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Abstract

In this study, the pitting susceptibilities of Al-Cu alloy based metal matrix composites
(MMCs) reinforced with boron carbide (B4C) particles have been investigated using cyclic
polarization (CP) technique in aerated and deaerated 3.5 wt.% NaCl solution. The effects of
reinforcement particle volume fraction and artificially aged (T6) process on corrosion beha-
viour of the composites have been also examined. It has been found that the 30 % B4C MMC
is more susceptible to pitting attack compared with 10 % B4C MMC.
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1. Introduction

Aluminium alloys are used widely in aerospace
and, more recently, in automotive industry as well
as in defence industry. Ceramic particulate reinforced
metal matrix composites (MMCs) have been the
most popular ones for applications in these indus-
trial branches. It is well known that boron carbide
(B4C) has some excellent physical and chemical prop-
erties, such as ultrahigh hardness, low density, excel-
lent thermal stability, neutron absorption. So MMCs
reinforcing B4C particulates provide higher strength
and stiffness, better thermal and creep properties and
dimensional stability. However, B4C is a very hard
phase and extreme susceptible to brittle fracture [1–9].
Nowadays, ageing treatment has been widely used

to increase the strength of Al-Cu alloys. Several cor-
rosion studies [10–13] indicated that ageing treatment
might affect greatly the corrosion behaviour of MMCs.
Lucas and Clarke [1] summarized that the composi-
tion, volume fraction, location, and potential of the
precipitates (or micro constituents) have a direct ef-
fect on the amount, form and distribution of the corro-
sion attack of the MMC. For example, the formation
of CuAl2 precipitates during ageing in Al-Cu based
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alloys alters the pitting characteristics of the matrix
alloy, and therefore their composites. Hollingsworth
et al. [14] report that solution potential of CuAl2 is
−730mV (vs. SCE) and the value is more noble than
solution potential of aluminium (–840mV vs. SCE)
in high concentration sodium chloride (NaCl) solu-
tion. In other words, CuAl2 phases act as the cath-
ode in Cu-containing Al alloys and this stems from
potential differentiations in Al alloys or its compos-
ites [1]. Consequently, Al-Cu based alloys or its com-
posites are more susceptible to pitting corrosion. On
the other hand, electrochemical behaviour of boron is
the same as CuAl2 precipitates in Al alloys. Pohlman
[15] investigated corrosion susceptibilities of boron
fibre (Bf) reinforced AA2024 composites for different
ageing times in 3.5 % NaCl solutions [1]. He found
that the fibre/matrix interface was preferentially at-
tacked in the composites. In addition, deposition of
oxide films of copper on the matrix alloy surface en-
hances corrosion activities of these materials because
Cu forms p-type oxide on the surface, of which its
electrical conductivity increases with the oxygen pres-
sure, whereas Al forms n-type oxide on the surface,
of which its electrical conductivity decreases with the
oxygen pressure [16, 17]. Thus, the oxide layer is more
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Ta b l e 1. Open circuit (Eocp), corrosion (Ecorr), pitting potentials (Epit), and corrosion current density (icorr) values of
unaged and aged (T6) composites in aerated 3.5 % NaCl solution

Material Eocp (mV) Ecorr (mV) Epit (mV) icorr (µA cm−2)

10 % B4C MMC –672 –624 –605 4.2
30 % B4C MMC –678 –635 –626 6.0

10 % B4C MMC-T6 –625 –586 –577 3.8
30 % B4C MMC-T6 –635 –596 –582 5.7

complex when compared with unageing conditions.
Notwithstanding above studies, the published research
works on the corrosion of MMCs reinforced with B4C
particles are rather limited.
Our previous studies [3, 4, 17, 18] were focused

on the role of SiC and TiC particle reinforcements on
the corrosion behaviour of the aluminium. Therefore,
the aim of the experimental study is to calculate the
pitting and reverse potential (Epit and Erp) and to
study the effect of artificially aged (T6) on the cor-
rosion characteristics of Al-Cu/B4C MMCs in 3.5 %
NaCl solutions.

2. Experimental procedure

The composites reinforced with B4C particles at
weight percents of 10 and 30 % were produced by
using conventional hot press method and then arti-
ficially aged (T6). The matrix alloy used in this work
is aluminium-based alloy containing 5 wt.% Cu. The
details of the production method and ageing process
were given in the previous study [19].
The corrosion susceptibility of each material was

analysed by measurements of the cyclic and poten-
tiodynamic polarizations. The pitting kinetics of the
composites was obtained from the polarization graph-
ics. In this study, ASTM standards (G 1 and G
5) are used for checking the experimental technique
and instrumentation and the prepared corrosion test
specimens [20, 21]. The all electrochemical meas-
urements were carried out using a PGS95 potentio-
stat/galvanostat (BANK Inc., Germany) in aerated
and deaerated 3.5 wt.% NaCl solution at room tem-
perature. An Ag/AgCl electrode and platinum (Pt)
electrode were used as reference and auxiliary elec-
trodes, respectively. The specimens were ground suc-
cessively from 400 to 1200 grit and immersed into the
solution until a steady open circuit potential (OCP)
was obtained. After equilibration, PDS and CP tests
were started at a rate of 10mVmin−1. The solution
was deaerated to remove oxygen with N2 gas. The
deaerated process started 60 minutes prior to meas-
urement and continued until the end of the experi-
ment. After polarization, specimens were ultrasonic-
ally cleaned with distilled water for metallographic

Fig. 1. PDS curves of unaged composites in aerated solu-
tion.

observations. The corroded surfaces were examined
using a scanning electron microscope (SEM). In ad-
dition, phase identification of the composites is per-
formed by using an X-ray diffraction (XRD, Rigaku)
with Cu Kα radiation.

3. Results

Potentiodynamic scanning (PDS) curves of both
unaged and aged (T6) composites in aerated solution
are given in Figs. 1 and 2, which show the effect of
B4C ratios on the corrosion resistance.
In addition, the Ecorr, Epit and icorr values calcu-

lated from the polarization curves, in which the ex-
periment was carried out in 3.5 % NaCl/laboratory
atmosphere, are presented in Table 1.
Table 1 indicates that the corrosion resistances

(Ecorr, icorr) of the composites decrease with the in-
crease of B4C volume fraction in both unaged and
aged conditions. In addition, it can be clearly seen
that the corrosion potential approaches closely to the
pitting potential because of subtle polarization effect
in aerated conditions. Therefore, in the second stage
of the study, all electrochemical tests were repeated
under nitrogen (N2) atmosphere. Cyclic polarization
(CP) curves of the unaged and aged composites after
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Ta b l e 2. Potential and current density values of the unaged and aged composites in deaerated 3.5 % NaCl solution

Material Eocp (mV) Ecorr (mV) Epit (mV) Erp (mV) icorr (µA cm−2)

10 % B4C MMC –709 –1008 –528 –717 1.2
30 % B4C MMC –690 –968 –604 –748 3.0
10 % B4C MMC-T6 –672 –979 –541 –748 1.0
30 % B4C MMC-T6 –677 –828 –559 –718 2.1

Fig. 2. PDS curves of aged composites in aerated solution.

Fig. 3. CP curves of unaged composites in deaerated solu-
tion.

deaerated process are compared in Figs. 3 and 4. In
these curves, the pitting potentials (Epit) could be eas-
ily determined by a marked rise in the anodic current
density for the each particle volume fraction.
The Ecorr, Epit, Erp (reverse potential) and icorr

values calculated from the curves are given in Table 2.
CP curve hysteresis can provide information on pit-

ting corrosion rates and how rapidly a passive film
repairs itself. All polarization curves in Figs. 3 and 4

Fig. 4. CP curves of aged composites in deaerated solution.

have a positive hysteresis because the reverse scan cur-
rent densities are greater than those of forward scan.
Also, the hysteresis loops of the polarization curves of
the unaged composites are of smaller size in compar-
ison with the T6 tempered composites. From Table 2,
it can be seen that the icorr values of the materials
that increased with increasing B4C particle fraction
did not increase with ageing. The behaviour is the
same as for aerated solutions (Table 1). On the other
side, the maximum value of icorr reaches 3.0 µA cm−2

in unaged 30 % B4C MMC, but the value is smaller
than icorr values in Table 1.
Corroded surfaces of the composites are given in

Fig. 5, where developing pit cell sizes were determined
in the range of 175–250 µm and 75–200 µm for 10
vol.% and 30 vol.% B4Cp composites, respectively.
Metallographic observations on the composite sur-

faces indicate preferentially corrosion formed around
B4C particles (Fig. 6a). In addition, pits on the matrix
constituent of the composites were generally rounded
edge, crystallographic, widespread and irregular shape
as seen from Fig. 6b. In addition, XRD results also
indicate that Al4C3 phase is not formed during the
fabrication and/or ageing of the composites (Fig. 7).

4. Discussion

In aerated conditions, the corrosion rate (icorr) of
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Fig. 5. SEM morphology of a) 10 vol.% B4C and b)
30 vol.% B4C composites.

30 vol.% B4C composite for any potential value in
the anodic polarization zone (Figs. 1 and 2) is higher
than that of 10 vol.% B4C composite. In other words,
the oxide film resistance of the surface decreases with
increasing B4C volume fraction. These results are in
accordance with composite theory because it is well
known that the presence of reinforcement in the mat-
rix alloy may cause cracks and discontinuity on the
surface oxide layer that increase with increasing re-
inforcement volume fraction [11, 22]. In Fig. 6a, the
corrosion occurred principally at the matrix alloy/B4C
interfaces because the surface oxide film in these areas
was defective.
The X-ray mappings taken in the SEM indic-

ate that Cu content is relatively high at the mat-
rix/reinforcement interfaces (Fig. 8). The copper is
an essential component in producing the high strength
ageing alloys [14, 23]. However, it seriously diminishes
the corrosion resistance of Al alloys. Hollingsworth
et al. [14] report that solution potential of CuAl2 is
−730mV and the value is nobler than solution po-
tential of aluminium (–840 mV). CuAl2 precipitations

Fig. 6. a) Preferentially corrosion formed around B4C
particles in the 10 vol.% B4C composite and b) established
pit on the 30 vol.% B4C composite in the T6 conditions.

Fig. 7. XRD patterns of the aged composites.

formed on the matrix/reinforcement interfaces with
ageing (T6) may have enhanced corrosion susceptib-
ility of the composites (Fig. 7). In other words, the
noble components (CuAl2) gathered due to segrega-
tion increase the ratio of local cathode area at the
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Fig. 8. a) SEM image and the X-ray maps of b) Cu and c)
B of 30 vol.% B4C composite.

Fig. 9. Micro-cracks and disespoused place of boron
carbide due to intensive matrix corrosion in T6 heat-

treated 30 vol.% B4C composite.

B4C/matrix interfaces when the potential exceeds the
Epit value, corrosion may start in these points [1, 14]
(Fig. 5).
It can be clearly seen from Table 1 that the cor-

rosion potential approaches closely the pitting poten-
tial. Therefore, it is very difficult to completely de-
termine the effect of polarization. In this case, deaer-
ated process has been carried out in the corrosion cell.
The process provides a convenient, reliable method for
the determination of pitting and protection potentials
[24]. As seen from Figs. 3, 4 and Table 2, both the
icorr and Epit values of the composites increase negat-
ively with increasing the B4C volume fraction in both
unaged and aged conditions. In the case of consider-
ing these results together, it can be concluded that 10
vol.% B4C composite exhibits higher corrosion resist-
ance than that of 30 vol.% B4C composite (Figs. 5 and
6).

According to Trowsdale et al. [10], a significant
contribution to increasing the pitting susceptibility of
the composites is the presence of voids and crevices
because of altering the normal pitting behaviour of
the MMCs. It is well known that during the fabrica-
tion of particle reinforced MMCs, reinforcements may
crack or break into pieces and in the case of the poten-
tial of composite exceeds Epit, pitting may form and
grow at these cracks [3, 25]. In addition, areas, which
have different potentials, may increase, and when the
potential exceeds Ecorr value, as a result these areas
may act as corrosion nucleation sites [1, 26]. Similar
results were also obtained in the previous studies [3, 4]
and were in agreement with the depictions observed by
Turnbull [13]. In the present study, the porosity val-
ues in sintered condition under pressure for all types
of material are below 2 % [27]. However, the presence
of micro-cracked particles can form preferentially in-
duced corrosion mechanism. In this case, the corrosion
will continue around these particles and also provide
the development of main pits. At the advanced stages
of the corrosion, the pit extends in-depth and ejects
the reinforcements from the structure as seen in Fig. 9.
Some research groups reported that the pitting po-

tential itself was insufficient to access the likelihood of
pitting [1, 28, 29]. In addition, Nisancioglu and Holton
[30] argued that Epit could not be used as a criterion
for determining the pitting susceptibility of aluminium
alloys. Therefore, determination of Erp (or protection
potential, Eprot) in chloride medium provides a rapid
means of evaluating the material for its resistance to
localized corrosion. The ability to repassivation dur-
ing reverse scan suggests that the composites develop
passive film with ability to repair itself and during
the forward scan this ability also helps to achieve
a more noble pitting potential. When the potential
exceeds the Erp value, the equilibrium condition is
lost during polarization, which causes change in cur-
rent density, hence rupture in protective films. While
the parameter (Epit-Ecorr) is a measure of the extent
of the passive region on the polarization curve and
provides an indication of the susceptibility to pitting
in deaerated solution, the parameter (Epit-Erp) is used
to assess the repassivation behaviour of propagation
pits, hence active sites can easily be eliminated loc-
ally [10]. A decrease in value of the (Epit-Erp) from
207mV in 10 vol.% B4C composite to 159mV in 30
vol.% B4C composite is calculated in the aged condi-
tion (Table 2). The possible reasons for this change
in electrochemical behaviour can be B4C volume frac-
tion and/or T6 heat treatments as mentioned above.
On the other hand, the hysteresis loop of polariza-
tion curves of the unaged composites (Fig. 3) is smal-
ler when compared to the aged composites (Fig. 4).
This accounts for the easier repassivation tendency
due to the absence of B4C particles, which can act
as a cathode in irritating the growth of the pits. The
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Fig. 10. Micro-submicro local batteries in a) the 10 vol.% and b) 30 vol.% B4C composites and typical oxide micrographs
of c) the 10 vol.% and d) 30 vol.% B4C composites.

pit sizes also decreased with increasing B4C content,
probably due to B4C particles, which are acting as
physical barriers to the corrosion process (Fig. 5).
B4C particle reflects property of noble characteristic
in the aluminium matrix and does not undergo corro-
sion (Fig. 6a). Meanwhile, the structure tends to in-
duce many micro-submicro local batteries, and causes
the matrix grains potentially differentiate (Fig. 10a,b),
thus increases the pitting potential. This behaviour
may cause to form the small anode-big cathode cor-
rosion type and the corrosion increase significantly.
This process progresses quickly and continues until the
matrix degradation. The following reactions take part
in this process:

Al→ Al3+ + 3e−, (1)

Al3+ + 3H2O→ Al(OH)3 + 3H+. (2)

After oxidizing of Al3+ ions according to reaction
(1) and (2), they will react with Cl− ions and trans-
form to aluminium chloride according to the reactions
(3), (4) and (5). This may cause an increase in the

solubility of the oxide film (Fig. 10c,d) [19, 20, 31]:

Al(OH)3 +Cl− → AlCl(OH)2 +OH−, (3)

AlCl(OH)2 +Cl− → AlCl2OH+OH−, (4)

AlCl2OH+Cl− → Al3+ + 3Cl− +OH−. (5)

5. Conclusion

The experimental study showed that the 30 % B4C
MMC was more susceptible to pitting attack com-
pared with 10 % B4C MMC. In addition, the following
conclusions can be drawn from the above study:
1. The polarization results show that the B4C and

its volume fraction have a great effect on the electro-
chemical behaviour of the composites in 3.5 % NaCl
solution.
2. (Epit-Erp) parameter must be used to determine

the tendency of the active metal dissolution in the
media.
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3. From the cyclic potentiodynamic polarization
curves and SEM images, when the potential has
reached the Erp, the active site on the aluminium sur-
face was blocked and the surface oxide film repaired
itself by corrosion products.
4. The SEM images show preferentially corrosion

formed around B4C particles in the composites prob-
ably because of the CuAl2 precipitation phases.
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