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1. Introduction 

Cr-incorporated diamond-like carbon (Cr-DLC) fi lms were deposited on AZ31 magnesium alloy as protective 

coatings by a hybrid beams deposition system, which consists of a DC magnetron sputtering of Cr target 

(99.99%) and a linear ion source (LIS) supplied with CH4 precursor gas. The Cr concentration (from 2.34 to 

31.5 at.%) in the fi lms was controlled by varying the fl ow ratio of Ar/CH4. Scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), Raman spectroscopy and X-ray photoelectron spectroscopy 

(XPS) were used to investigate the microstructure and composition of Cr-DLC fi lms systematically. An 
electrochemical system and a ball-on-disk tribotester were applied to test the corrosion and tribological 

properties of the fi lm on the AZ31 substrate, respectively. At low Cr doping (2.34 at.%), the fi lm mainly 
exhibited the feature of amorphous carbon, while at high doping (31.5 at.%), chromium carbide crystalline 

phase occurred in the amorphous carbon matrix of the fi lm. In this study, all the prepared Cr-DLC fi lms 

showed higher adhesion to AZ31 than the DLC fi lm. Especially for the fi lm with low Cr doping (2.34 at.%), it 

owned the lowest internal stress and the highest adhesion to substrate among all the fi lms. Furthermore, this 

fi lm could also improve the wear resistance of magnesium alloy effectively. But, none of the fi lms could 
improve the corrosion resistance of the magnesium alloy in 3.5 wt.% NaCl solution due to the existence of 

through-thickness defects in the fi lms. 
©  2010 Elsevier B.V. All rights reserved. 

 
 
 

which arises from the deposition mechanism known well as sub- 

plantation [11– 13]. Numerous metallic elements (W, Ti, Ag, Cr etc.) 

Magnesium alloys have been widely used in industry, especially in 

the automotive applications, due to high strength/weight ratio, 

excellent mechanical properties and recycle ability [1,2]. Unfortu- 

nately, it also has some disadvantages, such as the poor wear and 

corrosion resistance, which limit its extended utilization [3,4]. One of 

the effective methods to overcome the above-mentioned drawbacks 

is to deposit protective hard fi lms on the magnesium alloys [5]. In 

recent years, physical vapor deposition (PVD) technology, widely 

used to fabricate hard fi lms for different tribological applications, has 

received great attention because of environment friendliness [6]. 

Various kinds of fi lms, including Al, Ti, TiN and CrN produced by PVD, 

have been employed to improve the wear and corrosion resistances of 

the magnesium alloys [7– 10]. Besides above PVD fi lms, DLC fi lms were 

also attempted for the protection of the magnesium alloys recently 

due to their high hardness and wear resistance, good chemical 

inertness, and low friction coeffi cient [11,12]. However, a major 

drawback for DLC fi lms as protective coatings for magnesium alloys is 

their weak adhesion to the substrate because of high internal stress, 
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have been employed to modify the structures and properties of the 

DLC fi lms, and it was found that the metal doped into DLC fi lms (Me- 

DLC) played a great role in reducing internal stress and strengthening 

fi lm adhesion to the substrate [14– 19]. To the best of our knowledge, 

applying the Me-DLC fi lms on magnesium alloys as wear and 

corrosion protective coatings has not yet been reported till now. 

Our previous work demonstrated that the Cr fi lm as a buffer-layer 

could signifi cantly improve the adhesion between DLC fi lm and 

magnesium substrate [7]. Interestingly, according to the doped metal 

feature in DLC fi lms mentioned in the above literatures, chromium is 

also one of the most effective elements in reducing stress, while not 

deteriorating the superior hardness, friction coeffi cient, wear and 

corrosion resistance of DLC fi lms [20– 22]. Thus, Cr doping seems a 

potential method for replacing the addition of Cr buffer-layer to 

improve the preparation effi ciency with reducing the process of 

buffer-layer preparation. Based on this consideration, a hybrid beams 

deposition system, including a DC magnetron sputtering of Cr target 

(99.99%) and a linear ion source (LIS) supplied with CH4 precursor 

gas, was tried to prepare Cr-DLC fi lms on AZ31 magnesium alloy for 

improving the properties of AZ31 substrate. Subsequently, the 

microstructure, corrosion behavior and tribological properties of the 

Cr-DLC coated AZ31 magnesium alloy are systematically investigated.
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surfaces were observed using optics microscope (Leica DM2500 M, Ger). 

The tribological behaviors of the AZ31 coated by the fi lms were 

As-extruded AZ31 plates and silicon (100) wafers of thickness 525± 

15 μ m were used as the substrate materials. And a thin silicon (100) wafer 

of thickness 285±5 μ m was also used as substrate to accurately estimate 

the internal stress. The AZ31 plates were fi rst ground with emery paper up 

to 1500# and then polished with Al2O3 paste (average size 1 um). All the 

substrates were cleaned ultrasonically in acetone, ethanol, and dried in air 

before putted into the vacuum chamber. The Cr-DLC fi lms were prepared 

on the AZ31 and silicon substrates by a hybrid ion beams deposition 

system consisting of a DC magnetron sputtering with a 120 mm 

(W)×380 mm (L) rectangular Cr target (99.99%) and a 380 mm (L) 

linear anode-layer ion sources (LIS). With this confi guration of hybrid 

plasma sources, the ion energy of hydrocarbon ions and the doping Cr ions 

can be easily controlled without interruption, and the fi lms with large 

uniformity area at 300 mm length (Thickness fl uctuation b 5%) can be 

obtained, which is an ideal candidate for the industrialization. Prior to 

deposition, the substrates were sputter-cleaned for 20 min using Ar ion 

with a bias voltage of −  100 V. The base pressure was evacuated to a 

vacuum of 2×10−  5 Torr. During fi lm deposition process, hydrocarbon 

gas 

(CH4) was introduced into the linear ion source to obtain the 

hydrocarbon 

ions for DLC deposition. The Ar sputtering gas was supplied to the 

magnetron sputter for Cr sputtering. The concentration of chromium in 

the fi lms was controlled by varying the Ar/CH4 ratio in the supply gas 

mixture. The total gas fl ux was kept at 80 sccm and the work pressure was 

kept at about 3.5×10−  3 Torr. Typical values of LIS voltage and current 

were 1100±20 V and 0.2 A, respectively. The DC power supplied to the 

sputtering gun was about 950 W (380 V, 2.5 A). A negative pulsed bias 

voltage of −  50 V (350 KHz, 1.1 μ s) was applied to the substrate. The 

deposition time was 1 h. For comparison, the DLC fi lm was also prepared 

using LIS and a negative substrate bias of −  50 V without operating the 

magnetron sputtering. 

The thickness of the deposited fi lms was measured by a cross- 

section SEM measuring scale. The chemical composition of the fi lms 

was analyzed by the energy dispersive X-ray spectroscopy (EDS, 

Hitachi S-4800). Raman spectroscopy with an incident Ar+ beam at a 

wavelength of 514.5 nm was used to measure the atomic bonds of 

fi lms. High-resolution transmission electron microscopy of the fi lms 

was performed on Tecnai F20 electron microscope operated at 

200 keV with a point-to-point resolution of 0.24 nm. The TEM 

specimens were prepared by peeling off the fi lms from the NaCl 

crystalline substrates, which were dissolved in deionized water. An X- 

ray photoelectron spectroscopy (XPS, Axis ultraDLD, Japan) with Al 

(mono) Kα  irradiation at pass energy of 160 eV was used to 

characterize the chemical bonds and microstructure of the fi lms. 

The internal stress of the fi lms was calculated from the curvature 

of fi lm/substrate composite using the Stoney equation, and the 

curvature of fi lm/substrate composite was determined by a laser 

tester. The adhesion of the fi lms to the AZ31 substrate was assessed by 

a scratch tester (J&L Tech, Korea) performed on a Rockwell diamond 

indenter with a conical tip of 0.2 mm in radius. The critical loads at 

which the fi lms failed owing to breakage were used as a criterion of 

the adhesive strength. In order to investigate the interface state of the 

fi lm and substrate, the Cr-DLC fi lms with the thickness of about 

100 nm were deposited on the AZ31 substrates specially. XPS in- 

depth etching with an argon-ion gun and 3 keV ions was used to 

character the evolution of the composition and chemical states 

around interface. 

For the electrochemical investigation, the experiments were 

performed on an AUTOLAB PGSTAT302 advanced electrochemical 

system, using the conventional three-electrode technique. The 

potential was referred to a saturated AgCl electrode (SCE) and the 

counter electrode was a platinum sheet. Each specimen was masked by 

paraffi n waxes with the surface area of 1 × 1 cm2 exposed in 3.5 wt.% 

NaCl solutions. These tests were carried out at 1 mV/s at room 

temperature. After corrosion test, the photographs of the specimen 

measured on a rotary ball-on-disk tribometer at room temperature with 

a relative humidity of 40 ∼ 50% under dry sliding conditions. A steel ball 

(SUJ-2, HRC60) with a diameter of 7 mm was used as the friction 

counter body. All the tests were performed at 0.1 m s−  1 sliding velocity 

for a distance of 100 m and the applied load was 1 N. After friction test, 

the wear traces were measured by a surface profi ler and SEM. The 

composition of the wear scar and debris were analyzed with EDS. 

 
3. Results and discussion 

 
3.1. Coating characteristic 

 
The Cr/C atomic ratio of the as-deposited fi lms was measured by 

EDS. Fig. 1 presents the Cr concentration of the fi lms as a function of 

the Ar/CH4 ratio. The average Cr concentration of the fi lms 

monotonically increased from 2.34 to 31.5 at.% as the ratio of the 

Ar/CH4 increased from 53/27 to 60/20. In the further text, we would 

use the terms “Cr-DLC-L, Cr-DLC-M and Cr-DLC-H” to denote the Cr- 

DLC fi lms with 2.34 at.% (Low Cr doping), 12.1 at.% (Medium Cr 

doping) and 31.5 at.% (High Cr doping), respectively. Fig. 2 shows the 

plan-view SEM images of the fi lms deposited on AZ31 and the cross- 

sectional SEM images of the fi lms deposited on Si wafers. Obviously, 

the DLC fi lm displayed a typical smooth amorphous surface 

morphology while partially cracked and peeled off from the AZ31 

substrate due to the poor adhesion strength. However, with 

incorporating Cr into DLC matrix, all Cr-DLC fi lms exhibited the 

good adhesion to the AZ31 substrate and no localized delamination of 

the fi lms occurred. Different from the amorphous DLC morphology, all 

Cr-DLC fi lms were composed of the small and compact spherical 

particles, and with the increase of the Ar/CH4 ratio, the size of these 

particles increased and the segregated bigger “fl owerlike” structure 

was observed. The fi lm thickness deduced from the cross-section 

images increased from 641 nm for the DLC fi lm to 780 nm for the Cr- 

DLC-H fi lm, implying that the Cr doping would improve the growth 

rate of the fi lms deposited by the hybrid beams. 

The chemical bonds of the deposited fi lms could be observed from 

the XPS spectra. Fig. 3 shows the XPS C 1s peaks of the pure DLC and 

Cr-DLC fi lms. The C 1s spectra of the DLC fi lm only revealed a single 

peak around 284.6 eV corresponding to the typical C– C or C– H 

binding energy of the DLC fi lm [23]. With the incorporation of Cr 

atoms, a shoulder peak with a lower binding energy of 283 eV 

appeared, and the peak intensity increased with the Cr concentration 

increasing. Since the peak at 283 eV is generally assigned to the Cr– C 

bonds [19], it can be deduced that the chromium carbide was formed 

in the fi lms and the fraction of the carbide increased as the Cr 

concentration increased. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Cr concentration of the deposited fi lms as a function of the Ar/CH4 ratio.
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Fig. 2. Plan-view SEM images of the fi lms deposited on AZ31 and cross-sectional SEM images of the fi lms deposited on Si wafers: (a) DLC, (b) Cr-DLC-L, (c) Cr-DLC-M, and (d) Cr-DLC-H. 

 
 

Fig. 4 shows the plan-view TEM images and corresponding 

sectional area electron diffraction (SAED) patterns of the DLC fi lm 

and Cr-DLC fi lms. The pattern of the DLC fi lm (Fig. 4(a)) presented a 

diffuse halo, representing the typical amorphous structure. For Cr- 

DLC-L (Cr 2.34 at.%), although the XPS result of Fig. 3 revealed that a 

small amount of Cr– C bonds were formed in this fi lm, the SAED 

pattern was similar to that of the pure DLC and showed a ringlike 

pattern, which indicated that crystal phases began to evolve in the 

amorphous carbon matrix of the fi lm. For Cr-DLC-H (Cr 31.5 at.%), 

sharp crystalline diffraction rings were clearly observed in Fig. 4(c). 

Those rings could be identifi ed to be the (111), (200), (220) and (311) 

refl ections of the face-centered (FCC) chromium carbide structure 

with a lattice parameter of 0.413 nm. This lattice parameter was very 

close to the lattice parameter of B1 CrC (0.41 nm), which implying 

that the CrC crystalline phase was formed in the carbon fi lms at high 

doping. 

The representative Raman spectra of the DLC and Cr-DLC fi lms are 

shown in Fig. 5(a). There is a broad asymmetric Raman scattering 

band in the range of 1000– 1700 cm−  1, representing the typical 

characteristic of DLC fi lm [12]. It is found that the intensity of the 

Raman spectra decreased as the ratio of Ar/CH4 increased. The 

phenomenon perhaps attributed to that, the Cr incorporation resulted 

in the decrease of the carbon fraction in per unit area of the fi lm, 

 
which would reduce the Raman scattering cross-section of the fi lm, 

and thus caused the fi lm scattering intensity decrease. 

Usually, the Raman spectra of DLC fi lms can be fi tted using two 

Gaussians peaks, the G peak and the D peak, as shown in the insert 

fi gure of Fig. 5(a). The G peak centered at around 1550 cm−  1 is due to 

the bond stretching of all pairs of sp2 atoms in both aromatic rings and 

carbon chains, and the D peak is due to the breathing modes of sp2 

atoms only in rings. According to the G peak position and the intensity 

ratio of D peak to G peak (ID/IG), the sp2/sp3 ratio of the DLC fi lms can 

be characterized [24]. As the sp2/sp3 ratio decreases in hydrogenated 

amorphous carbon, the G peak and the ID/IG ratio will move down and 

decrease, respectively [12,24]. The corresponding G peak position and 

the ID/IG ratio of the fi lms, after fi tted, are clarifi ed in Fig. 5(b). The G 

peak position shifted towards high wave number and the ID/IG ratio 

also increased in the Cr-DLC fi lms, implying the higher sp2/sp3 ratio in 

the Cr-DLC fi lms as compared with that in the DLC fi lms. When the Ar/ 

CH4 ratio increased further, the sp2/sp3 ratio decreased subsequently 

according to the downshift of the G peak and the decrease of the ID/IG 

ratio. The initial increase of the sp2/sp3 ratio due to Cr doping might 

attribute to the catalyst effect of Cr atoms on the formation of sp2 sites 

[25,26]. However, since sp2-C has the relative lower bonding energy 

than sp3-C, it would favor to bonded with the Cr atoms to form the CrC 

phase. Consequently, as Cr concentration increased, a larger number
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Fig. 5. (a) Representative Raman spectra and (b) corresponding G peak position and ID/ 

Fig. 3. Typical C 1s high-resolution XPS spectra of DLC fi lm and Cr-DLC fi lms. IG of the fi lms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. Typical TEM micrograph and corresponding diffraction pattern of (a) DLC, (b) Cr-DLC-L, and (c) Cr-DLC-H.
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of sp2-C were used to formed carbide phase and thus resulted in the 

decrease of sp2-C fraction. Similar infl uence of the metal doping on the 

sp2/sp3 ratio was also observed in Mo-DLC, where Mo bonded with 

sp2-C and thus caused the sp2/sp3 ratio decrease [27]. 

Fig. 6 shows the internal stress of the DLC fi lm and Cr-DLC fi lms 

deposited at different Ar/CH4 ratios. The internal stress dramatically 

decreased at fi rst and then increased as the Ar/CH4 ratio increased 

further, and the lowest internal stress was acquired by the Cr-DLC-L 

fi lm. The most important factor of the internal stress reduction was 

the increase of the sp2 fraction in the Cr-DLC fi lm due to Cr doping (see 

Fig. 5), since the sp2 bond has been expected to relieve the 

compressive stress [12,28]. In addition, Wang et al. [29] also proposed 

that the metal atoms distributed in the amorphous carbon matrix play 

a role of a pivotal site, whereby distortion of the atomic bond angles 

can occur without inducing a signifi cant increase in the elastic energy. 
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The internal stress can be relaxed through the atomic bond distortion. 

At high Cr doping, however, many CrC phases were formed in the 

amorphous carbon matrix. Since the Cr– C bond length is longer than 

the C– C bond length, it would cause the internal stress increase. 

To obtain the high adhesion is one of the major technology 

challenges for the DLC protective fi lms on magnesium alloy, and it has 

vital infl uences on the wear and corrosion resistance of the fi lms. Fig. 7 

shows the critical loads of the DLC and Cr-DLC fi lms coating on AZ31. 

The results showed that in general, all Cr-DLC fi lms revealed much 

higher critical load than the DLC fi lm, and the Cr-DLC-L fi lm with the 

lowest internal stress exhibited the highest critical load. Normally, the 

internal stress has signifi cant infl uence on the adhesive strength of 

DLC fi lms. However, the Cr-DLC-M and Cr-DLC-H fi lms still showed 

higher adhesion than the DLC fi lm, although they possessed relatively 

high internal stress. Obviously, the addition of Cr atoms was helpful to 

the improvement of the fi lm adhesion. This indicates that the 

achievement of the good interface adhesion was not only due to the 

low internal stress but also due to the strong interface bonding. 

 
3.2. Interface analysis of Cr-DLC/AZ31 

 
The chemical state of the interface between the fi lm and the AZ31 

substrate was performed by XPS in-depth etching using an argon-ion 

gun with 3 KeV ions. Fig. 8 presents the C 1s, Cr 2p, Mg 2p and O 1s 

high-resolution XPS spectra of the AZ31 coated by Cr-DLC fi lms with a 

thickness of about 100 nm against etching depth as well as etching 

time. Each etching time corresponds to a certain depth (between the 

fi lm and substrate). As the etching depth increased, the intensities of 

the C 1s and Cr 2p spectra decreased, while the relative intensity of the 

Mg 2p spectra increased. The C 1s XPS spectra could be also 

deconvoluted into two main peaks, similar to those in Fig. 3. However, 

the relative intensity of Cr– C peak in the C 1s spectra of Fig. 8(a) 

seemed to be higher than that in Fig. 3 (Cr-DLC-L), implying higher 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Internal stress of DLC fi lm and Cr-DLC fi lms deposited at different Ar/CH4 ratios. 

Fig. 7. Critical load of DLC fi lm and Cr-DLC fi lms deposited at different Ar/CH4 ratios 

coating on AZ31. 

 
concentration of Cr around the interface. The difference of Cr 

concentration might attribute to the “target poisoning” due to the 

interaction of the target with the reactive gases, which was 

encountered usually in Me-DLC deposition [30– 32]. At the beginning, 

the metal target was clear. The metal could be easily sputtered from 

the target. Then, the target was gradually covered by carbonaceous 

species, and the sputtering yield decreased until dynamical equilib- 

rium between target covering by carbon and cleaning by argon. 

Accordingly, the Cr concentration in the interface (in initial step) 

would be higher than that in the fi lm bulk. 

For both the Cr-DLC-L and Cr-DLC-H samples, as the depth 

increased from depth 1 to depth 5 (from the fi lm to AZ31), the 

position of the Mg 2p main peak changed from about 51.3 eV to about 

50 eV. The Mg 2p peak could be deconvoluted into three composite 

peaks. The broad peaks at binding energies of about 51.3 eV and 

50.5 eV were corresponding to Mg in magnesium carbonate state and 

magnesium oxide state, respectively. The single and spiked peak at 

about 50 eV corresponds to magnesium in the metallic state. The O 1s 

peak increased initially and then decreased as the etching depth 

increased, and it could deconvoluted into two components with 

binding energies of 531 eV and 534 eV corresponding to oxide and 

carbonate, which were consisted with the Mg 2p spectra. This clearly 

illustrated that the oxide layer (MgO) was still remained on the AZ31 

surface. It is suggested that the interface of the fi lms and AZ31 seems 

to be relatively complex, which was also reported in other literature 

[33]. 

The weak adhesive strength of the DLC fi lm on AZ31 mainly 

attribute to two factors: one is the high internal stress of the DLC fi lms, 

and the other is the low interfacial bonding energy due to the abrupt 

difference between DLC and magnesium in materials properties, such 

as hardness, elastic modulus, and melting points [34]. The improve- 

ment of the adhesion between the Cr-DLC fi lms and AZ31 might be 

accounted for the existence of chromium in the interface. Thus, the 

fi lm/AZ31 interface was able to endure the high internal stress in the 

Cr-DLC-H fi lm. 

 
 
3.3. Corrosion behavior 

 
The polarization curves of all specimens are shown in Fig. 9. By 

using the Tafel region extrapolation from the polarization curves, the 

corrosion current density and potential were obtained and illustrated 

in Table 1. All the AZ31 coated by the Cr-DLC fi lms exhibited higher 

corrosion potential than the bare AZ31. However, all the as-deposited 

fi lms didn't reduce the corrosion current density of the coated AZ31 

compared with that of the bare AZ31. This indicated that neither the 

DLC fi lm nor the Cr-DLC fi lms could improve the corrosion resistance



 
 

1
3
1
2

 
W

. D
a
i e

t a
l. / D

ia
m

o
n

d
 &

 R
e
la

te
d

 M
a
te

ria
ls 1

9
 (2

0
1

0
) 1

3
0
7
–

1
3
1
5

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. Typical high-resolution C 1s, Cr 2p, Mg 2p and O 1s spectra of (a) Cr-DLC-L and (b) Cr-DLC-H coating on AZ31 against etching depth as well as etching time in the in-depth XPS analysis.
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adhesion. For the Cr-DLC/AZ31 specimens, some large corrosion pits 

were observed on the surface. Altun et al. proposed that the through- 

thickness defects, like micro-pits and -pores in the coating, are the 

main factor to infl uence the corrosion resistance of the AlN PVD 

coating/magnesium substrate system [35,36]. Although the growth 

mode of the amorphous DLC fi lm is different from that of the columnar 

AlN fi lm, there are still some pores, even in good quality PVD or CVD DLC 

fi lms [37,38]. Corrosive solution can penetrate the DLC coating via those 

through-thickness pores and attack the AZ31 substrate to form local 

galvanic corrosion. With the gradually evolution of the local corrosion, 

corrosion pits were gradually enlarged and at last presented the 

morphology as shown in Fig. 10. 

 
3.4. Tribological properties 

 
Fig. 9. Polarization curves of DLC fi lm and Cr-DLC fi lms coating on AZ31. 

 

 
Table 1 

Electrochemical parameters obtained from the polarization curves of Fig. 9. 

 
Fig. 11(a) presents the coeffi cient of friction (COF (μ )) of the AZ31 

coated by the fi lms against sliding distance. The bare AZ31 was also 

performed in tribological experiment for comparison. The Cr-DLC-L and 

Cr-DLC-M specimens showed a relative stable friction-distance profi le, 

and the average friction coeffi cient was about 0.3 lower than 0.4 for the 

bare AZ31. However, even the DLC and Cr-DLC-H specimens also 

Sample 

AZ31 

DLC 

Cr-DLC-L 

Cr-DLC-M 

Cr-DLC-H 

Corrosion potential (V) 

−  1.519 

−  1.521 

−  1.427 

−  1.420 

−  1.367 

Corrosion current density (A/cm2) 

1.863 × 10−  4 

3.023 × 10−  4 

5.896 × 10−  4 

5.465 × 10−  4 

6.543 × 10−  4 

exhibited low friction coeffi cient about 0.3 in initial step, the non-stable 

friction behavior with continuous oscillatory peaks was viewed after a 

few meters sliding (about 3 m and 6 m for DLC and Cr-DLC-H, 

respectively), which was similar to the results tested for the bare 

AZ31 alloy. Fig. 11(b) shows the surface profi les of the wear tracks in the 

uncoated and coated AZ31. The DLC and Cr-DLC-H specimens presented 

deep and broad wear tracks, as the uncoated AZ31 showed. On the 

contrary, the wear track of the Cr-DLC-L specimen was smooth and 

of the magnesium alloy, since the corrosion current was directly 

related to the corrosion rate. 

Fig. 10 shows the photographs of the specimen surfaces after 

corrosion test. It is observed that the DLC fi lm in the DLC/AZ31 specimen 

was completely broken and destroyed in corrosion due to the poor 

unnoticeable. 

To investigate the wear mechanism of the Cr-DLC fi lms on AZ31 

substrate, the SEM morphology was used to obtain the wear scar and 

debris composition of the fi lms after friction tests. Fig. 12 shows the 

details morphologies with the inserted magnifi ed images and the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Surface micrograph of the AZ31 substrate coated by (a) DLC, (b) Cr-DLC-L, (c) Cr-DLC-M, and (d) Cr-DLC-H after corrosion test.
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Fig. 11. (a) Coeffi cient of friction (COF) of bare AZ31 and the fi lms coating AZ31 as a function of sliding distance, and (b) corresponding surface profi les of the wear tracks after 
friction test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. SEM images and EDS analysis of the wear tracks on (a) DLC, (b) Cr-DLC-L, (c) Cr-DLC-M, and (d) Cr-DLC-H.
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partially elaborated chemical composition by EDS. It is observed that 

the DLC and Cr-DLC-H fi lms were completely peeling off from AZ31 

substrate in wear process, as shown in the insert of Fig. 12(a) and (d), 

and it is confi rmed that no carbon element was detected from the 

wear trace by the EDS analysis. As a consequence, the sudden increase 

of the friction coeffi cient on the DLC and the Cr-DLC-H fi lm mainly 

attributed to the fi lms failure. The Cr-DLC-L specimen exhibited 

excellent wear resistance and the durable wear life during the friction. 

Noted that numerous small pieces of wear debris were accumulated 

along the wear track, and a large amount of C, O, Fe was observed from 

the EDS analysis, as shown in the insert of Fig. 12(b). This reveals that, 

during the friction, the formation of oxide due to the temperature 

spikes occurred at asperity contacts between the counter-body steel 

ball and the fi lm [19]. In other aspect, the detected C element denotes 

that the Cr-DLC fi lm was survived during all the sliding. Fig. 12(c) and 

the inset showed that the Cr-DLC-M specimen processed more serious 

wear than the Cr-DLC-L due to that more wear debris and cracks were 

observed in the wear track. In conclusion, the Cr-DLC-L fi lm could 

greatly improve the wear resistance of the AZ31 magnesium alloy in 

this study. 

 
4. Conclusions 

 
The Cr-DLC fi lms with various Cr concentrations were successfully 

deposited on AZ31 by the hybrid beams system, including a linear ion 

source and a magnetron sputtering source. The concentration of 

chromium in the fi lms was varied from 2.34 at.% to 31.5 at.% by 

changing the Ar/CH4 ratio in the gas mixtures with a total fl ow rate at 

80 sccm. At low Cr doping (2.34 at.%), the fi lm mainly exhibited the 

feature of amorphous carbon, whereas at high doping (31.5 at.%), 

chromium carbide crystalline phase occurred in the amorphous 

carbon matrix of the fi lm. All the Cr-DLC fi lms showed higher 

adhesion to AZ31 substrate compared with that of the DLC fi lm. None 

of them could distinctly improve the corrosion resistance of the 

magnesium alloy systems in 3.5 wt.% NaCl solution due to the 

formation of galvanic cell in through-thickness defects of the fi lms. 

However, the Cr-DLC fi lm with low Cr concentration (2.34 at.%) 

exhibited a relatively low friction coeffi cient and a good wear 

resistance in this study. It is noticeable that, we showed a possibility 

to fabricate the DLC protective coatings with high adhesion strength 

and good wear resistance for the magnesium alloy without any 

addition of interlayer. 
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