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a b s t r a c t
Diamond-like carbon coating (DLC) was deposited on AZ31 magnesium alloy by ion beam deposition
technique in this study. A columnar Cr layer with a (110) preferred texture and a columnar CrN layer with a
(111) preferred texture were applied as interlayers in the DLC coating/AZ31 substrate systems. The addition
of these interlayers improved the adhesion between coating and substrate effectively, but did not enhance
the corrosion resistance of the DLC/AZ31 systems due to the formation of galvanic cell between substrate and
interlayer in the region of through-thickness defects in 3.5 wt.% NaCl solution. In addition, the effect of bias
voltage on the corrosion resistance of CrN/Cr coatings on magnesium alloys was investigated. Although the
application of bias voltage induced the coating denser, it was still difﬁcult for CrN/Cr coating to reduce the
corrosion current density of AZ31 due to the large difference between coating and substrate in galvanic
series.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction

2. Experimental

There is a growing interest in magnesium alloys as structural
materials for the aerospace, automotive and electronic industries due
to their light weight. However, the poor corrosion resistance and wear
resistance of magnesium alloys limit their further application [1].
Diamond-like carbon (DLC), which owns a high mechanical hardness
and a chemical inertness, has been applied as protective coatings in
areas such as optical windows, magnetic storage disks, car parts,
biomedical coatings and as micro-electromechanical devices [2]. In
recent years, some researchers have attempted to use DLC as a
protective coating for magnesium alloys to improve their mechanical
and anti-corrosion properties [3–7].
Yamauchi et al. deposited DLC coatings on Mg–Li alloys using Si
layer as a buffer to relieve the inﬂuence of the physical properties
difference between coating and substrate. Unfortunately, both the
adhesion between coating and substrate and the corrosion resistance
of the coated sample in the artiﬁcial perspiration were not improved.
At the end of their paper, they considered that it is possible that a
different element (e.g. Cr) would act as a more effective interlayer [3].
Therefore, we selected Cr and CrN as interlayers in the DLC/
magnesium alloy system in this study according to their proposal.
Subsequently, the effect of interlayers on the corrosion resistance of
DLC on magnesium alloy was investigated.

As-extruded AZ31 plates were ﬁrst ground with emery paper up to
1500# and then polished with Al2O3 paste (average size 1 μm). A
hybrid ion beam deposition system, including a linear ion source and a
magnetron sputtering source, was performed to prepare DLC coatings
on AZ31 substrates. Substrates were ultrasonically washed in pure
alcohol for 5 min before they were sent into the vacuum chamber.
When the base pressure of the chamber was below 2 × 10− 5 Torr, the
ion source with Ar gas was applied to etch the substrate for 30 min.
Next, the magnetron sputtering source was used to prepare the
interlayers with Ar as sputtering gas and N2 as reactive gas and the
linear ion source was used to prepare the diamond-like carbon coating
with CH4 as source gas. Bias voltage was applied at pulse mode with
frequency of 350 kHz. The substrate rotated at a speed of 4.2 rpm in the
coating deposition. The speciﬁc parameters of the coating deposition
are shown in Table 1. The chamber temperature at the stage of Cr
sputtering and CrN sputtering was about 50 °C and that at the stage of
DLC deposition was about 100 °C. Besides, the chamber pressures at
the stage of Cr sputtering, CrN sputtering and DLC deposition were
about 1.4 × 10− 3 Torr, 3.2 × 10− 3 Torr and 1.4 × 10− 3 Torr, respectively. In this paper, the elastic modulus and hardness of DLC ﬁlm prepared
under the above condition are 144.8 GPa and 17.4 GPa, respectively.
Field emission scanning electron microscope (FESEM) was
performed to characterize the cross section and surface morphology
of the obtained coatings. Energy dispersive X-ray spectrometer (EDS)
was used to test the element distribution of coatings. X-ray diffraction
meter with Cu Kα radiation was used to study the crystal structure
of the obtained coatings. The adhesion properties of the coating/
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Table 1
Experimental parameters in the preparation process.
Sample

Layer

1
2
3
4
5
6

Cr
CrN
Cr
CrN
DLC
Cr
DLC
CrN
DLC
Cr
CrN
DLC

Gas ﬂux (sccm)

Current (A)
Sputtering
source

Ion
source

3
3
3
3

Ar
40
40
40
40

N2

40
40

0.2
3

CH4

40
40

0.2
3

40
40

40

0.2
3
3

40
40
40

0.2

40
40

Deposition
time
(min)
30
60
30
60
60
30
60
30
60
15
15
60

Bias
voltage
(V)

− 300
− 300
− 100
− 100
− 100

− 100

substrate systems were investigated by a scratch tester. The normal
load of the indenter was linearly ramped from the minimum to the
maximum during scratching. Here, the minimum load and the
maximum load were 0.1 N and 20 N, respectively. In the test, the
scratch length was 5.00 mm and the scratch speed was 0.2 mm/s. For
the electrochemical investigation, the experiments were controlled by
an AUTOLAB PGSTAT302 advanced electrochemical system, using the
conventional three-electrode technique. The potential was referred to
a saturated calomel electrode (SCE) and the counter electrode was a
platinum sheet. Each sample was masked by parafﬁn waxes with the
surface area of 0.5 × 0.5 cm2 exposed in 3.5 wt.% NaCl solution. The
potential was scanned from −1.65 V (in the cathodic region) to
where the anodic current increased dramatically (in the anodic
region). These tests were carried out at 1 mV/s at room temperature.
3. Results and discussion
Fig. 1 shows the XRD patterns of all samples prepared in this study.
In the curve of DLC/AZ31, there are no peaks of carbon occurred,
which means that this coating exists as an amorphous state. According
to the XRD patterns of AZ31 and DLC/AZ31, it is determined that the Cr
layer presented the (110) preferred texture and the CrN layer
presented the (111) preferred texture in the systems of DLC/Cr/
AZ31, DLC/CrN/AZ31 and DLC/CrN/Cr/AZ31. As shown in the curves of
CrN/Cr/AZ31(none) and CrN/Cr/AZ31(−300 V), the intensity of peak
CrN(111) and peak Cr(110) was decreased and the intensity of peak

Fig. 1. XRD patterns of all samples prepared in this study.

CrN(200) was increased when the bias voltage was applied in the
deposition process.
Fig. 2(a) and (b) shows the cross sections of two CrN/Cr coatings
on Si substrate, which were prepared under different bias voltages. In
each image, two layers, CrN(top) and Cr(bottom), can be distinguished clearly and each layer exhibited a developed columnar
structure. Fig. 2(c) and (d) shows the surface morphologies of two
above coatings on AZ31 substrate. With the application of bias
voltage, the surface of the CrN/Cr coating turned dense with the
decrease of cracks and pores. The insets of these two images show the
surface morphology at a high magniﬁcation. It can be observed that
the columnar microstructure of the CrN/Cr ﬁlm was more compact in
the case of applied substrate bias. Fig. 2(e), (f), (g) and (h) shows the
cross sections of DLC, DLC/Cr, DLC/CrN and DLC/CrN/Cr on Si substrate,
respectively. The insets in Fig. 2(e) and (h) give the element
distribution along the designated line from substrate to coating,
which also proves the formation of the carbon ﬁlms on substrates.
These amorphous DLC layers are smooth and dense compared with
the columnar structure of the interlayers. However, some big
particles, one of which is shown in Fig. 2(e), can be found on the
surface.
Fig. 3 shows the critical loads of the coated samples in the scratch
test in this study. With the addition of Cr and CrN interlayers, the
critical load of the DLC/AZ31 system became larger. Especially for the
DLC/Cr/AZ31 system, it owned the highest critical load among all
samples. The scratch test is a traditional method to assess the
adhesion strength of coating/substrate systems. A loaded diamond
stylus is drawn across the coated surface at continuously increasing
loads until the coating is stripped from the substrate at a critical load.
The adhesion can be thus evaluated by this critical load. The higher the
critical load is, the better the adhesion is. Therefore, the result of the
scratch test indicates that the addition of Cr ﬁlm and CrN ﬁlm as
buffers is helpful to the improvement of the adhesion between
coating and substrate.
Fig. 4 gives the polarization curves of all samples in 3.5 wt.% NaCl
solution. Generally, the cathodic polarization curve is assumed to
represent the cathodic hydrogen evolution through water reduction,
while the anodic curve represents the dissolution of the tested
material. The corrosion current density and corrosion potential, which
are critical parameters to evaluate the anti-corrosion property of
materials, were derived directly from the region in the polarization
curves by Tafel region extrapolation. The corrosion potentials and
corrosion current density are shown in Table 2. Based on these
electrochemical parameters, it is concluded that these coatings have
changed the corrosion behavior of AZ31 substrate in NaCl solution.
The CrN/Cr coatings didn't reduce the corrosion current density of
AZ31. In contrast, those prepared without bias voltage increased the
corrosion current density of AZ31 from 7.323 × 10−5 A/cm2 to
1.022 × 10−3 A/cm2. The single DLC coating lowered the corrosion
current density of AZ31 from 7.323 × 10−5 A/cm2 to 1.715 × 10−5 A/
cm2. However, the addition of interlayers made the corrosion current
density of DLC/AZ31 higher, that is to say, these interlayers decreased
the corrosion resistance of DLC/AZ31.
Altun and Sen proposed that some through-thickness defects in
the coating are the main factor to inﬂuence the corrosion resistance of
the PVD coating/magnesium substrate system in his study [8,9]. In our
study, some small cracks and pores are also existed in the prepared
coating (e.g. those shown in Fig. 2(c) and (d)). Both Cr and CrN have
higher corrosion potentials than AZ31 in 3.5 wt.% NaCl solution
[10,11], so local galvanic corrosion easily occurs at the interface of
coating and substrate in the defects. Although bias voltage induced
more ions to impact the surface and accordingly reduced more
defects, the CrN/Cr coating prepared using bias voltage didn't reduce
the corrosion current density of AZ31 due to the large corrosion
driving force provided by the large difference between coating and
substrate in galvanic series. According to the fact that the corrosion
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Fig. 2. Cross section and surface morphologies of all coatings prepared in this study: (a) and (c) CrN/Cr, no bias voltage applied, (b) and (d) CrN/Cr, bias voltage of − 300 V, (e) DLC,
(f) DLC/Cr, (g) DLC/CrN, and (h) DLC/CrN/Cr.

potential of DLC/AZ31 is close to that of AZ31, it can be further
concluded that there must be several through-thickness defects in the
DLC coating. Thus, for DLC/Cr/AZ31, DLC/CrN/AZ31 and DLC/CrN/Cr/
AZ31, paths are formed for corrosive media to arrive the interface of
coating and substrate if some defects in each layer connect together.

The insulative DLC is not easy to form galvanic cell with AZ31, but
when the interlayers, conductive Cr and CrN, are added, galvanic cell
will be formed between interlayers and substrate. Therefore, the
corrosion resistance of the whole coating/substrate system is
decreased.
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Table 2
Electrochemical parameters obtained from the polarization curves.

Fig. 3. Critical loads of the coated samples in the scratch test.

Sample

Corrosion potential (V)

Corrosion current density
(A/cm2)

AZ31
CrN/Cr/AZ31(none)
CrN/Cr/AZ31(− 300 V)
DLC/AZ31
DLC/Cr/AZ31
DLC/CrN/AZ31
DLC/CrN/Cr/AZ31

− 1.556
− 1.551
− 1.406
− 1.462
− 1.407
− 1.449
− 1.289

7.323 × 10− 5
1.022 × 10− 3
8.301 × 10− 5
1.715 × 10− 5
6.809 × 10− 5
3.249 × 10− 5
3.262 × 10− 5

system that includes a linear ion source and a magnetron sputtering
source. The addition of Cr and CrN as interlayers improved the
adhesion between coating and substrate effectively, but did not
enhance the corrosion resistance of the DLC/magnesium alloy systems
in 3.5 wt.% NaCl solution due to the formation of galvanic cell between
substrate and interlayer in the region of through-thickness defects.
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4. Conclusions
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