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Structure and Anticorrosion, Friction, and Wear
Characteristics of Pure Diamond-Like Carbon (DLC),
Cr-DLC, and Cr-H-DLC Films on AZ91D Mg Alloy
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This study evaluated the protection against corrosion and wear afforded to AZ91D Mg alloy by coatings of
hydrogen-free and low-Cr-doped hydrogenated diamond-like carbon (DLC) films. The microstructure and
corrosion resistance were evaluated using scanning electron microscopy, atomic force microscopy, Raman
spectroscopy, polarization curves, and neutral salt spraying tests. Wear tests were performed to investigate
the friction and wear behaviors of the samples against 9Cr18 in humid air, deionized water, and 3.5 wt.%
NaCl solution using a reciprocating sliding test in the ball-on-disk mode. The results showed that the more
compact Cr-H-DLC film improved the corrosion resistance of the Mg alloy, whereas the Cr-DLC film
accelerated the corrosion in the 3.5 wt.% NaCl solution. All Mg alloy samples coated with DLC films
exhibited low coefficient of friction (COF) values and smaller wear volumes compared with those of bare
substrate in air, water, or NaCl solution. The Cr-DLC film presented the lowest COF and wear rate in air,
but the worst corrosion protection in air and NaCl solution, whereas the converse was found for the Cr-H-
DLC film. Unfortunately, all coated samples showed limited protection ability because of pore defects in the
films, high galvanic potential between the substrate and the buffer layer or film, and high electrical
conductivity, which caused severe tribocorrosion of the Mg alloy during the wear tests in NaCl solution. The
corrosion protection ability of DLC films is key to the wear resistance protection of Mg alloys in water or

NacCl solution.

Keywords chromium, corrosion resistance, diamond-like carbon,
friction and wear, hydrogen-free, magnesium alloys

1. Introduction

The characteristics of low-density, high strength-to-weight
ratio, excellent machinability, and recyclability mean Mg alloys
are one of the most promising lightweight metal groups for
structural applications (Ref 1, 2). However, they have demon-
strated poor resistance to both corrosion and wear in many
environments that have restricted the range of their engineering
applications (Ref 2, 3). It is considered that microstructural
modification would not improve the performance of such
alloys; therefore, an engineered surface coating would be
required for their improved protection (Ref 2-6).

Diamond-like carbon (DLC) is a metastable form of
amorphous carbon that contains a high fraction of sp> bonds.
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Recently, DLC coatings have been considered promising for
improving the resistance of Mg alloys to corrosion and wear
because of their high hardness, good adhesion, low coefficient
of friction (COF), and chemical inertness (Ref 7-9). However,
conventional DLC films adhere poorly to Mg alloys because of
the large internal stresses associated with the sp® bonds. Thus,
the fundamental weakness of a DLC/Mg alloy system is the
poor adhesion of the DLC film to the soft substrate because of
mechanical incapability and high internal stresses. Metallic
buffer layers such as Al (Ref 10), Ti (Ref 11), or Cr (Ref 12),
prepared between a DLC film and a Mg alloy, have proven
effective at improving adhesion; however, these buffer layers
are limited to reducing the internal stresses of the DLC film.
Some metals can be combined with carbon to form carbide,
e.g., W (Ref 13), Ti (Ref 14), and Cr (Ref 15), or they can be
dissolved into a DLC matrix, e.g., Al (Ref 16, 17). These have
been found effective in both reducing the internal stresses and
modifying the properties of DLC films on Mg alloys.
Therefore, metal-doped DLC films have become a subject of
considerable interest to the scientific community (Ref 10-25).
Cr is a carbide former that possesses an attractive combi-
nation of other properties such as resistance to corrosion and
wear (Ref 26, 27), and considerable amounts of research have
been performed in this area (Ref 15, 18-25). However, the
emphasis of these earlier works has been on synthesis, structure
and properties, while little attention has been paid to the
protection of Mg alloys (Ref 15), especially their properties
regarding friction and wear in water or corrosive media
environments. Singh et al. (Ref 20) and Zou et al. (Ref 23)
reported that low Cr (< 4.9 at.%) doping could improve the
excellent antiwear capacity of hydrogenated DLC films on Si
(100) wafers, but no details of similar properties were reported
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for Mg alloys. Dai et al. (Ref 15) proved that hydrogenated
DLC films with low Cr doping (2.34 at.%), which exhibited
low internal stresses and high adhesion to a substrate, improved
the wear resistance of Mg alloys under dry sliding conditions;
however, no further investigations of their properties regarding
friction and/or wear were performed in water or corrosive
media conditions. DLC films can be divided into two groups
based on their hydrogen content, i.e., hydrogenated and
hydrogen-free carbon films (hereafter, H-DLC and pure DLC
films, respectively). The influence of Cr-doped DLC (hereafter,
Cr-DLC) film on the properties of friction and wear of Mg
alloys has been neglected.

This study focused on low-Cr-doped H-DLC and pure DLC
films deposited using an unbalanced magnetron sputter ion
plating system. The purpose was to conduct systematic analysis
of the protection capabilities of pure DLC, Cr-DLC, and Cr-H-
DLC films for AZ91D Mg alloy in air, water, and corrosive
media (i.e., 3.5 wt.% NaCl solution). The objectives were to
develop better understanding of these DLC films and to explore
an effective approach for enhancing the protection afforded to
Mg alloys by DLC films.

2. Experimental

Commercial-grade AZ91D Mg alloy plates
(30 x 25 x 2 mm) and thin Si (100) wafers were used as
substrate materials. The chemical composition of the AZ91D
Mg alloy is presented in Table 1. Prior to deposition of the
DLC films, the Mg alloy plates were mechanically ground by
up to #1200 SiC paper and then polished with diamond paste
(2.5 um). Finally, all substrates were cleaned ultrasonically in
absolute ethyl alcohol for 20 min and then dried in air.

Three types of DLC film, i.e., pure DLC, Cr-doped DLC
(Cr-DLC) and Cr and H co-doped DLC (Cr-H-DLC) films,
were deposited on the treated Mg alloy and Si wafer using
pulsed DC equipment which is a patented closed-field unbal-
anced magnetron sputter ion plating system (UDP-650, Teer
Coating Ltd.) at the State Key Laboratory of Solid Lubrication,
Lanzhou Institute of Chemical Physics, Chinese Academy of
Sciences. Cr (99.9%) and graphite targets with diameters of
60 mm were used. First, the treated substrates were placed in a
vacuum chamber. After the base pressure was evacuated to a
vacuum of 5.0 x 107> Pa, high-purity Ar gas (99.99%, 16
sccm) was introduced to sputter the substrates (bias voltage:
— 500V, frequency: 250 Hz, duty cycle: 80% and treatment
time: 30 min) to remove surface contaminants. Next, to provide
better adhesion, the Cr (target current: 3.5 A) transition layer
was prepared (bias voltage: — 70 V, frequency: 250 Hz, duty
cycle: 80%, and treatment time: 10 min) using high-purity Ar
gas (30 sccm) under a pressure of 0.1 Pa. Finally, the pure
DLC, Cr-DLC, and Cr-H-DLC films were fabricated on the Cr-
coated substrates. The details of the deposition parameters are
listed in Table 2.

Table 1 Chemical composition of AZ91D Mg alloy (wt.%)

A field emission scanning electron microscope (FE-SEM,
HITACHI SU8020, Japan) was used to investigate the surface
and cross-sectional morphologies of the DLC films. Atomic
force microscopy (AFM, Benyuan CSPM4000, China) was
used to characterize the surface topography and roughness of
the films. A digital camera and optical microscopy were also
used to observe the surface morphologies of the coated and
worn samples, respectively. Raman spectroscopy (Horiba
Jobin-Yvon LabRAM HRS800, France) with an Ar’ beam at
the wavelength of 532 nm was used to measure the atomic
bonds of the films on the Si substrate.

The internal stress of the DLC coatings was evaluated using
a coating stress tester (FST-1000). At least four measurements
were taken for different locations in the coatings, and the
average value was regarded as the internal stress of the coating.
The adhesion strength of the DLC coatings was measured using
a multifunctional material surface performance tester (MFT-
4000). The coated samples were fixed horizontally on the
loading platform; the loading speed was 10 N/min, the critical
load was 0 N, the termination load was 10 N, and the scratch
length was 5 mm. The loading force and friction force ranged
as — 0.02 to 0.0l N and — 0.02 to O N, respectively. The
scratch was observed by optical microscopy.

Polarization curves of the bare and DLC-coated Mg alloy
were determined using an electrochemical work station (Auto-
lab, PGSTAT 302 N) in 3.5 wt.% NaCl solution. A conven-
tional three-electrode cell was used, i.e., a saturated calomel
electrode was used as the reference electrode, a Pt sheet (4 cm?)
was used as the counter electrode, and the exposed area
(0.5 cm?) of the sample was used as the working electrode. To
ensure the samples were stabilized in the NaCl solution, open-
circuit potential (OCP) tests were carried out. Polarization tests
could not be conducted until the OCP changes were = <5 mV
during the 5-min period of measuring the potentials. The scan
rate was 1 mV/s and the scanning region was set from — 0.80
to + 1.5 V with respect to the OCP. Each sample was tested at
least three times to ensure reliability and reproducibility. The
corrosion parameters were calculated using electrochemical
software (CHI, version 12.23, USA). Based on the mostly
linear polarization behavior in the Tafel region (+ 100 mV
with respect to the corrosion potential), the polarization
resistance (R;,) values are determined using Eq 1, which is
the Stern—Geary equation.

babe

Ry=ce—
P 2.303icor (b — by)

(Eq 1)

To determine the corrosion resistance of the bare and coated
Mg alloy, a neutral salt spray (NSS) test was performed
according to GB T 10125-2012/ISO 9227:2002. Three different
samples of each type of DLC were prepared and tested for 8 h.
Following the NSS test, the corrosion product was cleaned
using soapy water.

Friction experiments were performed using a ball-on-disk
tribometer (CSM) at room temperature (22 4 2 °C) with

Composition Mg Al Si

Cu Zn Mn Ni Fe

Mass fraction Balance 8.91 0.016

0.0025 0.84 0.32

0.00045 0.0022
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Table 2 Deposition parameters of three kinds of DLC films

Films Cr DLC Cr-DLC Cr-H-DLC
Vacuum, Pa 0.1 0.1 0.1 0.1

Ar flowing rate, sccm 16 16 16 30

C4H;( flowing rate, sccm 0 0 0 30
Distance of target to substrate, mm 150 150 150 150
Current of Cr target, A 3.0 0 0.38 0.38
Current of graphite target, A 0 3.5 35 35
Negative bias voltage, V 70 150 150 150
Deposition temperature, °C 150-200 150-200 150-200 150-200
Deposition time, min 30 300 300 300

relative humidity of 27 & 2% in air, deionized (DI) water and
3.5 wt.% NaCl solution. During the reciprocating friction tests,
a 9Crl18 steel ball (diameter: 6 mm) was used as the friction
counter body, the reciprocating length was 5 mm, sliding time
was 2000s and sliding frequency was 5 Hz. The total sliding
distance was 100 m. The normal load was 5 N in air and 1 N in
both DI water and 3.5 wt.% NaCl solution. The COF values
were obtained directly from the tribometer computer. After the
friction tests, the worn surfaces were observed as described
above, and their wear volumes were measured using a 2-D
noncontact optical profilometer (KLA-Tencor D-100, USA).
The specific wear rate () of the coated samples is calculated
according to Eq 2.

W =V/(F xL) (Eq 2)

where V'is the wear volume of the wear track, F is the normal
load, and L is the sliding distance.

3. Results and Discussion

3.1 Surface Characterization

Figure 1 shows the examples of the surface morphologies of
the DLC-coated samples. The pure DLC and Cr-DLC films on
the Mg alloy appear light gray, and the Cr-H-DLC film appears
black. The DLC films present typical smooth, imporous, and
crack-free surface macroscopic morphologies (Fig. lal, bl,
and cl), indicating good adhesion between the DLC films and
the Mg alloy. However, some limitations are observable when
magnified using SEM. The pure DLC and Cr-DLC films show
microcracking among the cluster particles (Fig. 1a2 and a3, b2,
and b3), whereas the Cr-H-DLC film still shows a dense
structure (Fig. 1¢2 and c3). Thus, it can be considered that the
microcracking could provide channels for corrosive media in an
aggressive environment that would weaken corrosion resistance
(Ref 28). The Mg alloy coated with Cr-H-DLC shows good
corrosion resistance. Additionally, the typical AFM images of
the DLC films prove they have smooth surfaces because of the
low roughness (Fig. 1a4, b4, and c4). In comparison, the Cr-
DLC film shows relatively high roughness, implying good
adhesion to the substrate and a low rate of wear in air (Ref 29).

Figure 2 shows cross-sectional SEM images of DLC films
deposited on Si wafers. In each image, the cross sections
exhibit evident differences. A columnar microstructure can be
observed in the cross section of the pure DLC film (Fig. 2a),
whereas the structure is indistinct in the cross sections of the
Cr-DLC and Cr-H-DLC films. The DLC (top) and Cr (bottom)
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can be distinguished in the cross sections of the pure DLC and
Cr-H-DLC films (Fig. 2a and c), whereas they are difficult to
observe in the cross section of the Cr-DLC film. Moreover, a
microcrack is visible between the DLC film and the Cr
interlayer (Fig. 2a). Thus, it can be concluded that a Cr-doped
DLC film is matched more easily than a pure DLC film with a
Cr buffer interlayer, which implies that a Cr-DLC film would
have a high growth rate (Ref 12, 15, 23). Table 4 shows that the
film thickness increases from 3.60 pm for the pure DLC film to
3.78 pum for the Cr-DLC film. Additionally, it can be observed
that the Cr-H-DLC film shows a more compact cross-sectional
structure. This is in agreement with the thickness of the Cr-H-
DLC film, which is lower than that of the pure DLC film
(Table 4), indicating that hydrogen doping would improve the
compactness of a DLC film (Ref 30).

Generally, the Raman spectra of a DLC film can be fitted
using two Gaussians peaks: the G peak and the D-peak. The G-
band at around 1540-1580 cm ™' represents graphite, and the D-
band at around 1350 cm ™' represents a disordered graphite-like
structure (not diamond) (Ref 31). According to an earlier
investigation (Ref 32), the structure of a DLC film depends
strongly on energy. Thus, the DLC films of this study show the
typical shape of a DLC spectrum, as shown in Fig. 3. Usually,
the G-band is derived from the £, symmetric vibrational mode
of the graphite layers of sp> microdomains, whereas the D-band
is assigned to bond-angle disorder in the graphite structure,
induced by linking with sp* carbon atoms and the lack of long-
distance order in graphite-like microdomains (Ref 31, 33, 34).
Thus, the G-band for the Cr-DLC film is shifted toward higher
frequencies, reflecting the increase in graphite-like microdo-
mains in the Cr-DLC film, which is in agreement with the
reference (Ref 15). In contrast, the increase in diamond-like
microdomains in the Cr-H-DLC film is reflected in the shift of
its G-band toward lower frequencies. Moreover, the decreasing
intensity of the D-peak in the Cr-H-DLC film demonstrates the
disordering of the amorphous carbon film (Ref 35). Addition-
ally, the Ip/I; ratio increases from 2.2 for the pure DLC film to
3.6 for the Cr-DLC film, whereas it decreases to 1.1 for Cr-H-
DLC film. This suggests the Cr-DLC film has an sp-rich
microstructure, whereas the Cr-H-DLC film has an sp3-rich
microstructure. Therefore, in comparison with a pure DLC film
under normal dry friction conditions, it can be concluded that
the Cr-DLC and Cr-H-DLC films would show lower and higher
COF values, respectively.

3.2 Internal Stress and Adhesion

The internal stress of the DLC films is also shown in
Table 4. The internal stress of the pure DLC, Cr-DLC, and Cr-

Volume 28(2) February 2019—1215



Pure DLC

SU8020 3.0kV 2.1mm x20.0k SE(TU)

&

[
SU8020 3.0kV 1.9mm x100k SE(TU)

Cr-DLC

SU8020 3.0kV 1.9mm x20.0k SE(TU)

Cr-H-DLC

O
2.00um SU8020 3.0kV 2.1mm x20.0k SE(TU)

500 nm

500 nm

(RO | B R R R
500nm SU8020 3.0kV 2.1mm x100k SE(TU) 500nm

Fig. 1 Optical photographs (al-cl), SEM images (a2-c2, a3-c3), and AFM images (a4-c4) of the coated Mg alloys: (al-a4) pure DLC; (bl-b4)
Cr-DLC; (c1-c4) Cr-H-DLC. Note: al, bl, and cl are the DLC-coated Mg alloys; (a2-a4), (b2-b4), and (c2-c4) are the DLC-coated Si wafers

H-DLC films is 1.18, 1.26, and 2.71 GPa, respectively. Some
CrC phases can be formed in the amorphous carbon matrix. The
Cr-C bond is longer than the C-C bond, thereby increasing the
internal stress (Ref 13). Additionally, the increase in the internal
stress in the Cr-H-DLC films should be contributed to
increasing the sp® fraction, as indicated by the Ip/lg ratio in
Fig. 3.

Typically, the lower the internal stress of the DLC films, the
higher the adhesion strength. However, the Cr-DLC, and Cr-H-
DLC films showed higher adhesion strength than the pure DLC
film in Fig. 4 despite possessing a relatively high internal
stress. This can be ascribed to the enhanced interface bonding
between the DLC films and Cr layer due to Cr doping (Ref 15).
Meanwhile, the adhesion strength of the Cr-H-DLC film
(7.4 N) was lower than that of the Cr-DLC film (8.1 N) due
to its highest internal stress. Therefore, good interface adhesion
not only depends on the low internal stress, but also on strong
interface bonding.

1216—Volume 28(2) February 2019

3.3 Corrosion Resistance

Figure 5 exhibits the polarization curves of the bare and
coated Mg alloy in the 3.5 wt.% NaCl solution. The fitting
results are listed in Table 3. Compared with the bare Mg alloy,
the current density values of the DLC- and the Cr-H-DLC-
coated samples decrease and the corrosion potential values shift
slightly toward the positive direction; however, the Cr-DLC-
coated sample shows the converse. It can be concluded that
both the DLC and Cr-H-DLC films improve the corrosion
resistance of the Mg alloy, whereas the Cr-DLC film fails to
offer protection. According to Faraday’s law, lower corrosion
current density means higher corrosion resistance. Therefore, of
all the samples tested, the Cr-H-DLC film provides the best
corrosion protection for the Mg alloy.

Figure 6 shows the appearance of both bare and coated Mg
alloy samples after the NSS tests. During the NSS tests, the
surfaces of the bare and of the DLC- and Cr-DLC-coated

Journal of Materials Engineering and Performance
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Fig. 2 Cross-sectional SEM images of (a) pure DLC, (b) Cr-DLC,
and (c) Cr-H-DLC films on Si wafers

samples revealed the adhesion of considerable numbers of
NaCl particles after 4 h (Fig. 6al, bl, and cl), whereas the Cr-
H-DLC-coated sample showed much less adhesion by NaCl
particles (Fig. 6d1). In fact, it was observed that the bare Mg
alloy lost its metallic luster once the NSS test began, indicating
that corrosion had occurred. The DLC- and Cr-DLC-coated
samples developed some white pits or corrosion products after
2 h, but the Cr-H-DLC-coated sample did not. During the NSS
test, the Cr-H-DLC-coated sample showed no evidence of
corrosion for 6 h. Considerable numbers of white salt particles
covered the dried surfaces of the bare and coated samples after
8 h of the NSS tests (Fig. 6a2-d2), resulting in the invisible
corrosion appearance. However, the effects of corrosion were
visible after the samples had been rinsed with soapy water and
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Fig. 3 Raman spectra of the DLC films on Si wafer

DI water. Catastrophic corrosive topography was found on the
surface of the bare Mg alloy. There was no coating, but some
corrosion pits were observed on the Cr-DLC-coated sample.
Although corrosion pits were not obvious on the DLC- and Cr-
H-DLC-coated samples, some white regions were visible,
which represented the residues of corrosion pits that formed
during the tests (Ref 10). Comparatively, among the samples
tested, the Cr-H-DLC film retarded the corrosion of the Mg
alloy (Fig. 6), verifying the conclusion derived following the
polarization test.
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Table 3 Fitting results of the polarization curves from
Fig. 5§

Fig. 4 Scratch appearance of the coated AZ91D Mg alloys: (a) DLC; (b) Cr-DLC; (¢) Cr-H-DLC
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Fig. 5 Polarization curves of the bare and DLC-coated AZ91D Mg
alloys

Pinholes are inevitable defects found in PVD or CVD
coatings (Ref 36-38). Moreover, pores with diameters of
approximately 0.5 nm are always distributed randomly within
such films, even in high-quality DLC films (Ref 39, 40), as
illustrated in the films prepared for this study (Fig. 1 and 2).
Water molecules have diameters of approximately 0.32 nm;
therefore, they are able to permeate DLC films easily through
these pores. It can be speculated that water molecules with
corrosive ions such as CI™ could permeate films easily when
placed within a Cl-containing environment. Once corrosive

1218—Volume 28(2) February 2019

Cr- Cr-H-
Bare AZ91D DLC DLC DLC
— Eeom, mV vs. SCE 1399 1311 1422 1092
fcors A cm 2 142.9 443 3446 14.5
b,, mV/dec 148 242 156 226
— b, mV/dec 122 195 183 190
Ry, kQ 2.11 9.84 133 35.72

media penetrate via these pores to the interface between the film
and the substrate, galvanic cells would be produced between
the electrochemically nobler DLC/Cr layer and the active Mg
substrate (Ref 10, 28). Then, the Mg substrate, as the anode,
would begin to dissolve, and the DLC/Cr layer, as the cathode,
would become involved in hydrogen evolution in these pores.
The reaction would lead to the accumulation of certain
corrosion products in the pores; however, these products would
not prevent further reaction because of the porous nature of
Mg(OH),, which is the principal component of the corrosion
products (Ref 41). Subsequently, CI~ would tend to transform
the Mg(OH), into soluble MgCl, (Ref 42, 43). This would lead
to enlargement of corrosion pits, resulting in visible corrosive
pits on the surface of the Mg alloy coated with the pure DLC
film (Fig. 6b3). However, galvanic corrosion could be hindered
by the insulating effect of a DLC film (Ref 10) such that DLC-
coated Mg alloy would show better anticorrosion properties
than bare substrate. Singh et al. (Ref 20) reported that DLC
films with 4.8 at.% Cr contain crystalline chromium carbide
nanoclusters embedded within an amorphous DLC matrix. Dai

Journal of Materials Engineering and Performance



Bare AZ9

Cr-H-DLC

Fig. 6 Appearance of the bare and DLC-coated AZ91D Mg alloys after NSS test. (al-d1): 4 h with corrosion products; (a2-d2): 8 h with

corrosion products; (a3-d3): 8 h without corrosion products

et al. (Ref 44) stated that Cr-DLC film with low Cr content
(< 8.42 at.%) doping is an amorphous DLC structure with
dispersed metallic-like Cr. Therefore, Cr doping should
increase the electrical conductivity of a DLC film. It can be
speculated that some corrosion microcells with large cathodes
and small anodes would be formed in the micropores within a
Cr-DLC film, which would accelerate both the corrosion of the
Mg alloy and the deterioration of the Cr-DLC film. Thus,
compared with the DLC-coated sample, the Cr-DLC-coated
sample in this study exhibited less corrosion resistance (Fig. 5)
because of synergistic effects between poor compactness
(Fig. 1b3), the large cathode and small anode, and good
electrical conductivity. Wu (Ref 12) and Dai et al. (Ref 15)
proved that Cr as an interlayer did not enhance the corrosion
resistance of DLC/Mg alloy systems in Cl-containing solutions.
This was attributed to the formation of galvanic cells between
the substrate and the Cr layer in the region of through-thickness
defects. Zeng (Ref 28) and Panjan et al. (Ref 36) suggested that
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Table 4 Parameters of the DLC films

Wear rate/x 10~° mm (N m)™’

Specimen Thickness, pm Internal stress, GPa Air Water NacCl solution
Bare AZ91D 1143.7 146.4 264.5
Pure DLC 3.60 — 1.18 1.617 2.453 4.420
Cr-DLC 3.78 —1.26 1.542 4.321 5.709
Cr-H-DLC 3.50 —-2.71 2.120 1.314 3.054

0.45 cl, and d1), although they have different wear rates, i.e., in order

T Bare AZ91D from large to small: Cr-H-DLC > pure DLC > Cr-DLC. This

0.40] —DLC shows that the Cr-DLC-coated Mg alloy has good friction and

Cr-DLC wear behaviors in humid air.

Cr-H-DLC

Friction Coefficient
>
o
1

0 500 1000 1500 2000
Time /s

Fig. 9 COFs of the bare and coated AZ91D Mg alloys as a
function of the sliding time at 1 N load in DI water

the corrosion resistance of DLC films was compromised by
pores within the films. Therefore, among the three coated
samples of this study, the Cr-H-DLC-coated sample showed the
best corrosion resistance because of the compactness of the Cr-
H-DLC film (Fig. 1¢3), which might reduce the numbers of
pores (i.e., corrosion microcells).

3.4 Friction and Wear

3.4.1 In Humid Air. Figure 7 shows COF values of bare
and DLC-coated Mg alloy samples as a function of sliding time
under loads of 5 N in air with relative humidity of 27 £ 2%. It
can be seen that the COF of the bare Mg alloy changes
considerably, while that of the coated samples remains stable.
The stable COF values for the bare and the pure DLC-, Cr-
DLC-, and Cr-H-DLC-coated Mg alloy samples vary in the
ranges of 0.25-0.30, 0.10-0.11, 0.09-0.10, and 0.12-0.13,
respectively. The coated samples show better friction behavior
in humid air in comparison with the bare substrate. The
frictional curve of the Cr-H-DLC-coated sample exhibits a long
running-in distance and a higher COF value than both the pure
DLC- and the Cr-DLC-coated samples, indicating that the Cr-
H-DLC-coated sample has a higher wear rate than the pure
DLC and Cr-DLC samples. The COF of the Cr-DLC sample is
lower than that of the pure DLC film in the stable step, which is
in agreement with the results of the Raman spectroscopy.

Figure 8 shows the microscopy images and sectional profiles
of'the wear scars of bare and coated Mg alloy samples under loads
of 5 N in air with relative humidity of 27 £ 2%. The bare Mg
alloy presents deeper and wider wear tracks compared with the
coated samples; it also has the highest wear rate in Table 4. It is
evident that the DLC films show better wear behavior (Fig. 8bl,
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The friction and wear behaviors of DLC films are correlated
primarily with composition, microstructure and sliding envi-
ronment (Ref 9, 23, 29, 45, 46). The Ip/Ig ratio of the pure
DLC film is about 2.2, whereas that of the Cr-DLC film
increases to 3.6 after the low Cr content was doped into the
pure DLC film (Fig. 3). This implies that Cr doping induced a
transformation of sp® to sp?, meaning the Cr-DLC film became
more graphite-like (Ref 13). Moreover, the DLC film with low
Cr content is characterized by amorphous DLC with Cr atoms
dispersed within it (Ref 44). Thus, the Cr-DLC film exhibits
lower COF and wear rate values compared with a pure DLC
film in humid air.

In contrast, the COF of the Cr-H-DLC film is higher than the
pure DLC film, which should reflect an increase in internal
stresses owing to the incorporation of hydrogen into the film
(Ref 30, 35). Generally, atomic hydrogen can saturate the C=C
bonds, mainly converting sp>-C to sp’~CH, which leads to an
increase in the sp fraction within the DLC film (Ref 35, 47).
This is also consistent with the results shown in Fig. 3 and
Table 4. Therefore, the Cr-H-DLC film presents a higher COF
and poorer wear resistance than the Cr-DLC film in humid air.

Another mechanism that could affect the friction and wear
behaviors of DLC films is the sliding environment. Although
the tests were performed in air at room temperature with
relative humidity of 27 & 2%, the sliding environment was
found to have little effect on the friction and wear behaviors of
the films, and therefore, it was neglected in further discussion.

3.4.2 In DI Water. To investigate the friction and wear
behaviors of the bare and coated Mg alloy samples in water, the
tests were performed in DI water. During the tests, it was found
that the samples were prone to premature bearing failure under
heavy loads such as 5 N. Therefore, a load of 1 N was used, as
shown in Fig. 9-12. Compared with Fig. 7, the samples display
different friction behaviors in Fig. 9. Initially, the COF of the
bare Mg alloy is stable, but it fluctuates dramatically within the
range of 0.31-0.39 after 500 s of sliding time. The COF of the
Cr-DLC-coated Mg alloy fluctuates within the range of 0.11-
0.19. The COF values of the pure DLC and Cr-H-DLC films
have small fluctuations within the ranges of 0.08-0.10 and 0.07-
0.13, respectively. Although the COF of the pure DLC film is
more stable than the Cr-H-DLC film, the COF of the Cr-H-DLC
film decreases gradually with increasing sliding time, i.e., it
becomes much lower than the pure DLC film by the final step.
This indicates that the Cr-H-DLC film would show better
friction behavior in water in comparison with the pure DLC
film.

Figure 10 shows the microscopy images of the wear scars of
the bare and coated Mg alloys under loads of 1 N in DI water.
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Fig. 10 Microscope images of the wear scar of the bare and coated AZ91D Mg alloys at 1 N load in DI water. (a) Bare AZ91D; (b) DLC; (c)

Cr-DLC; (d) Cr-H-DLC
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Fig. 11 COFs of the bare and coated AZ91D Mg alloys as a
function of the sliding time at 1 N load in 3.5 wt.% NaCl solution

The bare Mg alloy shows a wider wear track compared with
that of the coated samples; it also has the highest wear rate in
Table 4. Corrosion pits can be observed on the wear track of the
Cr-DLC-coated Mg alloy (Fig. 10c), whereas pitting is not
evident for the pure DLC and Cr-H-DLC samples. These
corrosion pits could be responsible for the fluctuation of the
COF of the Cr-DLC film. It can be concluded that the Cr-DLC
film shows poor wear resistance in DI water. In addition,

1222—Volume 28(2) February 2019

according to Table 4, the order of wear rate from large to small
is bare Mg alloy > Cr-DLC > pure DLC > Cr-H-DLC.
Therefore, of the samples tested, the Cr-H-DLC film provides
the best wear protection for Mg alloy in DI water.

If lubricant water was added onto the friction surface, the
wear debris (Mg and MgO) from the bare Mg alloy would react
with the water molecules to form insoluble Mg(OH), as the
main corrosion product (Ref 41). Insoluble Mg(OH),, as new
abrasive particles, could increase the frictional resistance,
resulting in an increase and greater fluctuation of the COF.
Additionally, water molecules could penetrate via the micro-/-
nanopores into the DLC films, forming micro-/nanogalvanic
cells between the DLC/Cr layer and the substrate (Ref 10, 28).
Therefore, synergistic effects between galvanic corrosion and
chemical wear could accelerate the failure of DLC films during
the tests. The above shows that the corrosion protection offered
by the Cr-DLC film is less than that of the pure DLC- and Cr-
H-DLC-coated samples; thus, this explains the severe corrosion
observed on the Cr-DLC-coated Mg alloy. Therefore, the
compactness of a DLC film plays an important role in the
corrosion resistance offered to the coated Mg alloys in DI
water.

3.4.3 In NaCl Solution. Figure 11 shows the COF values
of bare and coated Mg alloys as a function of sliding time under
aload of 1 N in 3.5 wt.% NaCl solution. The COF values of the
coated Mg alloys fluctuate widely, while those of the bare Mg
alloy remains comparatively stable. The stable COF of the bare
Mg alloy varies in the range of 0.09-0.11, whereas the COF
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Fig. 12 Microscope images of the wear scar of the bare and coated AZ91D Mg alloys at 1 N load in 3.5 wt.% NaCl solution. (a) Bare

AZ91D; (b) DLC; (¢) Cr-DLC; (d) Cr-H-DLC

values for all the coated samples are higher with broader ranges
of fluctuation. Moreover, the COF values of the coated samples
exhibit the same trends of change, i.e., they increase to a
maximum value and then decrease suddenly; it is just the
sliding times that are different.

Figure 12 exhibits microscope images of wear scars of the
bare and coated Mg alloys under loads of 1 N in 3.5 wt.% NaCl
solution. The bare Mg alloy shows a wider wear track
compared with the coated samples. In contrast, the wear scars
of the coated samples appear to incorporate several large
corrosion pits, whereas the wear scar of the bare substrate
shows only small corrosion pits, characteristic of typical
corrosion wear.

Compared with the friction and wear behaviors of the bare
substrate in DI water (Fig. 9 and 10a), the worn bare substrate
in the NaCl solution shows a low COF, high rate of wear
(Table 4), and an absence of grooves or plows on the wear scar.
This reveals that the bare Mg alloy presents good friction
behavior (low COF) but poor wear resistance in a Cl-containing
solution. Comparably, the Cr-DLC-coated sample shows much
greater corrosion than the other coated samples, evidenced by
the bigger corrosion pits. This could be ascribed to the poor
anticorrosion properties of the Cr-DLC-coated sample. Never-
theless, the coated Mg alloys showed very limited endurance,
and they could not survive the NaCl solution. Thus, it can be
concluded that compactness of DLC films is vital in affording
protection to Mg alloys.
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3.5 Discussion

3.5.1 Improvement of Corrosion Protection Capability
of DLC Films. It is apparent from Fig. 1 and 2 that the Cr-H-
DLC film shows better compactness than the pure DLC and Cr-
DLC films, resulting in higher corrosion resistance of the Cr-H-
DLC-coated Mg alloy compared with the other studied
samples. Thus, it is evident that DLC films with higher
compactness afford better corrosion protection.

Defects such as cracks, pinholes, or pores are difficult to
avoid in DLC films when they are fabricated using PVD
techniques (Ref 36-38), i.e., galvanic corrosion or a corrosion
microcell might occur in such defects when the coated samples
are within corrosive environments. In this study, Cr was found
responsible for the poor corrosion resistance of the Mg alloy
coated in the pure DLC film because of the high potential
difference between Cr (— 0.913 versus SHE) and Mg (— 2.363
versus SHE). Furthermore, Wu et al. (Ref 12, 48) reported that
the corrosion of Mg alloys could be accelerated if Al, Ti, or Cr
was used as an interlayer between the Mg alloy and the hard
coating because of the formation of galvanic cells; however, of
the three, an interlayer of Al is preferred for impeding the
corrosion of the Mg alloy. Therefore, another feasible method
to inhibit corrosion should be to decrease the galvanic potential
difference between the Mg alloy and the coating when a
galvanic cell is produced.

Electrical conductivity should also be considered to enhance
the corrosion protection capability of DLC films. This study
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showed that the corrosion resistance of the Cr-DLC-coated Mg
alloy was less than that of the pure DLC-coated sample, which
could be attributed to an increase in the electrical conductivity
due to Cr doping. Conversely, Masami et al. (Ref 49) proved
that the corrosion protection of Si-DLC/Ti is better than Ti-
DLC/Ti on AZ91 Mg alloy. Therefore, to improve the corrosion
resistance of Mg alloys using DLC films, the following
suggestions should be considered:

(1) Improve the compactness of the DLC film.

(2) Decrease the potential difference between the substrate
and the buffer layer or film.

(3) Reduce the electrical conductivity of the film or use in-
ert metal doping.

3.5.2 Key to Enhancing the Friction and Wear of DLC
Films. According to normal friction and wear theory, softer
materials should experience greater wear than harder materials
when two dissimilar materials rub against each other (Ref 8§,
25). Thus, compared with the bare Mg alloy, all the DLC-
coated samples considered in this study presented good friction
and wear behaviors regardless of the test environment.
Furthermore, comparably, the COF of the Cr-H-DLC film
was found higher than that of the pure DLC and Cr-DLC films
in air, resulting in a higher wear rate; however, the Cr-DLC-
coated sample showed the lowest COF and wear rate values.
Therefore, a metal-doped DLC film (e.g., Cr-DLC) has better
friction and wear properties that offer greater wear protection
for Mg alloys in air.

In addition, the interface bonding strength has a vital
influence on the wear resistance of the DLC films (Ref 13, 15).
The differences between the DLC film and Mg alloy in material
properties, such as the hardness, elastic modulus, and melting
points, as well as the high internal stress of the DLC film,
would dramatically reduce the adhesive strength of the DLC
film on the Mg alloy. The increasing adhesion strength between
the Cr-DLC film and AZ91D Mg alloy (Fig. 4) is attributed to
the transition layer of Cr in the interface, as it leads to good dry
friction and wear properties in air (Fig. 7 and 8). Therefore, a
transition layer between the hard DLC film and soft Mg alloy
must exist to obtain the high adhesion.

Under environmental conditions of water or NaCl solu-
tion, in addition to their inherent characteristics, friction, and
wear behaviors of the DLC films must reflect their capability
to protect Mg alloys against corrosion. In water, the COF
values of the pure DLC and Cr-H-DLC films were found
low and stable, whereas that of the Cr-DLC film was high
and fluctuating (Fig. 9). Moreover, corrosion pits were
observed on the Cr-DLC-coated sample but not on the pure
DLC- and Cr-H-DLC-coated samples (Fig. 10). When sub-
jected to corrosive media such as NaCl solution, the
properties of the Cr-DLC film deteriorated (Fig. 12).
Although the pure DLC and Cr-H-DLC films showed
reasonable protection against corrosion for the Mg alloy in
NaCl solution (Fig. 5 and 6), they demonstrated only limited
protection with severe corrosion evident on the Mg alloy
during the wear tests in a corrosive solution. Therefore, the
capability of DLC films for protecting Mg alloy against
corrosion has a vital role in their friction and wear behaviors
in water or NaCl solution.

1224—Volume 28(2) February 2019

4. Conclusions

(1) The Cr-H-DLC film exhibited better compactness than
the pure DLC and Cr-DLC films, resulting in a reason-
able capability to protect the Mg alloy against corrosion.
However, the Cr-DLC film accelerated the corrosion of
the Mg alloy, which could be attributed to increased
electrical conductivity resulting from Cr doping and the
high potential difference between Cr and Mg.

(2) Compared with the bare Mg alloy, all DLC-coated sam-
ples showed lower values of COF and smaller rates of
wear, regardless of the environment (i.e., humid air,
deionized water, or 3.5 wt.% NaCl solution). Of all the
tested samples, the Cr-DLC-coated Mg alloy displayed
the best friction and wear properties for the protection
of Mg alloys in air but the poorest properties in water
and NaCl solution.

(3) The corrosion protection ability of DLC films plays a
vital role in their wear resistance protection for Mg al-
loys in water or NaCl solution. Thus, to enhance the
corrosion protection capability of DLC films, an ideal
DLC film should exhibit characteristics of perfect com-
pactness, high adhesive strength, low galvanic potential
between the substrate and the buffer layer or film, and
high electrical resistance.
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