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The effect of coated-SiC, multimodal-size-distribution on the pitting behavior of Al/SiC, composites was inves-
tigated. a-SiC powders (10, 54, 86, and 146 um) were properly mixed and coated with silica to produce porous
preforms with 0.6 volume fraction of the reinforcement with monomodal, bimodal, trimodal, and cuatrimodal
size distribution. The preforms were infiltrated with the alloy Al-13 Mg-1.8Si (wt.%) in argon followed by
nitrogen at 1100 °C for 60 min. The composites were characterized by X-ray diffraction (XRD) and scanning
electron microscopy (SEM) before and after cyclic polarization measurements in 0.1 M NaCl de-aerated solu-
tions. Results show that whereas corrosion and passivation potentials are not influenced with increase in SiC,
particle size distribution, favorably, the susceptibility to pitting corrosion decreases. This beneficial effect is
ascribed to the smaller area of the alloy matrix exposed to the chloride solution with augment in particle size
distribution, substantially when going from monomodal to bimodal SiC,, particle size distribution.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Aluminum-matrix-composites (AMCs) reinforced with SiC parti-
cles have received considerable attention over the last three decades
due to the attractive properties resulting from the combination of their
constituents, such as high thermal conductivity, specific strength, tailo-
rable coefficient of thermal expansion, improved modulus of rupture
and low density. For this reason, they have been considered for appli-
cations in the aerospace, military, automotive, and electronic indus-
tries [1-3]. As for the latter, Al/SiC composites have been proposed
for electronic packaging as heat sink parts in microwave housing and
chip carriers. For these types of applications it is essential to increase
the volume fraction of the ceramic reinforcement in excess of 50 vol.%
[2]. When the Al/SiC composites are fabricated by the liquid metal
infiltration route, this requirement can be met by accommodating rein-
forcements of different sizes into the porous ceramic preform. There-
fore, particle size distribution becomes a critical parameter in process
optimization.

In the continuous effort to increasingly improve the properties of
Al/SiC composites, numerous investigations — with different goals -
have been undertaken, including studies on the correlation between
processing and microstructure, mechanical/thermal property evalua-
tion, and, corrosion behavior studies. The latter is perhaps one of the
least explored fields, particularly when dealing with composites with
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multimodal distribution of SiC reinforcements. It is generally accepted
that pitting attack is the most common form of corrosion in Al/SiC
composites. This attack can occur by the difference in corrosion poten-
tial in a local cell formed in or on the metal surface by the presence
of anodic or cathodic microconstituents such as insoluble interme-
tallic compounds or single elements [4]. Another important degrada-
tion mechanism is due to Al,C; formation by the dissolution of SiC in
the molten aluminum alloy during processing. Subsequent exposure
of the composites to liquid water or moisture leads to a gradual degen-
eration of the composites. Several approaches have been proposed
and practiced to avoid formation of this deleterious phase, namely: a)
additions of Si into the Al matrix [5], b) artificial oxidation to produce a
SiO, layer on SiC [6], and c) incorporation of silica particles into the
porous SiC preforms [7,8]. All these approaches can be conducive to
the in situ formation or precipitation of new phases.

Regarding the role of the reinforcements in the composites' cor-
rosion behavior, previous investigations indicate that SiC is conductive
and acts as a local cathode for the reduction of oxygen [9]. This finding
is in good agreement with that reported by Trowsdale et al. [10], sug-
gesting that the susceptibility to pitting was intensified with increased
SiC size. There are several previous works focused on the pitting cor-
rosion behavior of Al/SiC composites — some of them based on contin-
uous fiber reinforcements [4,11,12] - with high volume fraction (10 to
60 vol.%) of SiC, but with monomodal distribution of the reinforce-
ment [9,10,13,14]. And although there are currently various reports on
the mechanical properties of composites with bimodal distribution
[1,2,15-18], to the authors' best knowledge, studies on the role of par-
ticle size distribution (with more than two particle sizes) and particle
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size ratio in the composites' corrosion behavior still remain unpub-
lished. Understanding how SiC particle size distribution affects certain
key corrosion parameters, can significantly assist to establishing a bal-
ance between high stiffness/high thermal conductivity - for instance,
for electronic packaging - and corrosion performance in certain envi-
ronments (for example, saline and humid ambient). The aim of this
work was to investigate the effect of multimodal-size distribution
(combining up to four distinct particle sizes) of SiCp reinforcements
on the electrochemical behavior (pitting, passivation and corrosion
potential) of Al/SiC composites fabricated by pressureless infiltration.

2. Experimental procedures
2.1. Preform preparation and characterization

The raw materials for preforms (with 40% porosity) preparation
were SiC powders of four different sizes (10, 54, 86 and 146 pum aver-
age particle size) and colloidal silica. The colloidal suspension of SiO,
(0.02-0.06 pum particle size, according to the supplier) was used as a
coating on the powders to prevent attack of the SiC reinforcements by
the liquid aluminum alloy during infiltration. The SiC powders were
characterized by laser diffraction using a Coulter equipment. It should
be pointed out that, to better control the preforms characteristics
(specifically, particle size distribution and particle size ratio), the
powders in the as-received condition were sieved independently, thus
reducing the amplitude of the size distribution. Results from the
characterization of the four sizes of powders after sieving are shown in
Fig. 1.

The coating and preform preparation were carried out according
to the following procedure. The silica suspension was placed in a
beaker and stirred at a constant rate using a Barnant electromecha-
nical mixer. In order to obtain a homogeneous mixture, the corres-
ponding amounts of SiC powders, were pre-mixed manually for 5 min
in a porcelain mortar. Such amounts were determined based on the
density of SiC and characteristics of each of the preforms, i.e., SiC vol-
ume fraction and particle size distribution (monomodal, bimodal, etc).
Then, the pre-mixed powders were added gradually to the suspension
during the stirring, while the system was heated at 50 °C in a Cimarec
hot-plate-stirring system for 30 min. Fig. 2 shows representative
photomicrographs of uncoated and coated SiC particles. Finally, after
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Fig. 2. Representative SEM photomicrographs of: a) uncoated and b) silica-coated SiC
particles.

drying the mixture in an air forced drier at ~200 °C for 2 h, the powders
were placed into a steel mold and compacted uniaxially (~3.5 MPa)
using a hydraulic press to produce plate-shaped preforms of 3 cmx
4 cmx 0.5 cm with 40% porosity. In order to show the distribution
of SiC powders after pre-mixing, the mixtures were characterized
by laser diffraction as well. The results presented in Fig. 3 show that
in each of the four graphs, one can distinguish the number of peaks
according to the respective distribution.

Preforms with monomodal, bimodal, trimodal, and cuatrimodal
size distribution, with 1, 1:5,1:1:4 and 1:1:1:3 particle size ratios, re-
spectively, were prepared with 0.60 volume fraction of ceramic mate-
rial (0.5 vol. fraction a-SiC+ 0.1 vol. fraction of SiO, in the form of
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Fig. 1. Particle size distribution for each of the sieved powders used in the experiment.
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Fig. 3. Graphs of the distributions of SiC mixed powders for the preparation of preforms with monomodal, bimodal, trimodal and cuatrimodal distributions.

coatings on the SiC particles), according to the abovementioned pro-
cedure. In this context, particles of 10, 54, 86 and 146 pm are referred to
as small, medium-1, medium-2, and large, correspondingly. Particle
size ratio designation involves both, the preform type (monomodal,
bimodal, trimodal, and cuatrimodal) and the proportion of each parti-
cle size. Systematically, bimodal, trimodal, and cuatrimodal preforms
consist of small/large, small/medium-1/large and small/medium-1/
medium-2/large particles, respectively. For instance, 1:5 represents a
bimodal preform prepared with one part of small particles and five
parts of large ones; 1:1:1:3 stands for a cuatrimodal preform made up
of one part of small particles, one part of medium-1 particles, one part

of medium-2 particles, and three parts of large ones. Monomodal pre-
forms are just designated with the corresponding particle size; for this
particular case, the particle size was 146 pm.

With the aim of determining pore size, the preforms were mounted
in epoxy resin, ground, and polished using standard procedures. Subse-
quently, the specimens were photographed in backscattered mode
using a Philips XL30 ESEM scanning electron microscope at an excita-
tion voltage of 20 KV and working distance between 10 and 15 mm. In
order to determine the average pore size in each type of preform, and
with the aid of an image analyzer (Image Pro Plus software), at least 15
pore size measurements were carried out per specimen mounted in

Fig. 4. Representative SEM photomicrographs of SiC preforms mounted in epoxy resin. Specimens in these conditions were used for pore size measurements using an image analyzer.
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Table 1
Chemical composition of commercial aluminum and the fabricated alloy (wt.%).

Al Mg Si Fe Mn Cu Si/Mg
Commercial aluminum  98.22 023 012 128 0110 0.04 -
Alloy 8413 1329 178 0626 0118 0.055 0.116

resin. Representative photomicrographs of mounted specimens for
pore size measurements are shown in Fig. 4.

2.2. Composites fabrication

The aluminum alloy used in the investigation was fabricated from
Al of commercial purity with additions of Mg and Si, in an induction
furnace with a capacity of 10kg. Previous to casting in a metallic mold,
the alloy was degassed at 680 °C using argon gas for 10 min. The chem-
ical compositions of commercial purity Al and of the aluminum alloy
are given in Table 1. The composites were fabricated by infiltrating the
aluminum alloy Al-13 Mg-1.8Si (wt.%) - purposely designed for the
current investigation - into the ceramic preforms in a horizontal tube
furnace with a 6.5 cm diameter alumina tube closed at both ends with
end-cap fittings to control the process atmosphere. The preform and
approximately 32 g of the alloy were placed in a ceramic container and
the whole assembly was positioned in the tube center. The system was
heated atarate of 15 °C/min up to 1100 °C, held at that temperature for
60 min and then cooled down with the same rate to room tempera-
ture. During the heating period and up to 1000 °C, the specimens were
treated in ultra high purity (UHP) argon. Then, in order to enhance the
wetting of the preform by the liquid alloy, a change in the atmosphere
from Ar to UHP N, was conducted at 1000 °C.

2.3. Composites characterization and electrochemical tests

Once the system was cooled down to room temperature, the com-
posite specimens were prepared for microstructure characterization
using X-ray diffraction (XRD), scanning electron microscopy (SEM))
and energy dispersive X-ray spectroscopy (EDS). Additionally, elec-
trochemical tests were performed on the composites. XRD tests were
performed using a Philips-3040 diffractometer (Cu-K, monochro-
matic radiation) at a scanning rate of 0.02 °/s, from 15 to 80 26°; the
excitation voltage and current were of 40 KeV and 30 mA, respectively.
SEM analysis was conducted in a JEOL JSM 6300 scanning electron
microscope in the backscattered electron mode at a working distance
between 10-15 mm, and acceleration voltage of 20 KV. Cyclic polari-
zation tests were performed using a Gamry CNS 100/PC3 potentiostat.
In preparation for the electrochemical tests, the specimens were sec-
tioned to an exposed area of 10 mm x 10 mm, mounted carefully in
epoxy resin to avoid crevice conditions, and ground with 80-1200 grit
SiC abrasive paper. The specimens were then polished manually using
diamond suspensions from 3 to 1/10 um in Buehler nylon cloths, and
finally, with silica gel in chemomet Buehler clothes. The electrochem-
ical tests were carried out using a 0.1 M NaCl de-aerated solution in a
Pyrex glass cell, with a three-electrode set-up. Accordingly, a saturated
calomel reference electrode (SCE) and a platinum counter electrode
were used, with the analyzed specimen as working electrode. With the
aim of accurately establishing the corrosion (Ecor) and pitting (Ep;)
potentials, the electrodes were initially allowed to stabilize at their
corrosion potentials (Ecor) in de-aerated solutions, by passing nitrogen
gas (N,) through the solution before and during the measurements.
Subsequently, the electrodes were polarized in the electropositive di-
rection ata scanningrate of 0.333 V/s, starting at — 1.4 V until the poten-
tial reached the value of —0.3V, after which the scan direction was
reversed to finish at the starting point value, — 1.4 V. Thermodynamic
calculations on the feasibility of certain chemical reactions involved
were performed using the FactSage® program and databases.

3. Results and discussion
3.1. Microstructure characterization

Results from pore size measurements indicate that the average
pore size for monomodal, bimodal, trimodal and cuatrimodal distri-
butions are 22.53 +2.65, 7.744-1.3, 6.99 4 1.24, and 6.55 4 1.24 pm,
respectively. It is clear that pore size drops by about 65% from mono-
modal to bimodal; then, from bimodal to trimodal and cuatrimodal,
the decrease is less significant. This outcome is explained by the accom-
modation of the small and medium particles in the space left by the
large particles. It should be recalled that the pores in the ceramic
preforms are filled out by the aluminum alloy during the infiltration
process.

Results from the characterization by X-ray diffraction before and
after the electrochemical tests showed the presence of the same
phases (Mg,Si, MgAl,04, MgO and AIN) in addition to Al, Si and SiC
from the starting material. Figs. 5 and 6 show typical diffractograms
corresponding to composites with monomodal, bimodal, trimodal, and
cuatrimodal distributions, before and after the electrochemical tests,
respectively. According to thermodynamics and previous works [6,7,
19,20], silica reacts with the aluminum alloy (in the presence of Mg),
giving place to the formation of spinel and magnesium oxide. In this
particular investigation, since silica is forming coatings on the SiC par-
ticles, the abovementioned interactions avoid the attack of the SiC
particles by the molten alloy and in consequence, successfully avoided
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Fig. 5. Representative diffractograms of Al/SiC composites with monomodal, bimodal,
trimodal and cuatrimodal distributions before the electrochemical tests.
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Fig. 6. Representative diffractograms of Al/SiC composites with monomodal, bimodal,
trimodal and cuatrimodal distributions after the electrochemical tests.
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100 um

Fig. 7. Typical microstructure of Al/SiC composites with a) monomodal, b) bimodal, c) trimodal and d) cuatrimodal distributions.

formation of the undesirable Al,Cs phase in the composites. The spinel,
magnesium oxide, magnesium silicide, and aluminum nitride phases
are formed in situ during processing according to:

AGy100¢ = —484K] / mol
AHj199c = —388k]/ mol (2)

2Mg + Si0, = 2MgO0 + Si
AGy1gp'c = —253.04k] / mol
AHq199c = —295.7Kk] / mol

The presence of the AIN in the microstructure is explained through
the reaction of molten aluminum and nitrogen gas according to [21]:

Al(1) + [N] = AlNs, 3)
AGi100c = —328Kk]/ mol

Moreover, due to its lower vaporization temperature as compared
with that for aluminum at normal pressure, magnesium escapes from
the melt during processing. Previous reports indicate that Mg in vapor

phase reacts with nitrogen and returns to the alloy according to the
following reactions [22]:

3Mgg + 2N, —MgsNay) "
AGy19pc = —90.70Kk] / mol

AHyy99c = —183.03K] / mol

24l + Mg3Ny —2AIN ) + 3mg, (5)
AGyyp0c = —167.82Kk] / mol

AH,100¢ = —218.22k] / mol

The net effect of the recycling process - represented by Egs. (4)
and (5) - is to enhance the wettability of silicon carbide by the Al-
Mg-Si alloy. The wetting enhancement mechanism has been exten-
sively reported in the previous literature [7,21,22]. The analysis by XRD
also showed that the type of phases formed in situ is not influenced
by particle size distribution, because the same phases were formed in
all the four kinds of composites. This in turn, is due to the protection
provided by the silica coating.

Fig. 7(a)-(d) shows typical microstructures of the composites - of
polished specimens - with monomodal, bimodal, trimodal, and cuatri-
modal distribution, respectively, before the electrochemical tests. In
the typical microstructure of the composites, it is observed that the SiC
particles do not seem to be attacked by the aluminum alloy and that
they are surrounded by the spinel phase. This fairly explains the sound-
ness of the reinforcements and the absence of the unwanted aluminum
carbide. It should be noted, however, that the composites exhibit some
degree of porosity before the electrochemical tests. Fig. 8a shows a
representative microstructure of composites after the electrochemical
test, in which, it is observed that most of the alloy is attacked, with the
corrosion products having sponge-like morphology. Fig. 8b is a mag-
nification of the selected region shown in Fig. 8a. According to EDS
analysis (representative spectrum also shown in Fig. 8b), the corro-
sion products have high contents of O, Al, Mg and Si. These elements
suggest the presence of aluminum hydroxide (AI(OH)3), magnesium
hydroxide (Mg(OH),) and hydrated silica (SiO,'nHO-). In order to
verify the presence of hydroxides in the corrosion products, repre-
sentative samples were collected from the surface of the composites
and analyzed by Fourier Transformed Infrared Spectroscopy (FTIR),
using a Nicolet Avatar 360 equipment, with 64 scans per spectrum in
the absorption mode. The results show a signal band from 3500 to
3700 cm™ !, which in accordance with the literature, falls within the
band corresponding to OH™ group (3200—3700 cm™ ). The remain-
ing signals correspond to Si-O-Si and Al-O-Si bonds, related to the
spinel and residual silica [23,24]. Fig. 9 is a representative FTIR spec-
trum of the corrosion products. The analysis and the physicochemi-
cal characteristics of the corrosion products confirm the presence of
aluminum hydroxide and magnesium hydroxide.
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Fig. 8. a) Representative photomicrograph of composite after cyclic polarization test.
Corrosion products are observed on the composites surface; b) is a magnification of the
selected region shown in panel a.

3.2. Electrochemical measurements

3.2.1. Cyclic polarization

Fig. 10 shows cyclic polarization curves obtained in the electro-
chemical tests. Fig. 10a is for composites with monomodal and bimodal
distributions respectively, while Fig. 10b pertains to composites with
trimodal and cuatrimodal distributions, correspondingly. In all the curves,
the corrosion (Ecorr) and passivation (Epass) potentials are distinctly
defined, in the ranges —1.34 to — 1.37 V and —0.93 to — 1.01, respec-
tively. Above E,, a relatively constant region in the current density
(between 10~ ®and 10~ °>A/cm?) is observed; this region has been asso-
ciated to the formation of a passive layer on the aluminum alloy. In-
creasing the applied voltage allows reaching the pitting potential (Ep;),
in the range of —0.56 to —0.65 V. After this point, current density in-
creases continuously with voltage. This behavior, on the other hand,
has been attributed to the rupture of the passive layer [10]. Table 2
presents the electrochemical parameters for each of the composites
with different particle size distributions tested. Ey; values are — 0.65,
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Fig. 9. FTIR spectrum of corrosion products collected from the surface of the composites.
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Fig. 10. Typical polarization curves for composites with (a) monomodal and bimodal
distribution, and (b) trimodal and cuatrimodal distributions.

—0.56, —0.63 and —0.60 V for monomodal, bimodal, trimodal, and
cuatrimodal distributions, respectively. It is evident that the pitting
potentials become less negative (more noble behavior) with increase
in particle size distribution. The notable decrease in Ej; from mono-
modal to bimodal and the subsequent increase for tri- and cuatrimodal
distribution isn't clear yet, and requires a more detailed investigation.
It is well known that the more electropositive the magnitude of E,
the greater the resistance of the passive layer to the attack by chloride
ions, because a higher potential would be required to induce pitting.
From Fig. 4 and from pore size measurements - within the framework
of the current experiment - it is evident that higher SiC particle size
distributions yield smaller Al-alloy areas (substantial decrease from
monomodal to bimodal) exposed to the chloride solution, thus dimin-
ishing the alloy susceptibility to pitting nucleation and growth.
Moreover, the resistance of the passive layer can be related to the
decrease in the residual porosity of the composite, because - as ob-
served in the current work - increasing particle size distribution leads
to a decrement in residual porosity (see Table 2). As it is well known,
the higher the porosity, the higher the number of sites for localized

Table 2
Density, porosity and corrosion parameters of composites with multimodal distributions.
Distribution Ecorr (Vscg) Epic (Vsce) Epass (Vsce) Density Residual
(g/cm®)  porosity (%)
Monomodal —134 —0.65 —1.00 2.84 442
Bimodal —1.36 —0.56 —0.93 2.92 1.49
Trimodal —137 —0.63 —1.01 2.93 1.40
Cuatrimodal —136 —0.60 —0.97 2.96 0.49
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attack. It should be noticed however, that as reported in previous
works studying the effect of particle size on the pitting behavior [10],
the measured pitting potentials in this investigation compare favor-
ably because a difference of about 40 mV in the electropositive direc-
tion is observed. Another and more useful approach to understand this
effect is by the difference between Ep;c and Eco,y, Since its magnitude
provides an insight into the easiness or difficulty with which pitting
can occur; the larger the magnitude of Epic — Ecorr, the greater the dif-
ficulty to induce pitting. Interestingly, the smallest and largest differ-
ences are for monomodal and cuatrimodal distributions, respectively.

4. Summary and conclusions

The effect of coated-SiC;, multimodal-size-distribution on the pitting
behavior of Al/SiC, composites has been investigated. The compo-
sites were fabricated by the liquid infiltration of performs prepared
with silica-coated SiC particles in monomodal, bimodal, trimodal and
cuatrimodal fashion. Accordingly, the composites were characterized
electrochemically measuring the passivation, corrosion and pitting
potentials. As expected, the SiO, coatings helped to successfully pro-
tect the SiC particles and avoid formation of the unwanted Al,C; phase.
A detailed characterization of the corrosion products in the composites
after the electrochemical tests confirms the presence of aluminum
hydroxide and magnesium hydroxide. Pitting corrosion potential, Ep;,
becomes less negative (more noble or in the electropositive direction)
with increase in particle size distribution. The corresponding values
for monomodal, bimodal, trimodal and cuatrimodal distribution are
—0.65, —0.56, — 0.63 and — 0.60 V, respectively. This behavior is asso-
ciated to the higher resistance of the passive layer to rupture by
the action of chlorides, which is ultimately interpreted as higher poten-
tial required to induce the pitting on the aluminum matrix. On the
other hand, - within the framework of the current study- E., and
Epass, don't seem to be influenced by particle size distribution.
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