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Corrosion Protection of In Situ Al-Based Composite
by Cerium Conversion Treatment
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Cerium conversion films were deposited on the surface of in situ aluminum-based composite in solutions
containing different cerium chloride (CeCl;) and hydrogen peroxide (H,0,) concentrations at 30 °C. The
morphology and composition of conversion films deposited in various solutions were investigated using
scanning electron microscopy, energy dispersive x-ray analysis, and x-ray photoelectron spectroscopy
(XPS). SEM observations revealed that only patches of film can be deposited on the composite surface when
immersed in solutions with low CeCl; and H,0, concentrations. However, entire composite surface was
covered with a compact film when immersed in a solution containing 10 g/L. CeCl; and 100 mL/L H,0,.
XPS results indicated that cerium was incorporated as Ce*" species in the hydrated oxide film. The
formation of such hydrated conversion film on the composite resulted in low anodic current density and
more noble pitting potential when exposed to 3.5% NacCl solution.
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1. Introduction

Due to increasing demand on lightweight materials in
industrial sectors, aluminum-based metal matrix composites
(MMCs) have become increasingly used for critical structural
applications because of their excellent stiffness to density and
strength to density ratios. Discontinuous short fibers, whiskers,
and particulates are typical fillers commonly used to reinforce
the Al-based MMCs. Particle-reinforced MMCs possess dis-
tinct advantages over fiber reinforced composites in terms of
their low cost and isotropic mechanical properties consider-
ations. The ex situ MMCs can be prepared by introducing
ceramic particulates into aluminum or its alloys via ingot
casting and powder metallurgy (PM) processes. However,
agglomeration of ceramic particulates often occurs during the
fabrication of ex situ MMCs. Moreover, the sizes of ex situ
ceramic particulates are very large, typically in the range of tens
to hundreds of micrometers. Such large ceramic particulates
fracture readily during mechanical loading, leading to the
composites exhibit poor mechanical performances. In this
respect, novel processing techniques based on the in situ
production of reinforced ceramic particles have been devel-
oped. These techniques include exothermic dispersion (XD),
reactive hot pressing (RHP), combustion-assisted cast and
direct reaction synthesis (Ref 1-3). Among these, RHP process
is attractive due to their simplicity and flexibility. In the
process, ultrafine ceramic particulates are formed in situ by the
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exothermic reaction between the element constituents of
composites under hot pressing conditions. The reduction in
the particle size is beneficial to improve the mechanical strength
of the MMCs.

Silicon carbide particles are frequently used to reinforce the
Al-based alloys due to their low cost and availability. However,
SiC particles react readily with aluminum during processing,
yielding Al4C; interfacial product. This results in the compos-
ites having poor mechanical properties. Titanium diboride
(TiB,) has distinct advantages over SiC because of its inertness
to aluminum. In other words, formation of brittle reaction
products at the reinforcement-matrix interface can be avoided
using the TiB, particles. Moreover, TiB, particles exhibit high-
elastic modulus and hardness, high melting point, and electrical
conductivity as well as good thermal stability (Ref 4).
Accordingly, several studies have been conducted in recent
years to synthesize the in situ TiB, particulate reinforced
Al-based composites with enhanced mechanical properties
(Ref 5-8).

The ex situ Al-based MMCs have been used as impellers
and agitators in marine environments. However, pitting corro-
sion is the major problem that leads to severe degradation of ex
sitt MMCs in marine environments. To facilitate the applica-
tion of in situ Al-based MMC:s in chloride-containing environ-
ments, their pitting corrosion behavior and protection must be
properly understood. In a previous study, we have investigated
the corrosion behavior of Al-based composites containing in
situ TiB,, Al,O3, and Al3Ti reinforcements in aerated 3.5%
NaCl solution (Ref 9). The results showed that these compos-
ites were also susceptible to the pitting corrosion when exposed
to a chloride environment.

Chromate conversion coatings have been used extensively
to protect the aluminum from pitting corrosion. Due to the
toxicity of chromate, the use of environmentally friendly rare-
earth metal conversion coatings for corrosion protection of
aluminum alloys has attracted increasing attention of materials
scientists. It is generally known that the additions of rare-earth
metal ions such as Ce>", Y*', La®", Pr*", Nd** to the chloride
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containing solutions can improve the pitting corrosion resis-
tance of metallic alloys (Ref 10-13). Corrosion inhibition by
cerium salts is associated with the formation of insoluble
hydrated cerium oxide film over cathodic sites on the alloy
surface. Thus the insoluble hydroxides act as effective cathodic
inhibitors by suppressing kinetics of the oxygen reduction at
cathodic sites of aluminum alloy surfaces (Ref 11). To
accelerate the formation of a cerium oxide/hydroxide film,
further addition of hydrogen peroxide or sodium perchlorate to
the cerium chloride bath is needed (Ref 14). Similarly, rare-
earth conversion coatings are also reported to be beneficial in
improving the pitting corrosion resistance of ex situ Al-based
composites (Ref 15-19). Chen and Mansfeld modified the
surface of an Al 6092/SiC,, composite through anodizing in
sulfuric acid followed by sealing in either hot water or cerium
nitrate solutions (Ref 15). They reported that sealing in cerium
nitrate provided better corrosion protection for the composite.
Hamdy et al. indicated that the degree of corrosion protection
of Al-based composite depends on the specimen preparation or
surface modification prior to cerium pretreatment (Ref 16).
Pitting corrosion occurs in the composite specimen immersed
directly in cerium chloride solution due to the formation of very
thin film of cerium oxide. Anodizing in boiling distilled water
is necessary for corrosion protection prior to cerium salt
treatment. This is because cerium can be incorporated into the
pores of thick anodized film to block the active surface sites.
More recently, Pardo et al. studied the effects of lanthanum and
cerium-based treatments on the corrosion behavior of A360/
SiC, and A380/SiC,, composites (Ref 17, 18). The composites
without treatment are susceptible to localized corrosion as a
result of their heterogeneous microstructure. The pits nucleated
preferentially at the matrix-SiC,, and matrix/intermetallic com-
pounds interfaces, leading to high corrosion rates. Both Ce and
La treatments reduce the corrosion rate and localized pitting
attack. The protection mechanism is associated with the
formation of CeO, or La,O; over intermetallic compounds,
SiC,, and Si eutectic, thereby blocking the cathodic reaction of
the corrosion process. There is no information available in the
literature relating the corrosion protection of in situ Al-based
composites with rare-earth conversion film. It is considered that
the rare-earth conversion films can offer a high degree of
protection for the in situ Al-based composites immersed in
marine environments. This work aims to study the effect of
cerium oxide conversion film on the Al-based composite
reinforced with Al,Oz and TiB, in situ particles. The conver-
sion film formed on the in situ Al-based composite was
characterized using scanning electron microscopy (SEM),
energy dispersive x-ray analysis (EDX), and x-ray photoelec-
tron spectroscopy (XPS).

2. Experimental Procedure

2.1 Cerium Gonversion Treatment

The Al-based composite reinforced with in situ Al,O5; and
TiB, submicron particulates was prepared from the Al-TiO,-B
system with B/TiO, ratio of 6/3 via RHP process. The
preparation of such in situ Al-based composite had been
reported previously (Ref 20-22). Herein we briefly described its
synthesis via RHP from the Al-TiO,-B system. In the process,
the powders were ball milled in alcohol for 8 h and then dried.
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The cold compacted powder mixture was heated to above
800 °C in a vacuum and maintained for 10 min, then cooled
down to 600 °C and hot pressed at ~150 MPa. The pressed
billets were extruded at an extrusion ratio of 20:1 at 420 °C.

The chemical reactions between the Al, TiO,, and B
powders during RHP take place as follows:

3TiO, + 13A1 — 2A1,05 + 3ALTi (Eq 1)

(Eq 2)

When boron is absent, only TiO, reacts with Al, leading to
the formation of Al,O; and brittle Al3Ti phases (reaction 1).
The amount of Al;Ti phase can be reduced by adding B to the
TiO,-Al system. Further, B addition also induces the formation
of TiB, particles (reaction 2). The amounts of Al,O3, TiB,, and
Al;Ti phases can be controlled by varying the boron content.
When the B/TiO, molecular weight ratio reaches 6/3, the Al;Ti
phase can be eliminated. Under this condition, only Al,O3 and
TiB, particles are in situ formed within aluminum matrix. The
actual volume contents of in situ Al,O3 and TiB, reinforcing
particles determined from the x-ray diffraction technique were
11.7% and 8.7%, respectively. The microstructure of the
composite is shown in Fig. 1. The in situ TiB, particles exhibit
hexagonal appearances and distribute uniformly within alumi-
num matrix of the composite.

Cylinder specimens for conversion treatment were cut from
the composite. Prior to the conversion treatment, the specimens
were ground down to 1200 grit silicon carbide paper and
degreased. They were then immersed in solutions containing
different CeCl; and H,O, concentrations under pH 2.5 at 30 °C
for 1 h (Table 1). After conversion treatment, the specimens
were rinsed with distilled water and dried.

3TiO; + 6B + 4Al — 2A1,05 + 3TiB,

AccV  Spot Magn Det
"20.0kV 3.0 5000x  SE
e - Ew

Fig. 1 Typical microstructure of Al-based composite reinforced
with in situ Al,O; and TiB, particulates. The TiB, particulates ex-
hibit hexagonal morphology

Table 1 Composition of conversion solutions at pH of 2.5

Solution 1 2 3 4
CeCl; - 7H,0, g/L 3.0 6.0 10.0 15.0
H,0,, mL/L 20 50 100 200
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2.2 Characterization of Conversion Films

The conversion films were characterized using SEM, EDX
and XPS. Prior to SEM observation, the specimens were coated
with Au film to reduce undesirable charging effects. The XPS
measurements were carried out using a Physical Electronics
Industries (PHI 5802 system) equipped with a standard Al
Ko x-ray source (1486.6 eV) and a hemispherical analyzer.
The pressure in the specimen chamber was kept at about
1x107 Torr.

2.3 Electrochemical Measurements

The electrochemical measurements were carried out using a
Princeton Applied Research (PAR) potentiostat (Model 273A)
equipped with M 352 corrosion measurement software. A
three-electrode electrochemical cell consisted of working
electrode, saturated calomel electrode (SCE), and graphite
counter electrode was used. The variations of the open circuit
potential (E,c,) with time of the composite specimens during
conversion treatment in solutions containing different CeCl;
and H,O, concentrations were recorded.

The potentiodynamic polarization tests of untreated and
cerium chloride treated specimens in aerated 3.5 wt.% NaCl
solution at 25 °C were also performed. Paint suitable for marine
environment was used to mask the specimen-epoxy boundary
to avoid the crevice corrosion. After stabilization of E,, the
potentiodynamic scan was initiated from —150 mV with
respect to the E,, toward anodic direction at a rate of
0.5 mV s™'. The measurements were repeated twice to ensure
reproducibility of the test results.

For cyclic voltammetry test, the solutions used were 10 g/L
CeCls, and 10 g/L CeCl; with 100 mL/L H,O,. The measure-
ment was started from the open circuit potential and scanned
toward cathodic direction. The scan direction was reversed
when the potential reached a value of —1.0 V with respect to
open circuit potential. It was then terminated at the open circuit
potential. The scan rate employed was 50 mV s™'.

3. Results and Discussion

3.1 Potential-Time Characteristics

Figure 2 shows the variations of the open circuit potential
with time for the composite specimens immersed in solutions
containing different CeCl; and H,O, contents with pH of 2.5 at
30 °C for 1 h. The compositions of the solutions are listed in
Table 1. During the measurements, the potentiostat monitors
and records the electrode potential of the specimens immersed
in solutions investigated for every 50 s. Such signal is then sent
to a personal computer and stored. When the electrode is
immersed in the solution, the negative shift of the potential
implies the dissolution of the original oxide film formed on the
specimen, i.e., surface activation. In contrast, the positive shift
of the potential indicates the formation of a protective film and
an increase in the passive film thickness. For solutions 1 and 2,
the open circuit potential of the composite shifts toward more
negative direction with increasing immersion time. Thus no
protective film is formed on the specimen. For solution 3, the
potential of the specimen shifts toward negative direction
during the first 860 s immersion, and then reversely displaces
toward anodic direction. After ~2000 s, the potential stabilizes
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Fig. 2 Open circuit potential vs. time curves for the composite
specimens immersed in solutions containing different CeCl; and
H,O, contents for 1 h

at —0.39 Vgcg. At this stage, a protective film is formed on the
composite after initial surface activation during conversion
treatment. For solution 4, the variation trend of the potential
with time is similar to that of solution 3. For these four
solutions having the same pH, it is evident that the open circuit
potential of the specimen depends greatly on the Ce’” and
H,0, concentrations of the solutions. When the in situ
composite is immersed in CeCl; solution containing H,O,,
the potential difference between the reinforced particles and the
aluminum matrix favors formation of local micro cells. The
main electrochemical reactions take place during immersion
can be described as follows:

Al — APT + 3e (Eq 3)

0, + 2H,0 + 4e — 40H™ (Eq 4)

In the process, TiB, and Al,Oj3 reinforcing particles of the
composite investigated are considered to act as the cathodes,
thus the pH near these particles increases due to the cathodic
reaction. When a critical pH for forming cerium conversion
film is reached, the film would precipitate on the cathode sites
initially. The oxidizing agent, H,O,, of the conversion solution
is decomposed into water and oxygen according to the
following reaction:

2H,0, — 2H,0 + O, (Eq 5)

The O, released from H,0, then takes part in the reduction
reaction at the cathodic sites. The H,O, oxidizing agent
accelerates formation of the conversion film to a very short
period of time, i.e., 1 h. From Table 1, the H,O, concentration
of solution 1 is quite low, thus only limited O, is released into
the solution. This leads to a lack of O, at the cathodic sites for
oxygen reduction reaction to take place. Under this condition,
formation of the cerium conversion film is rather difficult. For
solution 2 containing higher Ce*" and H,0, contents, the open
circuit potential displaces to a more positive value compared to
that of the solution 1. With further increasing the concentrations
of H,0, and Ce*" in solution 3, the oxygen reduction reaction
occurs more readily on the specimen surface. Consequently, the
pH of the local cathodic sites increases and this facilitates the
deposition of cerium conversion film from the solution.
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Apparently, hydrogen peroxide is critical to formation of
oxide film on the electrode surface. Figure 3 shows the cyclic
voltammetric curves of the composite specimen immersed in
10 g/L CeCl; solution, and 10 g/l CeCl; solution containing
100 mL/L H,O,. It can be seen that the addition of H,O,
obviously affects the cathodic reaction on the surface of
electrode. The characteristic potential of H;O, decomposition
was found to be about —0.65V.

3.2 Morphology of the Conversion Film

Figure 4(a-d) shows the surface morphologies of cerium
conversion films formed on the composite specimens immersed
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Fig. 3 Cyclic voltammetric curves of the composite specimen im-
mersed in 10 g/L CeCl; solution, and 10 g/L CeCl; solution contain-
ing 100 mL/L H,O,

in different solutions. From Fig. 4(a) and (b), Ce-rich film just
covers some local areas of the specimen surface. This is as
expected because the Ce®” and OH™ concentrations of the
solutions 1 and 2 are quite low. However, entire surface of the
specimen immersed in solution 3 is covered by a conversion
film with “dry mud” morphology (Fig. 4c). This implies that
the solution 3 favors formation of a compact conversion film.
Severe cracks can be observed in the conversion film with
further increasing the Ce*" and H,0, concentrations in solution
4. This is because Ce-rich agglomerates are precipitated on the
conversion film due to an increase of the precipitation rate
(Fig. 2¢). The EDX results for selected areas as marked as A,
B, C, and D in Fig. 4(a-d) are listed in Table 2. Apparently, the
conversion films consist mainly of cerium and aluminum.
Titanium is originated from a pear-liked region with a depth of
a few micrometers below the composite surface during the
EDX measurement. We consider that the conversion films do
not contain titanium. Electron spectroscopic method such as
XPS is an effective tool to determine the surface composition
and valency states of the elements in the conversion film.

Table 2 Composition (at. %) for the selected areas in the
conversion films as shown in Fig. 4a-d determined by
EDX

Area o Al Ti Ce Au
A 61.33 31.31 2.78 33 1.28
B 61.47 30.25 2.83 4.2 1.25
C 53.38 31.49 3.26 5.89 5.98
D 55.99 26.18 2.62 7.98 7.33

Fig. 4 Surface morphologies of the cerium conversion films formed on the composite specimens immersed in (a) solution 1, (b) solution 2, (c)

solution 3, and (d) solution (4)
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3.3 Composition of the Conversion Film

Figure 5 shows the XPS survey scan spectrum of the
conversion film immersed in solution 3. It is evident that Ce, O,
C, and Al elements are present in the conversion film. The
carbon comes from contaminated hydrocarbon species on the
specimen. Thus, the conversion film consists of mixed cerium/
aluminum oxides and hydroxides. The hydrocarbon species
originate from the solutions and specimens. It also can be
deposited from air to the composite surfaces during insertion of
the specimens into XPS spectrometer. The specimens were
washed with distilled water prior to XPS measurement.
However, XPS spectrometer is surface sensitive and can detect
extremely small amount of hydrocarbon species (e.g., C,H,) on
the specimen surfaces. Figure 6 shows the XPS Ce3d spectrum
of the conversion film. According to the literature, the Ce3d
spectrum of CeO, exhibits characteristic 3ds, peak at
881.6 eV, 3ds, peak at 899.9 eV and satellite peak at 916 eV
(Ref 23-25). The interpretation of satellite peak is rather
complicated. It could arise from electronic transitions such as
shake-down or shake-up (Ref 26), or from electron interactions
such as multiplet splitting or hybridization (Ref 27) during
photoemission process. Shake-up like occurs when an outer
shell electron is excited to an unoccupied orbital during
photoemission. This leads to an energy loss as a result of
electron excitation. Multiplet splitting is resulted from an
interaction between spin of excited electrons with valence
unpaired electrons. Hybridization is associated with an inter-
action between cerium and its neighboring atoms. Despite the
disagreement in interpretation of satellite peak of the Ce3d
spectrum, the satellite peak is generally used as an indicator for
the presence Ce*" species as such a peak is missing in the 3d
spectrum of Ce®* species. From Fig. 6, the Ce3d spectrum of
conversion film also shows a distinct satellite peak at 915.9 eV,
demonstrating that the film consists mainly of Ce*" instead of
Ce**. 1t is considered that the H,0, oxidizing agent promotes
oxidation of Ce®" from solution 3 with into Ce*" species during
the film deposition. The addition of H,O, facilitates deposition
of Ce(OH),4 or CeO, - H,O from a cerium salt solution via the
following reactions (Ref 28):

O1s

5
s
2
2
o Ce3d
=
C  cead
Al

1200 1000 800 600 400 200 0
Binding energy / eV

Fig. 5 XPS survey scan spectrum of the conversion film formed on
the composite specimen immersed in solution 3
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2Ce*" + Hy0, +20H™ — 2Ce(OH)3" (Eq 6)

Ce(OH3" +20H™ — CeO;, - 2H,0 (Eq 7)

The formation of cerium hydroxide or hydrated cerium
oxide can be verified from the Ols spectrum of conversion film.
Figure 7 shows the Ols spectrum of the conversion film. The
Ols spectrum of the conversion film prior to sputtering is
relatively broad with a full width at half maximum (FWHM) of
more than 4 eV. Thus, this spectrum can be deconvoluted at
least into two peaks located at 529.6 and 531.5 eV, respectively.
A Gaussian peak profile was used to fit the Ols spectrum. The
binding energy located at 529.6 eV is assigned as O~ bonding
(M-0) associated with the Ce*" and AI** species. The binding
energy located at 531.5 eV is assigned as OH™ bonding
(M-OH) associated with hydrated Ce*" species. The peak
height and area of the M-OH deconvoluted peak are compa-
rable to those of M-O peak. The presence of a large amount of
M-OH content in conversion film enhances its corrosion

Intensity / a.u.

940 920 900 880 860
Binding energy / eV

Fig. 6 XPS Ce3d spectrum of the conversion film prepared from
solution 3

— experiment
— baseline

.. fit

Intensity / a.u.

534 532 530 528 526 524 522 520
Binding energy / eV

Fig. 7 Deconvolution Ols spectrum for the conversion film pre-
pared from solution 3
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resistance considerably (Ref 29). Consequently, the conversion
film exhibits self-healing behavior on exposure to chloride
environments (Ref 30). In this regard, cerium conversion film is
expected to exhibit large passivation range when exposed to
chloride containing solutions.

3.4 Potentiodynamic Polarization Behavior

Figure 8 shows the potentiodynamic polarization curves of
the composite specimens coated with conversion films exposed
in 3.5 wt.% NaCl solution. The polarization curve of pristine
composite is also shown for the purpose of comparison. The
corrosion current density of the bare composite is ~5.82 x 107°
A cm ™2 The conversion treatment is very effective to reduce
the corrosion current density of the composite. The improve-
ment of the corrosion resistance of the composite specimens
depends greatly on the CeCl; and H,O, concentrations. For
solution 1, the degree of protection is limited due to the for-
mation of conversion film on localized areas of the composite
surface as mentioned above. By increasing the covering and
uniformity of conversion film, the corrosion current density
decreases substantially. The corrosion current density decreases
t0 2.16 x 1078 A cm ™2 for the composite treated in solution 3.
Furthermore, the anodic passivation range for the conversion-
coated composite specimens is much larger than that of
untreated composite. The pitting potential (£,;) of treated
composite specimens is more noble than that of untreated
counterpart. The E; values for the untreated and solution 3
treated composite specimens are determined to be —681 and
—188 mV, respectively. For the specimen treated in solution 4,
the corrosion current density and E; are 1.8 x 1077 A em™
and —371 mV, respectively. The corrosion resistance is reduced
when compared to the composite treated in solution 3. This
is due to the formation of severe cracks in the conversion
film. The higher corrosion resistance of the conversion film is
associated with the formation of a uniform cerium oxide/
hydroxide film covering the whole surface. Bethencourt et al.
reported that the corrosion protection afforded by the cerium-
containing films derives from the suppression of the cathodic
oxygen reduction reaction (Ref 30). It is believed that
the cerium oxide/hydroxide film creates a barrier to either the
supply of oxygen to, or the supply of electrons from, the

-0.1 F —=s—substrate o
[ —e—sol. 1 =
-0.2F
L —e—sol. 2 &

o8
-0.3F —a—so0l. 3 jf
04k —v—sol. 4
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E/VscE
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2

1/ Acm™

Fig. 8 Potentiodynamic polarization curves of untreated and cerium
chloride treated composite specimens in 3.5 wt.% NaCl solution
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metal. Both of these processes are necessary for the oxygen
reduction reaction at cathodic sites. The suppression of the
cathodic half of the corrosion reaction retards the overall
corrosion rate.

4. Conclusions

Series of solutions containing different concentrations of
cerium chloride and hydrogen peroxide (H,0,) at 30 °C were
used to form protective conversion films on in situ Al-based
composite. A compact film covering entire surface of the
specimen can be deposited on the composite when immersed in
10 g/L and 100 mL/L CeCl; and H,O, at 30 °C as demon-
strated by the potential-time measurements and SEM observa-
tions. XPS results indicated that cerium was incorporated as
Ce*" species in the hydrated oxide film. The compact
conversion film improved the corrosion resistance exposed to
NaCl solution. These were featured by reduction in corrosion
current and anodic current densities, displacement of corrosion
potential and pitting potential to more positive values.
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