent of 1.0vol. %isshown
inFigure6b. Itisnoted from thisfigure a so that the
yield stress decreases with temperatureirrespective of
thestrainrate. Itisfurther observed that theyield stress
increasesmarginaly withincreaseinthestrainrate. The
yield stressdecreases monotonically withincreasein
temperature. Theyield stress decreases by afactor of
~1/3 dueto increase of temperature from 100 °C to
300 °C. The ultimate compressive stress (UCS) of
ANPRC dsofollowedthesimilar trendtothat of yield
stresswith temperatureunder varying strainrates(Fig-
ure 7a) and ANP content (Figure 7b). These figures
demonstrate that the UCS decreaseswith increasein
temperatureirrespectiveof ANPcontent and strainrate.
Theextent of reductionisaround 1/3to 4 due to in-
crease of temperaturefrom 100 °C to 300°C. Theelon-
gation ontheother handincreasessgnificantly withtem-
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1.0vol %

perature. At 300°C the material did not fractured or
cracked. Thecylindrical samplereshaped intoacoin
without showing any crack irrespective of strainrate
and ANP content. It isworth noting that AANPRC (up
to 1.5vol. % ANP) deformed effectively (morethan
100%) at atemperature of 300 °C. Thisindicatesthat
at hightemperature, even 1.5vol. % ANPreinforced
AANPRC deformed super-plasticaly at atemperature
>200°C. Itisto benoted that the strength of AANPRC
increased significantly and deformed super plastically
also, signifying that these AANPRC can berolled or
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extruded effectively for making sheets, platesand tubes
for structura application.

Effect of strain rate

Thevariation of In (¢, ) asafunction of In (¢) for
varyingANP content isshowninFigure8a. Similarly
thevariationof In(o,) with of In (¢) for different tem-
peratureat fixed ANPcontent of 1.0vol. %isshownin
Figure8b. Itisevident from thesefiguresthat theyield
gressincreasesmargindly with strainrate. Infew cases,
thevariation of yield stressisvery nomind. Thistrendis
noted i rrespective of temperature and ANP content. In
order to calculatethe strainrate sensitivity, thes ope of
the best fitted linear plotsof In (c,) vs. In (¢) arere-
corded andreported in TABLE 4. Smilarly, thevaria
tion of In (UCS) withIn (£) for different temperature at
fixed ANPcontentisshownin Figure9. It isevident
fromthisfigure, that liketheyield stress, the UCSa so
either increased marginadly or remained almost invari-
ant with strainrate. Thevauesof dopein best linearly
fittedIn (o) vsIn (¢) area so cal culated and reported
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inTABLE 4. Thedopefor theplot of yield stressand
UCSarereported asm and m, . respectively. Simi-
larly, thestrain rate strengthening coefficient ‘K.’ from
the antilog of intercept of In (ay) vs. In (¢) best fitted
linear plotisreferred asK  and that of In (o) vs.In
(¢) bestfitted linear plotisreferred asK . Thevaues
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TABLE 4. Effect of % ANP content and temper atureon strain ratesensitivity (‘m,’or ‘m,, ") and strengthening co-efficient
(K YS or K UCS)
Al,O5 (vol %) Temp (°C) Mys/Mycs Kk ues (M Pa)
100 0.111 145.91
0.0 200 0.066 130.97
300 0.055 105.10
100 0.151 146.64
05 200 0.118 130.84
InYsVsin (SR) 300 0.037 123.71
100 0.08 185.30
1.0 200 0.034 162.87
300 0.023 141.03
100 0.043 210.60
15 200 0.077 165.33
300 -0.072 189.99
100 0.077 223.63
0.0 200 0.047 184.38
300 0.049 138.79
100 0.013 288.01
0.50 200 0.062 209.97
300 0.009 164.51
In UTSVsIn (SR)
100 0.024 297.97
1.0 200 0.029 236.98
300 0 186.60
100 0.036 291.48
15 200 0.023 246.90
300 0.021 196.36

of m orm, ;andK  orK carereportedinTABLE
4. Itisevident from thistablethat bothm_ and m,
arevery low irrespective of ANP content. However,
amongst theinvestigated materials, m., andm . are
noted to bemarginally higher for AA. Asawhol € these
vauesareamog invariant to thetypeof materid. But,
thevalueof K Sor K, decreases significantly with
increaseintemperatureand increasesconsderably with
ANP content. Theseresultsthus suggest that the com-
pressive deformation response of these materials (a-
loysand composites) isalmost invariant to the strain
rate irrespective of temperature and ANP content.
However, thedeformation response of thesedloysand
compositesissignificantly influenced by thetempera-
tureand ANP content. Asat higher temperature K e
K csisreduced significantly. All theseinvestigated ma-
terialsdeformed quiteeffectively at €l evated tempera-
ture.

Microstructureevolution after defor mation

Themicrostructure of AANPRC after deformation
at 200°C and at astrain rateof 0.01/sisshownin Fig-
ure 10a. Itisclear that o-aluminium grains deformed
sgnificantly, whichinduecourseledtoalamdlar grain
structure. The eutectic phase and CUAl intermetallic
flow along the grain boundary and finally led to fine
micro- cracks (arrow marked) and microvoids(marked
‘V”). During deformation ANPs also flow with the ma-
trix (marked ‘N”). At higher magnification, matrix shows
large number of submicron precipitatesandANPsdis-
tributed uniformly inthematrix asshowninFigure 10b.
The coarser eutectic phase or theintermetallic phase
get fragmented and distributed a ong the grain bound-
ary. Theprecipitates and ANPs seemto berearranged
them a ong the sub-grain boundaries (arrow marked)
generated dueto dynamic recrystdlization (Figure 10c).
Gresater extent of recrystalization and strain aging were
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Figure10: Microstructureof AANPRC after defor mation (a) at 200°C and ¢ =0.0L1/s, (b) submicron and ANP, in matrix, (c)
particlesand precipitatesalong grain boundary, (d) recrystallised and strain aging at 300°C, (d) AANPRC with 1vol% ANP,
(e) AANPRC with 1.5vol% , ANPhaving higher amount of precipitation, (f) AANPRC with 1.5vol%,ANPat strain rateof 1.0/
sand at temper atur eof 300°C.

TABLE 5: Nano-hardnessand Young’smoduluswith respect toANP contentsbeforeand after defor mation

AlLO; Before defor mation ' Srain Srain After deformation
SN. content Nano- Young’s Defor m%tlon Rate Nano- Young’s
(vol%) hardness  Modulus Temp (C) (S hardness  Modulus
(Kg/mm"?) (GPa) (Kg/mm"?) (GPa)
1 0.0 71.3 65.5
100 0.01 74.3 63.5
2 0.5 85.0 89.0 RT
100 0.01 78.9 82,5
200 0.01 30.5 35.5
0.1 48.3 38.01
1.0 52.1 38.19
3 1.0 92.3 95.8 200 0.01 0.05 45.6 49.2
0.10 433 445
0.15 38.3 40.5
0.20 34.3 37.2
4 15 102.5 1125
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observed when the sampleswere deformed at higher
temperature (300°C) (Figure 10d). Thisdemonstrates
thefact that at higher temperature, the dynamic recrys-
tallization and strain aging are moreprevalent. These
lead to more softening of the matrix and thusthe matrix
flow more easily during plastic deformation. Very fine
nano-particlesasoflow along with thematrix. When
ANP content increased to 1.5val. %, theextent of pre-
cipitationandrecrystdlizetionisreatively higher which
can be understood from the presence of more precipi-
tation andfiner sub-grain sizes(Figure 10e). Thisispri-
marily dueto higher srainenergy inthematrix duehigher
ANP content. Asaresult, it isexpected that aging ki-
neticswould d so befaster and therewould bethe pos-
ghility of precipitation coarsening dueto dynamic strain
aging leading to matrix softening. However, thedistance
between ANP particlesreduced significantly when the
ANP particleincreasedto 1.0 or 1.5vol%. Thismakes
the matrix plastically constraint asawhole. Thus, the
AANPRC retainstheir strength even at hightempera:
ture, though locally thematrix getssoftened. Whenthe
sameAANPRC istested at sametemperature but at
higher strainrate (1.0/s), thematrix microstructure Fig-
ure 10f isnoted to beamost smilar to that observedin
Figure 10e. The matrix softening dueto precipitation
coarseningand dynamicrecrystdlizationisa soreflected
inthe nano-hardnessmeasurement (TABLE 5). Both
the nano-hardnessand the modul us are reduced when
AANPRC wasdeformed at high temperature. Thisis
attributed to dynamic strain aging and recrystallization.

CONCLUSIONS

Thefollowing conclusions can bedrawn fromthe
present studies:

ANP particles can be successfully distributed uni-
formly through addition of smal paletsof ANPand au-
minum powder mixture (ANP: Al=3:7) smply by me-
chanical stirring. Thus, AANPRC with uniform ANP
distribution can be made.

Only 1.5vol% of ANPsissufficient toimprovethe
hardness and strength of AANPRC by ~20%.
Theextent of ANPsegregationincreasesat higher ANP
content. The bonding between nano-particlesand ma-
trix isquite coherent and strong.

At lower temperature strain hardening isnoted dur-

ing deformation. But at higher temperature, strain soft-
ening is observed. This may be due to dynamic re-
crystallization and dynamic strain aging of the matrix.
Strain hardening exponent and plastic strengthening in-
creasewithincreasng ANP content, and decreasewith
temperature.

Thestrength and other deformation parametersare
strongly influenced by ANP content and temperature,
but dmost congtant or margindly variedwith srainrate.
Thedtrainrate sengitivity parameter ismeasured to be
very low (<0.1). But the strain rate strengthening coef-
ficientincreased S gnificantly with ANP content.

During deformation strain aging isal so observed.
Dynamicrecrydalizationand strain aging of matrix con-
trol the deformation behavior of nano Al O, particle
reinforced composite especially at higher temperature.
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