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KEYWORDS
The present investigation studies of the static immersion corrosion be- Nanocomposites;
havior of Al/Al,O, and Al/SiC nanocompositesin 1 M HCl solution. The Corrosion;

af orementioned nanocomposites were fabricated using conventional pow-
der metallurgy (P/M) route. The effect of nanoparticles size and volume
fraction on the corrosion behavior of hanocomposites was studied. The
durations of the corrosion tests ranged from 24 to 120 hours and the
temperature of the solution ranged from ambient to 75 °C. The corrosion
rates of the nanocompositeswere cal culated using the weight loss method.
Theresults showed that Al/SiC and Al/ Al/Al,O, MMNCsexhibited |ower
corrosion ratesthan the pure Al matrix. Such behavior was noticed at both
room temperature and higher temperatures. Generally, the Al/Al,O,
nanocomposites exhibited lower corrosion rates than the Al/SiC
nanocomposites. TheAl/ Al/AlO, containing (60 nm) exhibited the higher
corrosion resistance among all the investigated nanocomposites. The cor-
rosion rate was reduced with the increase the exposure time and the vol-
ume fraction of the nanoparticles. While it increased with increasing the
nanoparticles size and the solution temperature.
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Aluminum alloys;
Powder metallurgy.

INTRODUCTION

Aluminium-based metal matrix composites
(MMCs) become attractive for the automotive and
aerospaceindustrieswhen alightwel ght and near-net-
shape component isdesired. Aluminum-based MM Cs
arewd| knownfor their highwear resistance, improved
tensileand fatiguestrengthsat € evated temperatures.
The mechanical and tribological characteristics of
MM Cswereextensvely sudied, whilecorrosion char-
acteristicsare of increasing importanceasMM Cs be-

come candidatesfor usein specific components sub-
jected to corrosive media. Generaly, the corrosion
resi stance of duminium-based MMCsislessthanthe
monolithic aloys, dueto several reasonssuch asthe
crevicesat thematrix/reinforcement interface, manu-
facturing defects, internal stress, microstructural dif-
ferences and galvanic effects due to coupling of the
matrix and reinforcement!#4,

Recently, metal matrix nanocomposites(MMNCs)
have becomemoreattractivein variousapplicationsbe-
causeof their improved mechanicd propertiesover con-
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ventiond micro-particlereinforced MM Cs. Thesema-
terials are expected to exhibit good corrosion resis-
tanceintheaggressiveenvironments. Therefore, deter-
mination of the corrosion resistance of composite ma-
terialsreinforced with nanoceramic additivesisvery
important. Most studies conducted on Al matrix
nanocomposites, have been focused on the corrosion
susceptibility in NaCl solutiong>®. For example, El-
Mahallawi et al . studied the corrosion behavior in
3.5% NaCl solution of A356 Al aloy reinforced with
nano- Al O, particul ates. Theresults showed that the
A356 themonoalithic aloy exhibited high corrosonrates
when compared with the nanocomposites. Durai et al 1@
studied effect of mechanical milling onthecorrosion
behavior of Al-Zn/Al,O, compositein NaCl solution.
Results of the corrosion tests, evaluated using the
potentiodynamic method, indicatethat corros on of the
investigated composite materia sdependsonthewei ght
fraction of thereinforcing particles. The milled com-
positemateria AI—Zn/AlZO3p hashigher corrosionre-
sistance in the selected environment compared to
unmilled compos teAI—Zn/A1203p.

Literature regarding the corrosion behavior of Al
matrix nanocompositesin acidic mediaislimited. Ac-
cordingly, theam of thecurrent investigationisto study
the staticimmersion corrosion characteristicsof Al/SIC
andAl/AlO, nanocompositesin 1M HCl solution. Sev-
eral nanocompositescontaining different sizesand vol-
umefractionsof SIC andAl, O, nanoparticul ateswere
prepared using conventiona powder meta lurgy (P/M)
route. Both the pureAl matrix and the nanocomposites
weresubjected toidentica corrosion test conditionsto
study theinfluence of themateria parameters(such as
thenanoparticlestype, szeand volumefraction) aswell
asthecorrosion test conditions (such asthe solution
temperature and exposure duration) on the corrosion
behavior of the nanocomposites.

EXPERIMENTAL PROCEDUERS

Inthe current study, commercidly pureAl powder
having minimum purity of 99.7 % wasused asamatrix
materia. TheAl powderssizeranged between 10 and
100 pum. Both of SiC and Al,O,ceramic
nanoparticul ateswereused asreinforcing agents. Each
of SIC and Al O, nanoparticul ates has two different
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averagesizes, typically, 200 nm and 60 nm.

Severd Al-based nanocompositescontaining up to
5vol.-% of SIC and Al O, nanoparticulateswere pre-
pared us ng conventiona powder metalurgy (P/M) route
asfollows: Both Al powder and nanoparticlesin addi-
tionto 0.5-1.5wt.-% paraffin [ubricant wax were placed
into ablender, mechani cally mixed until ahomogeneous
mixtureisachieved, and then placed into containers.
The mixed Al/nanoparticles powderswere cold com-
pactedinatool stedl dieshown schematicaly inFigure
1. The powderswere then pressed using ahydraulic
press having acapacity of 400 kN. The applied com-
paction pressure during compaction was about 500
MPa. The nanocomposites produced from the cold
compaction step were subjected to sintering at 600°C
for 100 min. Thesintering processwas performed un-
der argon inert gas atmosphere. After sintering, the
nanocompositeswere subjected to hot extrusion. The
nanocomposites billetswere extruded at 500 °C using
theextrusondie. Theheating processwas carried out
using Ni-Cr coilsaround the upper cylinder. Theextru-
sion reduction ratio was 2:1 by area. The final
nanocomposite sampleshad cylindrical shapeof 10mm
diameter and about 100 mm length.

Ram (Plunger)

Die Wall

Base

Figurel: A schematicillustration of the cold compaction
die

Samplesfrom the extruded rodswere cut in trans-
versedirections(i.e. crosssectiona) for microgtructura
examinations. Specimenswereground under water ona
rotatingdiscusingsilicon carbideaorasvediscsof inaressing
grade up to 1200 grit. Thenthey werepolished using 10
um alumina paste and 3 um diamond paste Microstruc-
tura observationswere conducted usingopticd andfied
€miss on scanning € ectron microscopes.

Thecorrosiontestswerestaticimmersiontestscon-
ducted a room temperature, 50 and 75 °C using the con-
ventiona welght lossmethod to an accuracy of 0.1 mg.
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Each specimenwasfirst weighed beforebeingimmersed
in100ml of 1M HCl solutionand | ater takenout efter 24,
48, 72, 96 and 120 hoursrespectively. After each corro-
sonted, thespecmenwasimmersedin Clark’s solution
for 20minand gently cleanedwith asoft brushtoremove
adhered scdes. Clark’s solution is a standard mixture con-
taining potass um chloride, potass um phthdate, potassum
phosphate, boric acid and sodium hydroxide™. After dry-
ing thoroughly, the specimenswereweighed again. The
wel ght losswas measured and convertedinto corrosion
rate expressed in mils penetration per year (mpy). The
corroded surfaceswereexamined usingfiedldemisson
scanning e ectron microscopy (FEFESEM).

Corrosion testswere carried out according to by
suspending the disc-shaped samples (10 mm diameter
and about 5mmthick) inastill solutionof 1M HCI. To
avoid crevicecorrasion, the specimenswere suspended
inthesolutionwith aplagtic string. Theresultsof corro-
siontestswere evaluated using weight lossmeasure-
ments, performed following the ASTM-G31 recom-
mended practice®. Beforeimmersingin 1M HCI solu-
tion, disc-shaped specimenswereground to 1200 grit
and then cleaned with deionized water followed by rins-
ing with methanol and dried. For the accelerated tests,
alM HCI solutionwas prepared, and heated to 50+2
and/or 75+2 &%C using an electric heater. The speci-
mens are put into thewarm solution and aglass cover
put on thetop of the vessal to prevent evaporation.

RESULTSAND DISCUSSION

Micr ostructur eof nanocomposites

Figure 2 showstypica optical micrographsof the
fabricated Al/Al, O, and Al/S C nanocomposites. It has
been found that the agglomeration percent of the
nanoparticulatestendstoincreasewhenthevolumefrac-
tion of the nanoparti cul ates dispersed into theAl matrix
isincreased. Such agglomerationswerefound to be
concentrated onthegrain boundariesof Al grains (see
Figure 2c). Theagglomerationssizewasfound varying
between 1 and 5 um. Generally, it has been found that
the Al/Al,O, nanocomposites exhibited better
nanoparticulates distributions than Al/SiC
nanocomposites. TheAl/SiC nanocompositesexhib-
ited more agglomeration percent when compared with
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theAl/Al O, nanocomposites. The agglomeraionssize
INAl/SIC nanocompositeswasfound to vary between
0.5and 10 pum. It has been found that the average size
of theAl grainsin the nanocompositeswas not signifi-
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Figure?2: Optical micrographsof (a) 3val.-% Al/Al,O, (60
nm), (b) 5vol.-% Al/Al,O, (60nm) and (c) 5vol.-% Al/SIC
(200 nm) nanocomposites.
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cantly influenced by the volumefractionand/or thesize
of nanoparticul ates.

Figure 3 showstypical FESEM micrographsfor
theinvestigated Al/Al O, and Al/SiC nanocomposites.
Itisclear that the nanoparti cul ateswere successfully
embedded in the Al matrix. According to the afore-
mentioned resultsit can be concluded that the produc-
tion of bulk nanocomposites using conventional P/IM
technique is effective. The SiC and Al,O,
nanoparticulatesdistributionintheAl matrix wasfairly
uniform. Although small agglomeratesinAl/S CandAl/
Al O, nanocompositesstill existed inthematrix, the
agglomerates have been greatly improved when com-
pared with the severe agglomeratesin nanocomposites
fabricated usng traditiona mechanicd stirringmethod?.

(b)

Figure 3 : FESEM micrographs of (a) Al/3 vol.-%Al,0,
nanocomposites (200 nm) and (b) Al/3 vol.-% SiC
nanocomposites (200 nm).
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Corrosion behaviour of nanocompositesat room
temperature

Figure4 showsthevariation of the corrosionrate
with theexposuretimein 1 M HCI at room tempera-
tureof Al/ALLO, and Al/SiC nanocomposite. It can be
seenthat inevery case, thereisadecreasein the corro-
sion ratewith theincreasein duration of exposureto
the corrodent. Such observation implying that the cor-
rosion res stanceof thematerialsunder investigetionin-
creases as the exposure timeisincreased. The phe-
nomenon of decreasing the corros on rate with respect
to timeindicates some passivation of thematrix aloy.
For all theinvestigated materials, thereisatrend of
decreasing of thecorrosionratewith theincrease of the
Al.O,and SC nanoparticlesvolumefraction. The pure
Al matrix exhibited higher corrosion ratethan theAl/
Al O, andAl/SIC nanocomposites. BothSCandAlO,
nanoparticulatesare ceramic materidsandthey remains
inert and it isexpected that they are unaffected by the
acid medium during the corrosiontests. Theresultsre-
vealed that corrosion rate of theAl/SICand Al/AlLO,
MMNCswasreduced by reducingthe SiC and Al O,
nanoparticles size. It has been found that the
nanocomposi tes contai ning 60 nm of nanoparticul ates
have lower corrosion ratesthan the nanocomposites
containing 200 nm of the nanoparti cul ates. Such notice
was observed for both nanocompositescontaining both
SiC and Al O, nanoparticul ates. Moreover, the
nanocomposites containingAl,O, nanoparticul ates ex-
hibited lower corrosion ratesthan the nanocomposites
containing SIC nanoparticul ates.

Inthisstudy it hasbeen found that the Al matrix
compositeswith nano-size SiC and Al O, reinforce-
ments offer better corrosion resistancein 1M HCl at
room temperaturethan thepureAl matrix materid. The
meatrix grain sizeisin themicrometer range. Thecorro-
sion behavior of nanocomposites depends on various
factorssuch asthereinforcing nanoparticlestype, their
Szeandvolumefraction.

Eeffect of temperatureon thecorrosion behaviour
of nanocomposites

Figure5 showsthevariation of thecorroson rate of
theAl/AlO, andAl/S C nanocompositeswith thetem-
perature after exposurein 1 M HCI for 48 hours. It has
been found that the nanocompositeshavel ower corroson
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rateswhen compared with thepureAl matrix at d evated
temperaturesupto 75°C. Corrosionratesof thepureAl
aswd| asthe nanocompositeswerefoundtoincreaselin-
early withthetemperature (seeFgure5). Thiseffect may
attributed totheincreased diffusonrateof hydrogenwith
increaseintemperature, aswd| astheactivation energy of
theacid solutionwhich bootshydrogen evauation™?. Itis
apparent that for al theinvestigated materids, asinthe
room temperaturetests, thereisatrend of decreasingthe
corrosionratewiththeincreaseinboththe SCandAlLO,
nanoparticlescontent. Moreover, it hasbeen found that
reducing the nanoparticles sizefrom 200 nmto 60 nm
reducingthecorrosonrateat both 50°C and 75°C. The
Al/Al O, nanocompositesexhibited lower corrosionrates
than the Al/SIC nanocomposites. The Al/AlLLO,
nanocomposites containing 5 vol.-% of Al O,
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Figure4: Variation of thecorrosion ratewith theexposure
timein 1 MHCI at room temperaturefor nanocomposites
reinforced with (a) ALLO, (60 nm); (b) AL,O, (200nm); (c) SIC
(60 nm) and (d) SIC (200 nm) nanoparticulates.
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nanoparticleshaving 60 nmexhibited thelowest corroson
ratesamong theinvestigated nanocomposites.
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Figure 6 showstypica FESEM micrographsof the
corroded surfaces of pure Al matrix and Al/ALO,
nanocomposites, containing 1 and 5 vol.-% of 60 nm

Figure6: FESEM micrographsof thecorroded surfaces of
(@) pureAl matrix, (b) and (c) 1and 5val.-% (60nm) Al/AL,O,
nanocomposites after exposure for 96 hoursin 1 M HCI
solution at room temper ature.
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ALO, particulates, after exposurefor 96 hoursin 1M
HCI solution at room temperature. It isclear that the
surface of the pure Al was severely damaged, espe-
cidly at thegrain boundaries, when compared withthe
corroded surfaces of the Al/Al,O, nanocomposites.
Increasing theamount of Al,O, nanoparticlesfrom 1to
5 vol.-% reduces the surface degradation (compare
Figure 6b and 6¢). In addition to grain boundary cor-
rosion, pitting corrosion was observed in the pureAl
matrix as well as the Al/Al,O, and Al/SiC
nanocomposites, especially those containing 1 vol-%
of nanoparticulates. Figure 7 showstypical corrosion
pitting occurred in 1 vol.-% Al/AL,O, (60 nm)
nanocomposites. Increasi ng the nanoparti cul ates con-
tent reducesthe number of pits.

Det i
BESE 14.5 E.M.

A e _
Figure7: FESEM micrograph showsthepitting corrosion
occurredin 1vol.-% Al/AlO, (60 nm) nanocompositesafter
exposure for 96 hoursin 1 M HCI solution at room

temperature.

Typicd FESEM micrographsof thecorroded surfaces
of Al/SIC nanocompositescontaining 1 vol .-%of 200nm
S Cnanoparticesafter exposurein 1M HCI solutionfor
96 hr a 50and 75°C areshowninFgure8. Itiscear that
theamount of surfacedegradationincressad withtempera:
ture. Surface crack were observed on the corroded sur-
facesat both 50 and 75 °C. The crackswere seento de-
ve op dongthegrain boundaries. Theszeand depth of the
crack werefoundtoincreasewith boththeexposuredura-
tionandtemperature. Fgure9 showsexamplehighmegni-
fication FESEM microgrgphsa thegrainboundariesof the
corroded surfaceof Al/S C nanocompos tepec menscon-
taning 1vol.-%of 60nmand 200nm S C nanoparticulates.
Thespecimenwasexposedto 1M HCl solutionat 50°C
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for 96 hr. It hasbeenfound that the S C nanoparticlesexist
a thegrainboundariesof theAl grains. Figure 10 shows
EDX anaysisof some SiC nanoparticleslocated at the
granboundaries. Itisimportant tomention thet it wasdiffi-
cult to verify the S C nanoparticlesfromthe FESEM mi-
crographsonly because of thelow percentageand small
gzeof SCintheAl matrix.

Theimprovement of the corrosion resistanceof the
Al purematrix found in the current investigation may

Figure8: FESEM micrographsof thecor roded surfacesof
Al/SiC nanocompositescontaining 1 vol.-% of 200nm SiC
nanoparticlesafter exposurein 1M HCI solution for 96 hr at
(a) 50and (b) 75°C.

= Full Paper

(b)
Figure9: High magnification FESEM micrographsfor the
corroded surfacesof Al/SIC nanocomposite specimensafter
exposurein 1 MHCI solution for 96 hr at 50°C. (a) sample
containing 1val.-% of 60 nm SC nanoparticulates, (b) sample
containing 1val.-% of 200 nm SiC nanoparticulates.

|
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Figure10: EDX analysisof some SiC nanoparticleslocated
at thegrain boundaries.

attributed to thefact that both SC and AlLO, arebeing
ceramicsandremaininertintheacid. They arehardly
affected by theacidic medium. Thoughthecorrosonrate
Islesser thanthat of thematrix metd, thenanocomposites
dsndowaedtheformaion of pitsonthesurface Thenumber
of pitsgetsdecreased with theaddition of SCandAlO,
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nenoparticulalescomparedtothatinthemetrix metd. There
istheevidencefor the presenceof grain boundary corro-
sonandpittingcorrosoninthenanocompogtes. Thissup-
portstheeffectsof reinforcingnano-size SCand AL O,
nanoparticlesinimprovingthecorros onresstancecof the
nanocomposites. TheSCandAl, O, nanoparticlesresst
theseverity of theacid attack to acertain extent. It isim-
portant tomentionthat thereishardly any informaionavall-
ableintheliteratureabout the corrosion behavior of the
nanocompositesinacidicmedia

CONCLUSIONS

According theresultsobtained fromthecurrent in-
vestigation, thefollowing conclus onscan bepointed out:
1. BothAl/SCandAl/Al,O, nanocompositesexhib-

ited lower corrosionratesin 1 M HCI solutionthan

the pureAl matrix. Such behavior was noticed at
room temperature, 50 °C and 75 °C.

2. TheAl/Al, O, nanocompositesexhibited lower cor-
rosionratesin 1 M HCI solutionthan theAl/SIC
nanocomposites. TheAl/AlO, containing (60 nm)
exhibited thehigher corrosion res stanceamongall
theinvestigated nanocomposites.

3. The corrosion rate of the Al/SIC and Al/ALO,
nanocompositesin 1 M HCI solutionwasreduced
withtheincreasetheexposuretimeand thevolume
fraction of thenanoparticles. Whileit increaseswith
increasing the nanoparticlessize and the solution
temperature.
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