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Abstract

The influence of heat treatment on the corrosiohab®r of two aluminium matrix
composites (AA2014/15 vol% ADsp - composite A and AA2009/20 vol% SiCw -
composite B) was analyzed in 3.5% sodium chloriduteon. The kinetic of the
corrosion process was studied based on the grawmeeasurements. The corrosion
damage and pit shape were analyzed by Image Amaljae corrosion damage in both
composites was caused by the pitting attack osthiace. Pit shape of the composite A
is different to the composite B. The corrosion ratecomposite A is higher than
composite B because the voids or gap between rearftent particles and matrix are
larger than in the composite B. The main attackuafleation sites was at the interface
region of the matrix and the reinforcement.
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Introduction

Aluminum matrix composites (AMCs) that contain paet reinforcement have
their advantages such as isotropic distributiornhef particles to be used in the
engineering applications. This distribution is gated during the fabrication
processes by powder metallurgy, compo-casting, exgieasting, pressure-less
infiltration, hot rolled extrusion, etc. Another reideration of AMCs is the
influence of reinforcement particles on the comadbehavior. The high-strength,
high-specific modulus and low-density aluminum glltased composites with
silicon carbide reinforcement have guaranteed Bggmt interest in the
aerospace, defense and car industries. The condmnaif lightweight,
environmental resistance and useful mechanical gotigs such as modulus,

" Corresponding author. E-mail addrestsaharin@unimap.edu.my



S.B. Jamaludin et al. / Portugaliae Electrochimfseta 26 (2008) 291-301

strength, toughness and impact resistance, has ahaénium alloys well suited
for use as matrix materials. Several previous stdn properties of aluminium
matrix composite which have been reported in tterdture were focusing on
either comparative study between monolithic allog aeinforced alloy in terms
of influence of similar type of reinforcement [ comparative study between
different reinforced alloys in terms of similar gpof reinforcement [2].
Furthermore, several studies have focused on thgepies of aluminium matrix
composites from the same fabrication route suctaatng [1, 3, 4] and powder
metallurgy [2]. Some researchers studied the infteeof heat treatment based on
single aluminium matrix composite without compani¢a, 4].

Corrosion resistance of metal matrix composites 4V is also a subject of
study to be discussed in order to compare theirosmn resistance towards
corrosive environment and some studies have repbdesed on the effect of heat
treatment to the corrosion behavior. Some workghenmechanical properties
and corrosion behavior of AA2009/20SiCw [6-10] aati2014/15AL05p [3, 4]
were reported.

None of the studies carried out focusing on theocsion behavior between two
different aluminum matrix composites in terms dfeatient type of reinforcement
and fabrication route. Comparative study betweefierdint composites is
required in order to develop information for all talematrix composites. This
information is very important for the user to seléebe best material for
engineering applications with different propertiesquired, including its
corrosion resistance [5]. This present paper dedlsthe study of the corrosion
behavior of AA2009 and AA2014 aluminium alloys astrites, under the
corrosive environment (3.5% NaCl solution). Bothtnegs are having similar
alloying elements content based on 2XXX seriesle€A alloys. The purpose of
this study is to compare the corrosion behaviowbenh AA2009/SiCw and
AA2014/ AlL,O5p after artificial aging.

Experimental procedure

The composites studied were AA2014 (Al-Cu) matawforced with 15 vol. %
of Al,Os; particles (indicated as composite A) and AA2009-CA) matrix
reinforced with 20 vol. % SiC whisker (indicated asmposite B). Both
composites have similar working process, i.e., éxtrusion. The chemical
composition of both composites was given by theyBepand it is indicated in
Table 1. Instead of similar series alloys, thera gifference in both composites
such as the fabrication technique, the type, sepercentage of reinforcement
shown in Table 2.

Composite A was supplied by Duralcan Inc., San Djegalifornia, USA, and
produced by casting method followed by hot extmsiprocess to form
rectangular bar with 77 mm wide and 19 mm thickngsg. 1). Composite B
was supplied by Advanced Composite Materials Cafan (ACMC), USA.
Composite B was fabricated by powder metallurggthad followed by hot
extrusion process to form a rectangular fillet éth 90 mm wide and 21 mm
thickness (Fig. 1).
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Table 1. Typical chemical composition of AA2009 and AA2014.

composition percentage
AA2014 (A) AA2009 (B)
Silicon 0.50-1.2 0.25 max
Iron 0.7 max 0.20 max
Copper 3.9-5.0 3.2-44
Manganese 04-1.2 -
Magnesium 0.2-0.80 1.0-1.6
Chromium 1.10 max -
Zink 0.25 max 0.1
Oxygen - 0.10 max
Titanium 0.15 max 0.6 max
Others 0.05 max 0.05 max
Others - 0.15 max
Aluminium Remainder Remainder

Table 2. Information of the composites.

Aluminum Type of Size of reinforcemen Percentage pf Route of Working process
Matrix Alloy | reinforcement reinforcement| fabrication
Al2014 Alumina 9 —13mm 15 vol % Casting Hot extrusion
particles
AlI2009 Silicon 0.45 — 0.657m (d) 20 vol % Powder Hot extrusion
Carbide 5 — 80nm () Metallurgy
Whiskers

Samples were cut into small pieces followed by gending technique using
silicon carbide paper (240, 400, 600, 800, 1206.dfinally, the samples were
polished by using alumina 0.05 micron in orderdweal the microstructure. The
microstructures of the composites were observed sbgnning electron
microscopy JOEL-JSM-6460LA. The samples were suleseity solution
treated at 510 °C for 4 hours in the furnace foldvby quenching in water and
then artificially aged at 165 °C for 2 — 12 hrs.

The solution treated samples were kept in the gefator prior to aging.
Immersion test in 3.5 % NaCl solution was usedttolys the corrosion behavior
on the samples before and after aging. Concentrafi®.5% NaCl was selected
in this work because it accelerated corrosion tastilar to the marine
environment. This test has been done to observedhresion damage and the
effect of aging condition on the corrosion ratefdde immersion test, sample
was cleaned from dust and contamination. Solutisepgration has been
prepared by dissolving 7 g NaCl in 200 mL distilledter. Before immersion
test, the weight of sample was measured aftertpalisSample was immersed in
the solution for 28 days. The weight gain was messtdior each week. Image
Analyzer NIKKON was used for microstructure obséiaa Every time before
measuring the weight of samples, they were immensetd % HNQ, for 10
minutes followed by washing with distilled waterdathen dried. Table 3
indicates the specimen’s description during ag&eatment.
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Figure 1. Schematic diagram of as-received bar of the cangmfrom the suppliers.

Table 3. Samples description.

Time of aging Composite A Composite B
As received A0 BO
2 hours A2 B2
4 hours A4 B4
6 hours A6 B6
8 hours A8 B8
10 hours Al10 B10
12 hours Al2 B12

Results and discussion

Microstructure
Fig. 2 shows the microstructure of composite A: AA2/15%AL0:p, parallel to

the extrusion direction. Etching with an acid s$oilm (HCI/HNG;=1:1) reveals
the grain boundaries in the matrix. The particles moderately aligned to the
extrusion direction and homogeneously distributdeéig. 3 shows the
microstructure of composite B: AA2009/20%SiCw pkialto the extrusion
direction. Etching with an acid solution (HCI/HMN€1:1) reveals the whiskers
in the matrix. The whiskers are moderately aligteethe extrusion direction and

homogeneously distributed
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Figure 2. SEM micrograph of composite A: A2014/15%®@gp, parallel to the
extrusion direction.
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Figure 3. SEM micrograph of composite B: Al2009/20%SiCw pilato the
extrusion direction.

Gravimetric results after immersion test

Tables 4 and 5 show the gravimetric corrosion chteomposites A and B after
the immersion test in 3.5% NaCl solution. Samplesscst of unaged and after
aged at 165 °C.

Table 4 Composite A (AA2014/AlD;;) aging at 165 °C.

Time(day) 0 3 7 14 21 28
AO 0 2.09 4.31 7.39 10.60 14.10
A2 0 2.37 4.56 8.03 1150 15.70
Corrosion A4 0 2.20 3.85 7.89 11.01 15.05
Rate A6 0 2.19 4.39 7.43 10.80 14.70
(mg/cnf/day) A8 0 2.33 451 747  11.20 14.93
Al10 0 2.46 4.30 7.59 10.87 14.56
Al2 0 2.45 4.56 7.90 1141 14.75
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Table 5. Composite B (AA2009/Si§) aging at 165 °C.

Time (day) 0 3 7 14 21 28
BO O 2.20 4.00 6.80 9.72  13.00
B2 0 2.35 4.53 7.40 10.91 14.80
Corrosion B4 O 1.60 3.60 6.70 10.30 14.24
rate B6 O 2.22 4.58 7.72 11.24 14.90
(mg/cnf) B8 0 2.07 4.00 6.70 10.00 13.53
B10 O 2.12 4.25 7.31 10.36 14.35
B12 0 2.15 4.18 6.93 10.28 14.20

From Tables 4 and 5, the corrosion rate increasils thie increment of
immersion time. This trend of the corrosion ratedige to the development of
pitting. Corrosion rate (CR) is expressed in miligys (weight loss, W) per
square centimeter (immersed area, A) per day (imioreitime, T) according to
Fontana [5]. It can be seen from the table thattreosion rate of composites A
is slightly higher than composite B with increasiageing time and increasing
immersion time. For short immersion times, commssih and B indicate mass
loss associated with pitting attack. Both compaséehibit severe damage due to
metal dissolution and pitting at the interface einforcement and matrix. This
phenomenon is explained by the action of both theidd and the galvanic
couple Cu-Al. The presence of Cu in the matrix fea®red to the degradation.
The process of degradation is accelerated by th&lQyalvanic couple [11].
Intermetallic of Al-Cu compound is strongly catho@igainst the metallic matrix
and act as cathodic site, facilitating dissolutiointhe protective AlO; and
enhancing pitting corrosion. Several researchenadahat there is no evidence
to suggest that the corrosion of AMCs was acceddrdiy the presence of
reinforcement, but the presence of reinforcemedtpgiayed a secondary role in
modifying the microstructure of matrix [13-15]. Hewer, a possible reason of
pitting susceptibility in the metal matrix compasiis small voids at the
reinforcement/matrix interface, which may be fouafter processing. It can be
seen in composite A (Fig. 2), the voids or gap leetwreinforcement particles
and matrix are larger than in the composite B (Ay. The nature of SiC
whiskers morphology has made gap or voids are clbsaveen the whiskers
reinforcement and the matrix. As a consequenceingitcorrosion is more
slightly intense in composite A compared with cosipo B. Overall, corrosion
rate of the overaged samples A12 and B12 is slighther than unaged samples
A0 and BO, respectively, due to the increasing gnowing of ALCu and
Al,CuMg phases.
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Pitting corrosion
attack

Figure 4(a). Pitting corrosion attack in the matrix through theerfaceAl ,Os;p /matrix
in composite A (AA2014Al1,03p /15% (T6) MMC) in shallow wide pit shape.
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Figure 4 (b). Pitting corrosion attack in the matrix through thierfaceAl ,Osp /matrix
in composite A (AA2014A1,03p /15% (T6) MMC) in vertical grain attack pit shape.

Microstructural observations after immersion test

Figs. 4 to 5 show the pitting corrosion attack @28 days immersion in 3.5%
NaCl for both composites. The pitting corrosioraelis the matrix through the
interface reinforcement/matrix in different pit glea Figs. 4(a) and 4(b) indicate
pitting corrosion attacks after 28 days immersiothie composite A. The pitting
corrosion attacks the matrix through the interfadgOsp /matrix indicating
shallow wide pit shape and vertical grain attadkghiape. Figs. 5(a) and 5(b)
indicate pitting corrosion attacks after 28 daysniension in the composite B
through the interface SiCw/matrix and indicatinglgthw deep pit shape. It was
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observed that the pitting processes were rapid shadlow wide pit shape and
vertical grain attack pit shape compare to shatieep pit shape.

Figure 5(a). Pitting corrosion attack in the matrix through theerface SiCw/matrix in
composite B (AA2009/SiCw /20% (T6) MMC) in shallalkeep pit shape.
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Figure 5(b). Pitting corrosion attack in the matrix through theerface SiC/matrix in
composite B (AA2009/SiC w /20% (T6) MMC) in shallaleep pit shape.

Pitting corrosion can produce pits with their moagken (uncovered) or covered
with corrosion products. Different types of attaok the same surface of
composites A and B that were exposed to a 3.5% Naldtion for 28 days can

be seen in all micrograph. Pits can be either hamaiscal or cup-shape. In some
cases, they are flat-walled, revealing the crystaicture of the metal, or they
may have a completely irregular shape. Pittingasion occurs when discrete
areas of material undergo rapid attack while mbsth® adjacent surface remains
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virtually unaffected. The following are common pishape divided in two
groups, as shown in Fig. 6.

Figure 6. Common pit shape of through pits group and siggwiis group [17].

Figs. 7 and 8 show the holes due to the intensiadrixncorrosion in the
composites A and B. This example of a pitted s@rfa@as produced by exposing
a sample to a 3.5% NaCl during 28 days. Most efsilrface is uniformly pitted
(black arrow), as both composites would do in amdonditions. It is seen the
formation of deeper pits (red arrow) that are sumded by un-attacked regions
(yellow arrow). However, the main reason for th@mor corrosion resistance is
attributed to the crevices at the,@b/Al interface and SiCw/Al interface as
preferential site of attack, as shown in Figs. @ &n

Figure 7. Holes due to an intensive matrix corrosion in posite A (AA2014/ AJOsp
/15%p (T6) MMC).
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Figure 8. Holes due to an intensive matrix corrosion in posite B
(AA2009/SiC/20%w (T6) MMC).

Conclusions

Different reinforcement is found to affect the @mion behaviour of composites.
Corrosion rate of the composite AA2014/15 vol%,@p is higher than
AA2009/20 vol% SiCw composite because the voids gap between
reinforcement particles and matrix are larger i@ tinst composite. The pitting
corrosion attacks the matrix through the interfaegnforcement/matrix in
different pit shape. The pit shape in composite BAZ15 vol% AOsp is
shallow wide pit and vertical grain attack pit shagwhereas in composite
AA2009/20 vol% SiCw is shallow deep pit shape. Ti#ing process is rapid
with shallow wide pit shape and vertical grain elttgit shape compared to
shallow deep pit shape. The ageing process doesmuah influence the
corrosion rate, however the corrosion rate for aged samples shows slightly
higher than unaged samples.

References

1. M. Edson, Cintho, Lalgudi, V. Ramanathan, Pedoegs of ICCM-10,
Whistler, B.C., Canada, August 1995.

M. Manoharan, J.J. LewandowsB¢ripta Metalurgica23 (1988) 301.

J.M. Molina, R.A. Saravanan, J. Narciso and_&iis, Materials Science
and Engineering 883 (2004) 299.

A. Weiland, L. Hultman, U. Wahlstrom, C. Penmrsand T. Johannesson,
Acta Materialial5 (1998) 5271.

M.G. Fontana. “Corrosion Engineering™ Bdition, McGraw Hill (1987).
K.C. Chan and G.Q. TondJaterials Letter44 (2000) 39.

K.C. Chan and G.Q. Ton§cripta Materilia31 (1997) 1917.

K.C. Chan and G.Q. Tondournal of Materials Processing Technology
(1998) 142-146.

K.C. Chan and B.Q. Han, Proceedings df Irternational Conference on
Composite Materials, Gold Coast,Australia (1997).

2.
3.

B

0N O

©

300



10.
11.

12.

13.

14.

15.

16.

17.

S.B. Jamaludin et al. / Portugaliae Electrochimfseta 26 (2008) 291-301

T.M. Yue, Journal of Materials Science Lett&® (2000) 1003.

A. Pardo, M.C. Merino, S. Merino, F. Viejo, Marboneras, R. Arrabal,
Corrosion Science47 (2005) 1750.

K.A. Lucas and H. Clarke, “Corrosion of Alumim-based Metal Matrix
Composite”, John Willey and Sons, Inc. (1992).

T. Otani, B. McEnaney and V.D. Scott, “Corozsiof Metal Matrix
Composites”, in Conference Proceeding Cast ReiaftMetal Composites,
Chicago, USA, (1988) 383.

D.M. Aylor and P.J. Morad, Electrochem. So&32 (1985) 1277.

A.R. Champion, W.H. Krueger, H.S. Hartmann aAdcK. Dhingra,
International Conference on Composite Materials)ada, (1978) 883.

A.J. Trowsdale, B. Noble, S.J. Harris, [.SGbbins, G.E. Thompson and
G.C. Wood,Corrosion Scienc88 (1996) 177.

P.R. Roberge, “Handbook of Corrosion EngimegrMacGraw-Hill , 1999.

301



