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a b s t r a c t

A kind of environmental friendly anodizing routine for AZ91D magnesium alloy, based on an alka-
line borate–sodium benzoate electrolyte (NaBz) was studied. The effect of NaBz on the properties of
the anodized film was investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD),
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energy dispersive spectrometry (EDS), potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS), respectively. The results showed that the anodizing process, surface morphology,
thickness, phase structure and corrosion resistance of the anodized film were strongly dependent on the
concentration of NaBz. In the presence of adequate NaBz, a thick, compact and smoothing anodized film
with excellent corrosion resistance was produced. Moreover, the forming mechanism of the anodized
film in the presence of NaBz additive was also approached, which was a suppression of arc discharge
process by the adsorption of Bz− on the surface of magnesium alloy substrate.
. Introduction

Magnesium alloys are widely used because of their excel-
ent physical and mechanical properties such as low density and
xcellent mechanical strength [1]. However, the poor corrosion
esistance of magnesium alloys hinders their further applications
2]. In marine climate, the magnesium alloy components for air-
rafts and ships are unavoidably corroded by marine salts [3–5]. The
apid erosion of magnesium and its alloys in human body fluid or
lood plasma often leads to the mechanical integrity loss of implant
efore the sufficient restoration of tissues [6].

To improve the corrosion resistance of magnesium and it
lloys, various technologies such as alloying, surface modification,
hemical conversion, electroplating, anodic oxidization, organic
oatings, physical vapor deposition coating and plasma electrolytic
xidation (PEO) [7–9] have been developed. By contrast, more
ttentions and researches are expected to focus about the PEO
echnology because of the significant properties of the anodized

lm, such as good adhesion, high corrosion resistance and high
ardness [10]. The anodized film with high hardness is excel-

ent in tribological performance, which makes it an attractive
aterial for automobile engine [11]. Besides, PEO technology is
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925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.083
© 2011 Elsevier B.V. All rights reserved.

also widely used in aerospace, construction, electrical, biomedical,
oil/gas processing, textile and sports and leisure sectors of industry
[12].

However, environmental harmful inorganics (such as phosphate
[13], fluoride [14] and aluminate [15] or toxic organics (such as
hexamethylenetetramine [16] and 1H-benzotriazole [17]) are still
employed in most of the existing PEO processes. In addition, the
corrosion protection performance of the anodized films prepared
by the existing methods is not adequate for the magnesium alloys
in harsh service condition. Therefore, a simple and environmental
friendly PEO process is needed to enhance the corrosion protection
of magnesium and its alloys.

In this paper, an environmental friendly alkaline borate elec-
trolyte using sodium benzoate (NaBz) as additive was studied for
the PEO treatment of AZ91 magnesium alloy. NaBz is low-cost
and intensively used in food [18], medicine [19] and corrosion
protection of steel [20]. However, little has been done about the
application research of NaBz in the corrosion protection of mag-
nesium alloy. Compared with other additives used in the PEO
process, such as phosphate [13], fluoride [14], aluminate [15],
hexamethylenetetramine (LD 50 of 50 mg/kg, toxic) [16] and 1H-

benzotriazole (LD 50 of 965 mg/kg, medium toxic) [17], NaBz (LD 50
of 4070 mg/kg, non-toxic) is safe and environmental friendly [21].
The effect of NaBz on the properties of the anodized films was inves-
tigated by scanning electron microscopy (SEM), X-ray diffraction
(XRD), energy dispersive spectrometry (EDS), potentiodynamic

dx.doi.org/10.1016/j.jallcom.2011.03.083
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Chemical composition of AZ91D magnesium alloy (wt%).
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Fig. 1. Current density transient of the PEO process in the electrolyte with
Al Zn Mn Ni Cu Ca Si K Fe Mg

8.77 0.74 0.18 0.001 0.001 <0.01 <0.01 <0.01 <0.001 Balance

olarization and electrochemical impedance spectroscopy (EIS),
espectively. Moreover, based on the results of the experiments,
he forming mechanism of the anodized film in the presence of
aBz additive was also approached.

. Experimental

.1. Materials and specimen preparation

Prior to the PEO treatment, the AZ91D magnesium alloy (see Table 1) sheets
ith a size of 10 mm × 10 mm × 1 mm were polished up to 2000 grit, degreased with

cetone, and washed with distilled water successively. The power supply was an AC
ower supply (110 V, 50 Hz) and the duration of the PEO process was 30 min. The
asic anodic electrolyte was composed of 60 g/L NaOH, 25 g/L Na2B4O7 and 20 g/L
3BO3. 0.0–3.0 g/L of NaBz (sodium benzoate: C6H5COONa) was used as additive.
uring the anodizing experiments, the temperature of the electrolyte was controlled
t 30 ◦C by a miniature refrigerant equipment (model YT-8A, China).

Surface morphology of the anodized films was observed by a scanning electron
icroscopy (SEM, FEI SIRION-100). The chemical composition of the films was inves-

igated with the energy dispersive X-ray spectroscopy (EDX) affiliated with SEM. The
hase structure of the films was determined by X-ray diffractometry (XRD, AXS D8
DVANCE), using Cu K� (1.5418 Å) radiation source. The thickness of the films was
easured using a Coating thickness Measurer (TT240, China). The program of Image

1.44e was used to calculate the surface porosity by treating the SEM photos of the
nodized films [22]. The surface roughness (Ra) of the films was measured using a
tylus type surface profilometer (E34-001) with accuracy of 0.01 �m. The density
f the films was calculated from the weight gain and film thickness on a substrate
ith a fixed area (10 mm × 10 mm).

.2. Electrochemical set up

To determine the corrosion resistance of the anodized films, potentiody-
amic polarization and electrochemical impedance spectrum (EIS) were measured.
otentiodynamic polarization testing was carried out by a CHI 630D potentiostat
Chenhua, shanghai) at 25 ± 1 ◦C. Except the anodized film, the other part of the
ample was coated with paraffin wax before any electrochemical testing. During the
lectrochemical test, the electric contacting was to the substrate material. A three
lectrode cell with the anodized film as working electrode, saturated calomel elec-
rode as reference electrode and platinum sheet as counter electrode was employed
n all the tests. The ratio of volume of neutral 3.5% NaCl solution (pH 7.03) to sample
rea was 50 mL/cm2. After an initial delay of 15 min, scans were conducted at a rate
f 1 mV/s from −0.25 V to 0.75 V (versus open circuit potential (OCP)). Electrochem-
cal impedance spectrum (EIS) were measured using an impedance measurement
nit (IM6e, Germany) over the frequency range of 0.01–10,000 Hz with a voltage
mplitude of 5 mV in the neutral 3.5% NaCl solution.

. Results and discussion

.1. Anodized growth process

Fig. 1 shows the typical current density transient of the anodized
rocess in the borate electrolyte containing 0–3.0 g/L of NaBz. Gen-
rally, the anodized growth process can be divided into two periods
23].

In the first period, the current density increases and reaches the
aximum value rapidly. In the absence of NaBz, the current density

hanges acutely along with time. Violent sparking and gas release
an be observed on the surface of the magnesium alloy specimen.
owever, in the presence of NaBz, the change of the current density
ecomes smaller and the intensity of the sparking and gas release

s also reduced evidently. Nonetheless, when there is more than
.0 g/L of NaBz in the electrolyte, further changes are not observed.
In the second period, the current density decreases gradually
ntil a stabilized value is reached. The change of the current den-
ity is also strongly dependent on the concentration of NaBz. The
urrent density decreases with the increasing of NaBz concentra-
ion. During this period, vigorous sparking and gas evolvement can
0.0–3.0 g/L of NaBz.

still be observed in the absence of the NaBz. In the presence of NaBz,
however, the sparking and gas evolvement are inhibited obviously.

Suitable anodizing current density is important for the PEO
process. Vigorous sparking and gas evolvement at excessive high
current density often result in poor anodized coating [24–27],
while too low anodizing current density will make the formation
of anodized films unachievable [28].

In this study, with the addition of NaBz in the electrolyte, the
current density of PEO process is reduced and the vigorous sparking
and gas evolvement are inhibited. Moderate PEO process at low
current density facilitates the improvement of current efficiency
[29] and the quality of anodized film [30].

3.2. Morphology and structure of anodized film

Fig. 2 presents the SEM images of the anodized films formed
in the alkaline borate electrolyte with 0–3.0 g/L of NaBz. In the
absence of NaBz, the anodized film (Fig. 2(a)) is relatively loose
and coarse. There are many large-size of chunks, pores and high
degree of cracks on the film. However, in the presence of NaBz, the
large-size of chunks and pores decrease, the micro cracks disap-
pear, and the anodized films become smoothing (Fig. 2(b)–(d), the
concentration of NaBz is 1.0, 2.0 and 3.0 g/L, respectively). The sur-
face porosity of the anodized films is presented in Fig. 3. With the
increase of the concentration of NaBz, the large pores (>10.0 �m in
size) and medium pores (5.0–10.0 �m in size) decrease rapidly. This
suggests that these anodized films have more compact structure.

The roughness of the anodized films is listed in Fig. 4. With
the increasing of the concentration of NaBz, the roughness of the
anodized films decreases gradually. These results are consistent
with the ones of SEM. The toughness of the anodized film is closely
related with the anodizing current density in the PEO process [31].
In the absence of NaBz, the current density of the PEO process is
very high. High current density often results in chunks, large size
of pores and high degree of micro-cracks on the anodized film
[28,33,34]. These chunks and large size of pores are responsible
for the increased surface roughness [35]. In the presence of NaBz,

the current density of the PEO process is reduced and the sparks
become fine and moderate. Moderate PEO process is helpful for the
formation of compact and smooth PEO film [36].
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Fig. 2. SEM images of the anodized films formed in the elec
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The XRD results (Fig. 6) show that the anodized films consist
mainly of MgO and Mg, as is in accordance with the results of the
EDS. MgO is the results of the PEO process. The diffraction peaks of

Fig. 4. Roughness of the anodized films formed in the electrolyte with 0–3.0 g/L of
NaBz.

Table 2
EDS results of the anodized films formed in the electrolyte with 0.0–2.0 g/L of NaBz.

Concentration of NaBz (g/L) Element weight (%)

O Na Mg Al
ig. 3. Surface porosity of the anodized films formed in the electrolyte with 0–3.0 g/L
f NaBz

.3. Phase structure analysis

EDS results of the anodized films are presented in Fig. 5 and
able 2. The results (Fig. 5(a) and (b)) show that the PEO films are
ainly composed of O, Mg as well as a trace of Al and Na. Mg and
l come from the magnesium substrate. Na is from the electrolyte
odium hydroxide and NaBz. Element B is not detected. This sug-
ests that B element has not been incorporated into the anodized

lms. In addition, the prepared anodized films in the presence of
aBz have more O, Al and less Mg (Table 2), as suggests a better
orrosion resistance performance [37].
trolyte with (a) 0.0, (b) 1.0, (c) 2.0, (d) 3.0 g/L of NaBz.
0.0 35.80 1.58 56.53 6.09
1.0 35.84 1.55 55.52 6.40
2.0 35.87 1.63 55.51 6.99
3.0 35.89 1.68 55.49 7.02
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Fig. 5. EDS spectra of the anodized film forme

g are from the magnesium alloy substrate. For the loose anodized
lm produced in the electrolyte without NaBz, X-ray can easily
enetrate the film and detect the metal magnesium in the sub-
trate. With the increasing of the NaBz concentration (0–2.0 g/L),
he intensity of MgO peaks becomes stronger. The intensity of Mg
eaks, however, decreases gradually and almost disappears when
here is more than 2.0 g/L of NaBz in the electrolyte. These results
re consistent with the results of SEM in Fig. 2.

.4. Thickness test

The thickness evolution of the anodized films is listed in Table 3.
n the absence of NaBz, the thickness of the anodized film is the
iggest. In the presence of 0–2.0 g/L of NaBz, the thickness of
nodized films reduces gradually. When there is more than 2.0 g/L
f NaBz in the electrolyte, the thickness of the anodized films begins
o stabilize. The thickness of the anodized film associates with the
nodizing current density of the PEO process [38]. In the absence
f NaBz additive, the anodizing current density of the PEO pro-

ess is high. High current density can increase the growth rate and
he thickness of the anodized film [39,40]. However, the anodized
lm formed at high current density is usually loose and porous
41–43]. Compared with the film formed at high current density,

ig. 6. XRD patterns of anodized films formed in the electrolyte with 0.0–3.0 g/L of
aBz.
he electrolyte with (a) 0.0, (b) 2.0 g/L of NaBz.

the anodized film formed at moderate current density is thinner,
but it usually has more uniform and compact structure [44].

The density of the anodized films is listed in Table 3. In the elec-
trolyte without NaBz, the prepared film has the lowest film density.
The presence of NaBz, however, can increase the density of the film.
When there is 2.0 g/L of NaBz in the electrolyte, the film density can
increase 25.0%. The change of the film density is consistent with the
results of the SEM in Fig. 2.

3.5. Corrosion resistance of the anodized film

The corrosion resistance of the anodized films was investigated
by potentiodynamic polarization and electrochemical impedance.

The results of the potentiodynamic polarization are displayed in
Fig. 7 and Table 4. Corrosion current density (jcorr), corrosion poten-
tial (Ecorr) and polarization resistance (Rp) are used to evaluate the
corrosion protective property of the anodized films. Ecorr and jcorr

can be obtained from the potentiodynamic polarization curves. Rp

is calculated by the following relationship [45]:
Rp = ˇaˇc

2.303jcorr(ˇa + ˇc)
(1)

where ˇa and ˇc are anodic and cathodic tafel slope, respectively.
For the anodized film formed in the absence of NaBz, Ecorr, jcorr

Fig. 7. Potentiodynamic polarization curves of anodized films formed in the elec-
trolyte with 0.0–3.0 g/L of NaBz.
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Table 3
Thickness of the anodized films formed in the electrolyte with 0.0–3.0 g/L of NaBz.

Concentration of NaBz (g/L) 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Average thickness (�m) 39.18 32.23 28.45 26.35 22.23 22.25 22.28
Film density (g/cm3) 1.40 1.56 1.68 1.72 1.75 1.76 1.76
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For the anodized films formed in the solution containing
0.0–1.0 g/L of NaBz, a low frequency capacitive arc and a high
frequency capacitive arc are observed in the phase angle Bode dia-
grams of Fig. 8(c). In general, the capacitive arcs of high and low

Table 4
Potentiodynamic polarization results for the anodized films formed in the elec-
trolyte with 0.0–3.0 g/L of NaBz.

Concentration Ecorr (V) ˇa (mV) ˇc (mV) Rp (� cm2) jcorr (A/cm2)
Fig. 8. EIS plots for the anodized films for

nd Rp are −1.502 V, 3.092 × 10−6 A/cm2 and 3.532 × 105 � cm2,
espectively. For the anodized film formed in the electrolyte with
aBz, Ecorr is shifted to the positive direction (Fig. 7), jcorr is reduced,
nd Rp is increased (Table 4). When there is 3.0 g/L of NaBz in
he electrolyte, Ecorr, jcorr and Rp are −1.389 V, 3.700 × 10−7 A/cm2

nd 3.369 × 106 � cm2, respectively (Table 3). These results sug-
est a big enhance in the corrosion protection performance of the
nodized films [17].

The results of the electrochemical impedance are displayed in
ig. 8. (a)–(c) are Nyquist diagrams, Zmod Bode diagrams and phase
ngle Bode diagrams, respectively. As shown in Fig. 8(a), there are
bvious low-frequency inductive loops for the anodized films pro-
uced in the electrolyte with 0.0–1.0 g/L of NaBz. This is caused by
he pitting corrosion of the aggressive Cl− in the electrolyte [46].
With the increasing of NaBz concentration, the diameter of
he capacitive loop for the anodized films increases obviously
Fig. 8(a)), indicating a better anticorrosion performance. When
he concentration of NaBz is more than 2.0 g/L, the diameter of the
apacitive loop ceases to expand, suggesting the best anticorrosion
the electrolyte with 0.0–3.0 g/L of NaBz.

performance has been achieved. Zmod Bode diagrams in Fig. 8(b) can
also be used to estimate the corrosion protection of the anodized
films, and the results are in accordance with the ones of Nyquist
diagrams.
of NaBz (g/L)

0.0 −1.502 5.384 4.726 3.532 × 105 3.092 × 10−6

1.0 −1.469 3.284 5.904 5.822 × 105 1.576 × 10−6

2.0 −1.394 4.820 6.045 2.604 × 106 4.477 × 10−7

3.0 −1.389 5.652 5.819 3.369 × 106 3.700 × 10−7
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Fig. 9. Equivalent circuit for modeling the behavior of anodized films formed in the
electrolyte with (a) 0.0–1.0, and (b) 2.0–3.0 g/L of NaBz.

Table 5
Typical impedance data of the anodized films formed in the electrolyte with
0.0–1.0 g/L of NaBz.

Concentration Rs
2

Rct
2

Cdl
2
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and thereafter reaches a steady value when the concentration of
NaBz exceeds 2.0 g/L. This is consistent with the change of current
density (Fig. 1). These results indicate that the reduction of cur-
rent density in the PEO process is the sequence of the addition of
of NaBz (g/L) (� cm ) (� cm ) (�F/cm ) cm ) (�F/cm )

0.0 45.55 21424 0.92488 10132 1.5944
1.0 55.55 21718 0.57745 51445 1.0954

requency domain represent the information of the outer and inner
ayers of the anodized film [47], respectively. The corrosion resis-
ance of the anodized films can be also estimated quantitatively
y simulating the experimental Bode diagrams using an equivalent
ircuit (Fig. 9(a)). The equivalent circuit is composed of two time
onstants in series with anodic film impedance and film/solution
mpedance. In this equivalent circuit, Rs represents the resistance
f the solution, Rct and Cdl are corresponding to the charge trans-
er resistance and the double layer capacitance respectively, Cf and
f represent the capacitance and resistance of the anodized films.
dl and Cf are dispersed capacity, which are caused by the irregular
urface of the anodized films. The values of the fitting circuit ele-
ents are summarized in Table 5. It can be seen that the impedance

f the spectrum are mainly determined by Rct and Rf. Both of them
ncrease with the increasing NaBZ concentration. This is consistent

ith the results of Rp in Table 4.
In the presence of more than 1.0 g/L of NaBz, the prepared

nodized films have only a high frequency capacitive arc and the
ow frequency capacitive arc is not detected. This indicates that
hese films have excellent corrosion resistance to NaCl solution.
he improvement in corrosion resistance attributes to the compact
tructure and the good adhesion of the anodized films. As seen
rom the equivalent circuit in Fig. 9(b), the impedance measure-

ent system consists of three parts: electrolyte, anodized film and
etal/electrolyte interface. Rs is the resistance of the solution, CPE
epresents the double layer capacitance, and Rt is the charge trans-
er resistance of the anodic film. The impedance parameters are
iven in Table 6. The impedance of the spectrum is mainly depended
n Rt. Rt increases with the increase of the NaBz concentration, as

able 6
ypical impedance data of the anodized films formed in the electrolyte with
.0–3.0 g/L of NaBz.

Concentration
of NaBz (g/L)

Rs

(� cm2)
CPE-T
(�F/cm2)

CPE-P
(nt)

Rt

(� cm2)

2.0 47.28 0.17734 0.88239 97465
3.0 49.92 0.19595 0.86628 99316
Fig. 10. Tafel curves of AZ91D magnesium alloy treated with 0.0–3.0 g/L of NaBz.

is same with the change of Rp in Table 4. The anodized films have
the best corrosion resistance when the concentration of NaBz is
more than 2.0 g/L. These results agree well with the ones of the
potentiodynamic polarization.

3.6. Working mechanism of NaBz additive

The working mechanism of NaBz additive was studied and it
was founded that it acted as an effective sparking inhibitor of the
PEO process. As a kind of hard base, Bz− can easily adsorb on the
surface of magnesium alloy, where is rich in Mg2+ (hard acid) and
form a monolayer adsorption on the surface of magnesium alloy
[48]. The monolayer adsorption of Bz− leads to the increase of
surface resistance and the decrease of current density of the PEO
process subsequently. This has been proved by our experimental
results (Fig. 1). The Tafel curves of the magnesium alloy treated
with 0–3.0 g/L of NaBz are displayed in Fig. 10. With the increase of
the concentration of NaBz additive, the corrosion current density of
magnesium alloy decreases and the corrosion potential increases,
indicating the formation of Bz− adsorption layer. The coverage rate
(�) of the surface of magnesium alloy by Bz−, however, can be
calculated from the corrosion current density of Tafel curves [49]:

� = 1 − jcorr

jcorr,o
(2)

where jcorr and jcorr,o are the corrosion current density in the pres-
ence and absence of NaBz, respectively. The � obtained is listed
in Table 7. In the concentration range of 0–2.0 g/L, � rises sharply
NaBz. Thus, the current density of PEO process can be controlled

Table 7
Surface coverage rate of the AZ91D magnesium alloy treated with 0.0–3.0 g/L of
NaBz.

Concentration of
the NaBz (g/L)

jcorr (A/cm2) Ecorr (V) � (%)

0.0 1.771 × 10−6 −1.563 0.00
0.5 6.038 × 10−7 −1.465 65.91
1.0 3.285 × 10−7 −1.409 81.45
1.5 2.523 × 10−7 −1.401 85.75
2.0 1.407 × 10−7 −1.343 92.02
3.0 1.401 × 10−7 −1.337 92.09
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y the addition of NaBz in the electrolyte. Generally, furious spark-
ng at high current density result in large size of chunks, pores and
igher degree of micro-cracks on the anodized film [50]. This kind
f anodized film is poor in quality. Moderate sparking at low cur-
ent density, however, can eliminate pit ablation and facilitate the
ormation of high quality anodized coating [51]. In fact, in the pres-
nce of 2.0 g/L of NaBz, a smooth, compact and ivory-white film can
e produced (Fig. 2(c)). This kind of anodized film with good adhe-
ion to substrate has excellent corrosion resistance (Figs. 7 and 8
nd Table 4).

. Conclusions

. The PEO treatment of AZ91 magnesium alloy in the alkaline
borate electrolyte was investigated. It was found that the PEO
process was strongly dependent on the concentration of the
additive NaBz. In the presence of NaBz, violent sparking and
gas release were restrained, and a moderate PEO condition was
obtained.

. In the presence of NaBz, the quality of the anodized film was
greatly improved. The size of the pores was reduced, the micro-
cracks on the anodized film were eliminated, and an anodized
film with compact structure and smoothing appearance was pro-
duced. Electrochemical testing results showed the anodized film
obtained was excellent in corrosion resistance.

. The working mechanism of NaBz additive was studied. Bz− could
adsorb on the surface of magnesium alloy and form a mono-
layer adsorption. Owing to the formation of absorption layer,
the electric resistance of the magnesium alloy was increased,
and the current density of the PEO process was decreased sub-
sequently. In the presence of adequate NaBz additive, a moderate
and controllable PEO process was founded, which facilitated the
formation of high quality anodized film.
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