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Abstract The aim of this work is to investigate corrosion

protection properties of Ce conversion coating on the

graphite fiber-reinforced aluminum matrix (Gr(f)/Al) com-

posite surface by electrochemical measurements, and

microstructure of the Ce conversion coating was studied by

scanning electron microscopy (SEM), energy dispersive

X-ray (EDX), and X-ray photoelectron spectroscopy (XPS).

It is found that the coating covers the whole surface of Gr(f)/

Al composites as oxidized islands, since there are some

micro-cracks on the coating. The Ce conversion coating

consists of Ce-rich nano-particles, and the contact sites

between particles have some porosity. The porosity is not

obvious during initial deposition, however, as deposition

time prolonged development apparently. Moreover, some

severe cracks may appear during the drying process, since

evaporation of water molecules would cause shrinkage and

large stress is induced. In addition, pretreatment of surface

has an effect on the formation of cracks. Ce conversion

coating has the composition of Ce3+ and Ce4+. Deposition

of Ce-rich coating on Gr(f)/Al composite surfaces shifts the

polarization curves toward lower current density values.

Electrochemical impedance spectroscopy (EIS) data show

that Ce conversion coating improved corrosion resistance as

compared with samples that have no coating.

Introduction

Surface treatments are commonly used in metal protection

systems in the metal industry. The protection methods

used for metal matrix composites are of the same type as

those designed for aluminum alloys. Chromate conversion

coatings are popular methods of surface treatment for Al

or Al matrix composites; however, we know that chro-

mium in hexavalent state is both highly toxic and

carcinogenic, and this has led to a search for alternative

nontoxic surface treatment methods [1, 2]. Rare earth

elements have been regarded as a good alternative for

hexavalent chromium, especially in the case of cerium

which have two higher oxidation states and are reasonably

abundant [3, 4]. In the case of Al and Al matrix com-

posites, the corrosion protection mechanism afforded by

cerium incorporated in the surface oxide is believed to

involve a decrease in the rate of cathodic oxygen reduction

by the precipitation of trivalent cerium hydroxide

(Ce(OH)3) at regions of high pH, to form a complex

hydrated cerium oxide layer on the cathodic sites [5]. This

has been shown clearly for copper-containing aluminum

alloys where cerium-rich insoluble films have been iden-

tified at copper precipitates; these films precipitate from

solutions because of the local increase in alkalinity at the

copper cathodic sites [6, 7]. The Ce conversion coating

inhibits both the cathodic and anodic reactions rate. From

literature [8], the effect of several parameters, such as

temperature, time of immersion, cerium ions and hydrogen

peroxide concentration, pH of the conversion solution, on

the composition and morphology of the conversion coating

is investigated, and agglomerates with a ‘‘dry-mud’’ mor-

phology of mixed cerium–aluminum oxide are deposited

above the cathodic intermetallic particles, while using a

cerium (III) nitrate solution the coating is more uniform

but thinner than that obtained with cerium (III) chloride.

The pretreatment consisted of desmutting, degreasing, and

acid activation had also an effect on the cracks of Ce

conversion coatings [9].
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High-modulus graphite fiber-reinforced aluminum

alloys (Gr(f)/Al) composites are regarded as ideal structure

materials for excellent mechanical properties; however, the

corrosion capacity is much poorer than Al alloys, because

the Gr(f)/Al composite easily leads to the establishment of a

graphite fiber-Al galvanic couple [10–12]. Surface coating

can inhibit formation of galvanic couples by isolating

electrochemical corrosion medium; so it is important to

search protection coatings for Gr(f)/Al composites.

The aim of this work is to investigate corrosion pro-

tection properties of Ce conversion coating on the Gr(f)/Al

composite surface by electrochemical measurements,

and microstructure characterization of the Ce conversion

coating was investigated using scanning electron micros-

copy (SEM), energy dispersive X-ray (EDX), and X-ray

photoelectron spectroscopy (XPS). For comparison, the

corrosion behaviors of uncoated Gr(f)/Al composite were

also studied.

Experimental

The M40 graphite fibers were used as reinforcement and

6061 Al was employed as matrix, which has the compo-

sition of (wt%): 0.30Cu, 1.00Mg, 0.70Fe, 0.60Si, 0.15Mn,

0.20Cr, 0.25Zn, 0.15Ti, remainder Al. The Gr(f)/Al com-

posite samples were fabricated by the patented squeeze-

casting technique, including infiltration of the graphite fiber

performed by molten 6061 Al under a pressure of

*100 MPa.

In the present work, the Ce conversion coating process

involved the following steps: Polishing with 1000# abra-

sive paper ? wiping with acetone ? degreasing in

alkaline solution ? rinsing with distilled water ? pol-

ishing with 1:1HNO3 ? rinsing with distilled water ?
chemical immersion treatment in Ce salt baths ? rinsing

with distilled water ? drying in air. The chemical immer-

sion process of the Ce conversion coating treatment on the

Gr(f)/Al composite surface was obtained and shown in

Table 1.

All the surfaces of specimens were degreased with

acetone and then rinsed in distilled water before being used

for each electrochemical experiment. The corrosion

behavior of the treated samples was evaluated under

immersion in 3.5 wt% sodium chloride using the poten-

tiodynamic polarization and electrochemical impedance

spectroscopy (EIS). All the experiments were conducted at

room temperature (25 �C).

Electrochemical measurements were performed in a

three-electrode cell. Area of exposure of the sample

diameter was 10 mm. An Ag/AgCl electrode was

employed as the reference electrode. The potential of this

electrode with respect to standard hydrogen electrode is

+0.197 V. Graphite bar was used as counter electrode. All

electrochemical experiments were performed after stabil-

ization of free corrosion potential (FCP). In conducting

polarization experiments, the potential was scanned from

the cathodic to anodic direction at a rate of 0.166 mV/s.

Potentiodynamic polarization curves were obtained from

-1200 mV to -200 mV from FCP. EIS measurements

were performed by applying a sinusoidal potential pertur-

bation of 10 mV at FCP. The impedance spectra were

measured with a frequency sweep from 100 kHz to

10 mHz in logarithmic increment. The impedance data

were fitted to appropriate equivalent electrical circuit using

a complex nonlinear least-squares fitting routine, using

both the real and imaginary components of the data.

The resulting coating surface was also characterized

using XPS and scanning electro microscope (SEM), and

the energy dispersive spectroscopy (EDS) unit attached to

the SEM.

Results and discussion

Microstructure

Figure 1 shows a SEM image of the Gr(f)/Al composite

surface. From Fig. 1, it is can be seen that the graphite

fibers combined firmly with Al alloys. Figure 2 shows a

SEM image of Ce conversion coating on the Gr(f)/Al

composite surface. According to EDS analysis, the light-

colored nodules has higher content of Ce. The EDS maps

of the corresponding element plane are shown in Fig. 3; the

Ce content of the coating reached 47.48 wt%. It was found

that the coating covered the whole surface of Gr(f)/Al

composites as oxidized islands, and some micro-cracks

were also found on the coating. The micro-cracks were not

continuous network; this island-like coating was piled up

by spherical cerium-rich particles. The crack initiation is

dependent on a number of factors, for example pretreat-

ment of desmutting, degreasing, and acid activation, and

Table 1 The Ce conversion

coating treatment on Gr(f)/Al

composite surface

Rare earth

solution (g/L)

Accelerator

(g/L)

Stabilizer

(g/L)

pH Temperature

(�C)

Time

(min)

Contents of baths Ce(NO)3 H2O2 H3BO3 – – –

Conditions 3.0–4.0 0.3–0.4 0.03–0.04 3.5–4.5 30 ± 2 120
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other parameters such as temperature, time of immersion,

cerium ions and hydrogen peroxide concentration, pH of

the conversion solution, and so on, which would affect the

composition and morphology [12]. Lin et al. [13] had

proposed that cracks in the Ce conversion coating occurred

as a result of drying process, and the evaporation of water

molecules caused shrinkage in volume, allowing cracks to

form. Obviously, the stress as a result of shrinkage

increased, and thicker the coating is, larger the stress

induced, leading to more severe cracking. From the above

statements, the crack of Ce conversion coating is caused by

evaporation of water molecules and more severe cracking

appears when the coating is thicker. In addition, pretreat-

ment of the surface is effected on formation of cracks.

As reported in previous investigations [14, 15], the rare

earth element was deposited over cathodic areas, probably

as Ce (Ce3+ and Ce4+) hydroxide/oxide, because the pre-

cipitation process was driven by the electrochemical

potential differences, while Al oxide covered the metal

matrix. The cathodic areas on the composite surface had

different deposition rates, so they had different coating

thickness, leading to the final microstructure.

Deposition characteristic

Microstructure of Ce conversion coating with different

immersion times in Ce baths was investigated to find out

the formation of micro-cracks, as shown in Fig. 4. It shows

that some spherical cerium-rich particles are found on the

Gr(f)/Al composites when the depositing time is 1 min;

local distribution of spherical cerium-rich particles is found

when depositing time is 5 min. Micro-crack initiation

appeared after 10 min of depositing, and some micro-

cracks appear when depositing time is 30 min.

The Ce-rich spherical nano-particles are the main

characteristics of Ce conversion coating. Contact sites

between particles have some porosity and the porosity is

seldom during initial deposition; however, micro-cracks

develop apparently with longer depositing time. Moreover,

micro-cracks probably originated from inhomogeneous

deposition on the different surface sites or the increasing

inter-stress of coating during the rapid drying step.

The high-resolution XPS spectra of Ce3d analysis found

that Ce3+ and Ce4+ are present in Fig. 5. Pardo et al. [16]

have shown several binding energies of Ce, the charac-

teristic satellite of Ce4+ and Ce3+. Other researchers have

confirmed the presence of Ce4+ compounds in the Ce

conversion coatings probably related to atmosphere expo-

sition [17]. The presence of Ce3+ ions in the solution

promotes the formation of a conversion coating of Ce(OH)3

on several metal surface forming a thick film composed of

Ce(OH)3 and Ce2O3:

Ce3þ þ 3OH� ! CeðOHÞ3;

2CeðOHÞ3 ! Ce2O3:

The presence of H2O2, resulting from oxygen reduction,

promotes the formation of Ce4+ due to oxidation of Ce3+

[18]:

2Ce3þ þ H2O2 ! 2Ce4þ þ 2OH�:

Thus, the Ce conversion coating is composed of Ce3+

and Ce4+ states as confirmed by XPS results of the Ce-

coating sample. The results suggest that oxidation of Ce3+

compounds may take place.

Ce3þ þ H2O! CeðOHÞ2þ2 þ 2Hþ þ e�:

The Ce conversion coating cannot hinder the hydrogen

evolution that takes place during the passivation process

due to the formation of Ce coatings on the composite

Fig. 1 Surface morphology of the Gr(f)/Al composites

Fig. 2 Surface morphology of the Ce conversion coating on Gr(f)/Al

composites
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surface. The mechanisms involved in corrosion process

seem to be slightly different for Ce conversion coatings.

The surface of the graphite fiber has a lot of local defects,

where the energy is high, leading the Ce deposition

chemical reaction to occur easily in there. In general, Ce

coatings can be obtained on both Al substrate and graphite

fiber surface on Gr(f)/Al composites.

From above, it is concluded as follows: the slight sol-

ubility of Ce3+ and OH- allows the formation of Ce(OH)3,

changed Ce3+ ions to Ce(OH)2
2+ ions or reverse transition in

Fig. 3 The element

corresponding for Ce

conversion coating on Gr(f)/Al

composite surface

Fig. 4 Different deposition

time for procedures of micro-

crack formation
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solution which can diffuse reaching local defects. When

there is contact with the bare oxidizable metal, these ions

reduce to Ce3+ and precipitate as Ce(OH)3 (probably

together with Al(OH)3). This suggests that the Ce-rich

coating was composed of Ce3+ and Ce4+.

Corrosion properties

The corrosion properties of coated and uncoated com-

posites in 3.5 wt% NaCl solution was evaluated by EIS

and potentiodynamic polarization curves. Figure 6 shows

the Nyquist diagrams contrast for coated and uncoated

samples. From Fig. 6, it can be seen that the shape of the

Nyquist diagrams is similar for both samples, and the

shape is like a semicircle. The impedance data are

mainly capacitive. The semicircle for the coated sample

Nyquist diagram has a larger circle diameter. This indi-

cates that higher corrosion resistance for the coated

sample though a relatively lower corrosion resistance was

observed for the uncoated sample. The simulation fitting

procedure was performed using the equivalent circuit of

Fig. 7 and the parameters used are shown in Table 2:

where Rs is the solution resistance, Cp is a constant-phase

element representing the intact layer, Rp is its polariza-

tion resistance [19]. The polarization resistance Rp for the

coated sample (2513 X), which is much higher than the

uncoated sample (1189 X), indicates that Ce conversion

coating can improve corrosion resistance of Gr(f)/Al

composites.

For the potentiodynamic polarization curves for the

coated and uncoated Gr/Al composites, the experiment is

done by immersing in 3.5 wt% NaCl solution at room

temperature as shown in Fig. 8. Ce-rich coating on com-

posite surfaces decreased the corrosion current density

(icorr), partially blocking the cathodic reaction and shifting

the polarization curves toward lower current density val-

ues. Table 3 shows that the uncoated sample has lower

Ecorr (-794 mV) and higher icorr (6.713 lA cm-2); in

contrast, the coated sample has higher Ecorr (-697 mV)

and lower icorr (4.923 lA cm-2).

From this work, we know that the cathodic reaction was

hindered by the presence of the cerium conversion coat-

ings. When the Ce-coated samples are immersed in the

corrosion media, the presence of the cerium conversion

coating delays the onset of corrosion activity. The results

show that the cerium conversion coating formed on the

sample surface delayed the corrosion behavior of Gr(f)/Al

composites when the composite sample was immersed in

corrosion medium. It indicates that Ce conversion coating

can improve corrosion resistance clearly for Gr(f)/Al

composites.

Fig. 5 The high-resolution XPS spectra of Ce3d for Ce conversion

coating
Fig. 6 Nyquist diagrams for coated or uncoated samples

Fig. 7 The equivalent circuit used to model

Table 2 The parameters of equivalent circuits for different treated

samples

Rs (X) Rp (X) Cp (F cm-2)

Uncoated sample 32.15 1189 1.87E-5

Coated sample 34.11 2513 5.23E-5
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Conclusion

From the above research, the coating covered the whole

surface of Gr(f)/Al composites as oxidized islands, and

some micro-cracks were also found on the coating. The

EDS maps show that the amount of Ce reached 47.48 wt%

in the coating. The Ce-rich spherical nano-particles are the

main characteristics of Ce conversion coating. Contact sites

between particles have some porosity and the porosity is

seldom during initial deposition, however, micro-cracks

develop apparently with longer depositing time. Moreover,

some severe cracks may appear during the drying process,

since evaporation of water molecules would cause shrink-

age and large stress is induced. In addition, pretreatment of

the surface has effect on the formation of cracks. EIS data

show that the Ce conversion coating improved corrosion

resistance of the Gr(f)/Al composites. Potentiodynamic

polarization curves show that the uncoated sample has

lower Ecorr and higher icorr; in contrast, the coated sample

has higher Ecorr and lower icorr. So, we can conclude that

Ce conversion coating can improve corrosion resistance

distinctly for Gr(f)/Al composites.
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