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Abstract: A kind of environmental friendly anodizing routine for AZ91D magnesium alloy, based on an alkaline borate-potassium
acid phthalate (KAP) electrolyte, was studied. The effect of KAP on the properties of the anodized film was investigated by scanning
electron microscopy (SEM), X-ray diffraction (XRD), 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 KAP. In the
presence of adequate KAP, a compact and smooth anodized film with excellent corrosion resistance was obtained.
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1 Introduction

Magnesium alloy is becoming one of the most
promising metals for lightweight industry because of its
specific high strength, high dimensional stability, good
electromagnetic shielding and damping characteristics
[1]. However, the poor resistance of
magnesium alloy hinders its application especially in
corrosive environment [2—4].

To improve the corrosion resistance of magnesium
alloy, various technologies including alloying, surface
modification, chemical conversion, electroplating, anodic
oxidization, physical vapor deposition and plasma
electrolytic oxidation (PEO) [5—8] have been developed.
Among them, PEO technology is valued by many
researchers [9] for the significant properties of the
anodized film, such as good adhesion, high corrosion
resistance and high hardness [10—12]. Otherwise,
environmental harmful inorganics, such as phosphate
[13,14], fluoride [15,16] and aluminate [17,18], and toxic
organics, such as hexamethylenetetramine [19] and
1H-benzotriazole [20], are still employed in most of the
existing PEO processes. Therefore, new PEO process

corrosion

based on environmental-friendly electrolyte is needed.

In this work, an environmental friendly alkaline
borate electrolyte using potassium acid phthalate (KAP)
as additive was studied for the PEO treatment of AZ91
magnesium alloy. Compared with other additives used in
the PEO process, such as phosphate [13,14], fluoride
[15,16], aluminate [17,18], hexamethylenetetramine
(LD50 of 50 mg/kg, toxic) [19] and 1H-benzotriazole
(LD50 of 965 mg/kg, medium toxic) [20], KAP is safe
(LD50>3200 mg/kg, non-toxic) and environmental
friendly [21]. The effect of KAP on the properties of the
anodized film was investigated by scanning electron
microscopy (SEM), X-ray diffraction (XRD), energy
dispersive  spectrometry  (EDS), potentiodynamic
polarization and electrochemical impedance
spectroscopy (EIS), respectively.

2 Experimental

2.1 Materials and specimen preparation

AZ91D magnesium alloy was employed in this
study, and its chemical composition was listed in Table 1.
Prior to the PEO treatment, the alloy sheets with
dimensions of 10 mm x 10 mm X 1 mm were polished up
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to 2000 grit, degreased with acetone, and washed with
distilled water successively. An AC power supply (120 V,
50 Hz) was employed and the duration of the PEO
process was 3 min. The basic anodizing electrolyte was
composed of 60 g/LL NaOH, 25 g/L Na,B40; and 20 g/L
H;BO;.0-6.0 g/L KAP (its chemical structural formula is
shown in Fig. 1) was used as additive. During the
anodizing process, the temperature was controlled at 30
°C by a refrigerant equipment (model YT-8A, China).
SEM and EDX (SIRION, FEI Company, made in
Holland) were utilized to examine the corrosion
morphologies and composition of the anodized films.
The phase structures of the anodized films were
determined with a X-ray diffractometer (XRD, AXS D8
ADVANCE, Bruker company, made in German), using
Cu K, (1.5418 A) radiation source. The film thickness
was measured with a coating thickness measurer (TT240,
Beijing Shidai Company, China). The surface roughness
(R,) of the films was measured using a stylus type
surface profilometer (E34-001, Haebin, China).

Table 1 Chemical composition of AZ91D magnesium alloy
(mass fraction, %)

Al Zn Mn Si Cu Ni Fe Mg

8.3-9.70.35-1.00.15-0.50 <0.01 <0.030<0.002 <0.005 Bal.

0}
OK*
OH

(0]
Fig. 1 Chemical structural formula of potassium acid phthalate
(KAP)

2.2 Electrochemical set up

Except the anodized film, the other part of the
sample was coated with paraffin wax before
electrochemical test. During the electrochemical test, the
electric contacting was to the magnesium alloy substrate.
A three-electrode cell with the anodized film as working
electrode, saturated calomel electrode as reference
electrode, and platinum sheet as counter electrode was
employed in all the tests. The ratio of volume of neutral
3.5% NaCl solution (pH=7.03) to sample area was 50
mL/cm?®. Potentiodynamic polarization test was carried
out by a CHI 630D potentiostat (Chenhua, China) at
(25+1) °C. The scans were conducted at a rate of 1 mV/s
from —0.25 V to 0.75 V (versus open circuit potential
(OCP)). Electrochemical impedance spectrum (EIS) was
measured at the OCP using an impedance measurement
unit (IM6e, Germany) over the frequency range of
0.01-10000 Hz with a voltage amplitude of 5 mV in the

neutral 3.5% NaCl solution.
3 Results and discussion

3.1 Effects of KAP on PEQ process

Figure 2 shows current density vs time curves
during the PEO process in the borate electrolyte with and
without KAP. Based on the slopes of current density vs
time curves, the anodized growth process can be divided
into two stages [22].
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Fig. 2 Variations of current density with time during PEO
process in electrolyte with and without KAP

At the first stage, the current density increases
gradually and then reaches its maximum value. In the
absence of KAP, the current density changes dramatically,
and violent sparking and gas release can be observed on
the surface of magnesium alloy. However, in the
presence of KAP, the increase of current density is
obviously suppressed, and it seems that the more the
KAP in the electrolyte is, the less the change of the
current density is. Nonetheless, when there is more than
4.0 g/L KAP in the electrolyte, the current density is not
affected any more. Besides, in the presence of KAP,
sparking and gas release can still be observed, but the
intensities of them are weakened evidently. At the second
stage, the current density decreases gradually until a
plateau reaches. The change of the current density is also
dependent on the concentration of KAP. The more the
KAP in the electrolytes is, the less the change of current
density is. During this period, vigorous sparking and gas
evolvement can be observed in the absence of the KAP.
In the presence of KAP, however, they are inhibited
obviously.

Current density not only has a strong dependence on
the KAP concentration but also gives back the growth
process of anodized film in the electrolyte directly.
Excessive high current density often results in inferior
PEO coating [23—25], while too low current density
makes the formation of the anodized films too slow or
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even unachievable [26,27]. In this study, with the
addition of KAP in the electrolyte, the current density of
the PEO process is reduced and the vigorous sparking
and gas evolvement are inhibited. This kind of PEO
process at a moderate current density facilitates the
improvement of current efficiency [28] and the quality of
the anodized film [29].

3.2 Morphology of anodized films

Figure 3 illustrates the surface morphology of the
anodized films fabricated on magnesium alloys by PEO
process in the basic anodizing electrolyte without and
with KAP addition. In the electrolyte without KAP, the
resultant anodized film (Fig. 3(a)) is loose and coarse.
There are many large-sized chunks, pores and cracks on
the surface of the film. However, in the presence of KAP,
the large-sized chunks and pores decrease, the cracks
disappear, and the anodized films become compact and
smooth (Figs. 3(b), (c) and (d), where the concentrations
of KAP are 2.0, 4.0 and 6.0 g/L, respectively).

With the increase of the KAP concentration, the
roughness of the films decreases gradually (Fig. 4).
These results are consistent with the ones from SEM
observation. The toughness of the film is closely related
with the current density in the PEO process [30]. In the
absence of KAP, the current density of the PEO process
is very high. Excessive high current density usually leads
to large sized chunks, pores and cracks on the anodized
film [31-33]. These chunks, pores and cracks are
responsible for the increased surface roughness [34,35].
In the presence of KAP, the current density is reduced
and the PEO process becomes moderate. Moderate PEO

process is helpful for the formation of compact and
smooth anodized film [36].

3.3 Phase structure analysis

Figure 5 shows that the films are mainly composed
of O, Mg as well as a trace of Al and Na. Mg and Al
come from the magnesium alloy substrate. Na is from
sodium hydroxide. Besides, in the presence of KAP, the
resultant anodized film has more O, Al and less Mg
(Table 2), which suggests a better corrosion resistance
performance [37].

XRD patterns of the anodized films with different
KAP concentrations are shown in Fig. 6. The anodized
films consist mainly of MgO and Mg, in accordance with
the results of the EDS. MgO is the result of the PEO
process. The diffraction peaks of Mg, however, are from
the magnesium alloy substrate. With the increase of the
KAP concentration (0—4.0 g/L), the intensity of MgO
peaks becomes strong. The intensity of Mg peaks,
however, decreases gradually and almost disappears
when there is more than 4.0 g/ KAP in the electrolyte.

3.4 Thickness of anodized film

Thickness evolution of the anodized film is listed in
Table 3. In the absence of KAP, the anodized film has the
largest thickness. In the presence of KAP, the thickness
of the films reduces slightly over the concentration range
of 0—4.0 g/L. When there is more than 4.0 g/ KAP in
the electrolyte, the film thickness begins to stabilize. The
thickness of the anodized film associates closely with the
anodizing current density [38]. In the absence of KAP
additive, the anodizing current density is high. High

Fig. 3 Surface morphologies of anodized film formed in electrolyte with 0 (a), 2.0 g/L (b), 4.0 g/L (c) and 6.0 g/L (d) KAP
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Fig. 4 Roughness of anodized films formed in electrolyte with
0-6.0 g/L of KAP
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Fig. 5 EDS spectra of anodized film formed in electrolyte with
KAP: (a) 0 g/L; (b) 6.0 g/L

Table 2 EDS results of anodized films formed in electrolyte
with 0—6.0 g/L of KAP

4, Composition/%
pxar/(g'L )
(0] Na Mg Al
0.0 35.80 1.58 56.53 6.09
6.0 36.11 1.58 55.71 6.60

I—Mg
=—MgO

ﬁ h H 4.0 g/L

6.0 g/L

20 30 40 50 60 70 80
20/°)

Fig. 6 XRD patterns of anodized films formed in electrolyte
with 0—6.0 g/L of KAP

Table 3 Thickness of anodized films formed in electrolyte with
0—-6.0 g/L of KAP

prar/(gL™) Average thickness/pm
0.0 39.18
1.0 33.13
2.0 29.15
3.0 27.45
4.0 23.13
5.0 23.02
6.0 23.07

current density can increase the growth rate and
thickness of the anodized film [33,39]. However,
excessive high current density usually results in loose
and porous anodized film [40,41]. In the presence of
KAP, the current density is reduced and the PEO process
becomes moderate. The resultant anodized film tends to
thin, but it usually has more uniform and compact
structure [42].

3.5 Corrosion resistance of anodized film

Figure 7 and Table 4 shows the results of the
potentiodynamic polarization of the anodized films
formed in the solutions with and without KAP. Corrosion
current density (Jeor), corrosion potential (@) and
polarization resistance (R,) are used to evaluate the
corrosion protective property of the anodized films. @.o
and J, are from the potentiondynamic polarization
curves. R, can be calculated by the following formula
[43]:

sz ﬂaﬂc

2'303']001’1' (ﬂa + ﬂc)

where f, and f. are anodic and cathodic Tafel slopes,
respectively. For the anodized film prepared in the
electrolyte without KAP, o, Joorr and R, are —1.502 V,

(1
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3.092x10°° A/cm® and 1.389x10% Q-cm?, respectively.
For the anodized films prepared in the electrolyte with
0-4.0 g/L KAP, @0 is shifted to the positive direction
(Fig. 7), Jeor is reduced, and R, is increased (Table 4).
The more the KAP in the electrolyte is, the more the
improvements of these parameters are. For the anodized
films prepared in the electrolyte with 4.0 g/L KAP, ¢cor,
Joorr and R, are —1.372 V, 2.001x107 A/em? and
1.618x10° Q-cm?, respectively (Table 4). This means a
large enhancement in the corrosion protection
performance [17].

-1
1—0 g/L

2—2.0g/L
| 3—409L
3 4—60gL
|

lg[J/(A-cm™)]
|

-14 -12 -1.0 -08 -0.6
@(vs SCE)/V

Fig. 7 Potentiodynamic polarization curves of anodized films

formed in electrolyte with 0—6.0 g/L KAP

Table 4 Results of potentiodynamic polarization curves for
films formed in solutions with KAP

P KAP/ NV :B a/ ﬁ c/ Rp/ J corr/
(gL PV (mV-dec) mV-dec) (Qemd) (Acm?)

0.0 -1.502 18574  211.60 1.389x10"3.092x10°¢
2.0 -1.443 179.16  118.16 1.552x10* 1.992x10°°
40 -1372 18447 12516 1.618x10° 2.001x107
6.0 -1.375 169.75 13123  1.584x10° 2.028x107

Figure 8 shows Nyquist, Z,,q Bode and phase angle
Bode diagrams of anodized films. As shown in Fig. 8(a),
there are low-frequency inductive loops for the anodized
films prepared in the electrolyte with low concentrations
of KAP. This is caused by the pitting corrosion of the
aggressive Cl in the electrolyte [14]. With the increase
of KAP concentration, the diameter of the capacitive
loop increases obviously (Fig. 8(a)), indicating the
enhancement of the anticorrosion performance of the
anodized films. When the concentration of KAP is more

than 2.0 g/L, the diameter of the capacitive loop ceases
to expand, indicating that the best anticorrosion
performance has been achieved. Z,,,q 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 results of the Nyquist diagrams.

For the anodized films prepared in the solution
containing 0—2.0 g/L KAP, a low frequency capacitive
arc and a high frequency capacitive arc are observed in
the phase angle Bode diagram (Fig. 8(c)). The corrosion
resistance of the anodized film can be also estimated
quantitatively by simulating the experimental Bode
diagrams using an equivalent circuit (Fig. 9(a)). The
equivalent circuit is composed of two time constants in
series with anodic film impedance and film/solution
impedance. In this equivalent circuit, R, represents the
electrolyte resistance; R, and CPE; represent the
resistance and capacitance of the anodized film; R; and
CPE, correspond to the charge transfer resistance and the
double layer capacitance of film/solution, respectively.
The values of the fitting circuit elements are summarized
in Table 5. CPE,-T represents capacitance of the
anodized film. CPE,-T is corresponding to the double
layer capacitance of film/solution. CPE;-P and CPE,-P
reflect the deviation between double layer capacitance of
anodized film, film/solution and the pure capacitance,
respectively.

The anodized films prepared in the electrolyte with
more than 2.0 g/L KAP, however, have only a high
frequency capacitive arc, and the capacitive arc of low
frequency is not detected. The compact structure and
good adhesion of the anodized films prepared in the
electrolyte with more than 2.0 g/l KAP, improve the
corrosion resistance. This indicates that these anodized
films have excellent corrosion resistance to NaCl
solution. Thus, the impedance features of the anodized
film prepared in the electrolyte with 0-2.0 g/L and more
than 2.0 g/L KAP are different. As seen from the
equivalent circuit in Fig. 9(b), the impedance measured
system consists of three parts: electrolyte, anodized film
and metal/electrolyte interface. R; is the resistance of the
solution, CPE represents the double layer capacitance,
and R, is the charge transfer resistance of the anodic film.
The impedance parameters derived from the plots are
given in Table 6. CPE-T represents the capacitance of
anodized film. CPE-P reflects the deviation between the
double layer capacitance of anodized film and the pure
capacitance. R, increases with the increase of KAP
concentration, which is the same with the change of R, in

Table 5 Typical impedance data of anodized films formed in electrolyte with 0—2.0 g/L of KAP

prap/(gL™)  R/(Q-em®)  CPE-T/(uF-cm?) CPE\-P  R/(Q-cm®)  CPE,-T/(uF-cm?) CPE,-P  Ri/(Q-cm?)
0.0 28.38 2.931 0.867 10384 90.46 0.987 14600
1.0 28.78 2.584 0.854 12376 7931 0.818 19371
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Table 6 Typical impedance data of anodized films formed in
electrolyte with 4.0—6.0 g/L KAP

prav/ Ry CPE-T/  CPE-P R/
(L)  (Qem’)  (uFem?) (Q-em?)
4.0 4891 0.191 0.866 96203
6.0 46.18 0.187 0.882 97315
25
@) "—6.0 g/L.
*—4.0¢/L
20 +—2.0¢g/L
~ *—0g/L
E ISF
S
]
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fl\ﬁ 10
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Fig. 8 EIS diagrams for anodized films formed in electrolyte

with 0—6.0 g/L of KAP

Table 4. The larger the R; is, the better the corrosion
resistance of the film will be. The corrosion resistance of
the anodized film becomes stabilized when the
concentration of KAP is more than 2.0 g/L. These results
agree well with the ones of the potentiodynamic

polarization.

AP can adsorb on the surface of magnesium alloy
as a kind of hard base, where is rich in Mg®" (hard acid),
and form an adsorption layer on the surface of
magnesium alloy. The adsorption layer of AP leads to
the increase of surface resistance and the decrease of the
current density of the PEO process subsequently [27].
Moderate sparking at a low current density, however, can
eliminate pit ablation [44] and facilitate the formation of
the anodized film with high quality—more uniform and
compact in structure, stronger in adhesion to the
magnesium alloy substrate and better in corrosion
resistance.

@ g, CPE,
' 77
Y
77
R,
®) R CPE
\ ’ 7 7
R,

Fig. 9 Equivalent circuit used for simulating behavior of
anodized films formed in electrolyte with 0-2.0 (a), and
4.0-6.0 g/L (b) of KAP

4 Conclusions

The anodized films were prepared by plasma
electrolytic oxidation (PEO) on AZ91D magnesium alloy
in the alkaline borate electrolyte with and without the
addition of KAP. The result showed that the PEO process
was strongly dependent on the concentration of KAP. In
the presence of KAP, the violent sparking and gas release
were restrained, and a moderate and controllable PEO
condition was obtained. In the presence of adequate KAP,
the quality of the anodized film was greatly improved.
Anodized films with compact structure, smooth
appearance and good adhesion were prepared.
Electrochemical testing results showed that this kind of
anodized film was excellent in corrosion resistance.
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