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A B S T R A C T   

The TiN monolayer and Ti/TiN multilayers were prepared on the AZ31 magnesium alloys by filter cathodic 
vacuum deposition. The TiN monolayer with highest hardness among the coatings failed during friction as its 
poor resistance to crack propagation, low toughness, and poor deformation coordination between the coating 
and substrate. The Ti/TiN multilayers with layered structure had lower hardness but withstood the friction 
process due to their higher toughness, better resistance to crack propagation and good deformation coordination 
between the coating and substrate. The layer by layer wear mechanism was revealed through observing the cross- 
sectional SEM morphology of the wear track of the Ti/TiN multi-2 coating. Compared with the Ti/TiN multi-2 
coating, the Ti/TiN multil-6 coating with higher flow rate of nitrogen introduction had lower wear rate as its 
higher hardness but produced brittle cracks.   

1. Introduction 

Magnesium and magnesium alloys have attracted increasing interest 
due to their low density, high strength-to-weight ratio, thermal con
ductivity, biocompatibility [1], etc. They have a broad application in 
aerospace, military, electronics, sports, biomedical, and automobile in
dustry [2,3] etc. Poor corrosion and wear resistance are the fatal defects 
hindering their wide application, and coating provides an economical 
and effective method to solve this problem [4–6]. Metal coating [7], 
hard ceramic coating with transition layer [8], composite coating [9], 
and multilayer coating [10] have good adhesion with magnesium alloy 
matrix, which can prevent the coating from failure in the process of 
corrosion and friction, thus have been widely used in corrosion or/and 
wear protection of magnesium alloys. Among them, composite and 
multilayer coatings can effectively improve wear resistance by reducing 
residual stress and increasing toughness without sacrifice of hardness. 
For example, Cr doped DLC coating [9], Al/AlN/CrAlN/CrN/MoS2 
gradient multilayer [10], and TiN/CrN alternate multilayers [11,12] 
reduced the wear rate of the magnesium alloys by nearly two orders of 
magnitude. 

Titanium nitride (TiN) coating has high hardness and good wear 
resistance [13], and is widely used in tools and mechanical components, 

but sudden brittle cracking or fatigue cracking are common in the 
working process [14]. Many studies have confirmed that appropriate 
matching of hardness and toughness, good fatigue resistance, and high 
coating/substrate bonding strength are the basis of excellent wear 
resistance of the coating [15,16]. So, the soft and plastic metallic Ti layer 
has been introduced to form Ti/TiN multilayer to achieve the following 
purposes: (1) improving toughness by preventing crack propagation in 
coating [17–20]; (2) reduce coating defects and densify coating [20–22]; 
(3) improving adhesion strength by absorbing impact energy through 
the plastic deformation of Ti sublayer [23]. To date, Ti/TiN multilayers 
have been prepared on steels [24–27], iron [28], uranium [29], titanium 
alloys [30,31], epoxy based carbon fiber reinforced polymers [32] 
substrates for improvement of corrosion and wear resistance. After Ti/ 
TiN multilayer coating, the wear rate of sample is reduced by 1–2 orders 
of magnitude [24,26,29], and thicker Ti sublayer in Ti/TiN multilayer 
means better cracking resistance [31]. Thus, Ti/TiN multilayers is ex
pected to improve wear resistance of magnesium alloy. 

In this article, the TiN monolayer and Ti/TiN multilayers were pre
pared by filtered cathodic vacuum arc (FCVA) deposition on the AZ31 
magnesium alloys. The mechanical property and wear resistance of the 
TiN monolayer and Ti/TiN multilayers with different coating structures 
were studied. By observing the cross-sectional SEM morphology of 
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coated silicon samples after friction for different times, the wear evo
lution and layer by layer wear mechanism of the Ti/TiN multilayer were 
revealed. Also, the effect of deformation of soft magnesium alloy sub
strate on the wear behavior of the TiN monolayer and Ti/TiN multi
layers was studied. 

2. Experimental 

Square blocks of AZ31 magnesium alloy (mass fraction: 3.1 % Al, 0.9 
% Zn, 0.32 % Mn, 0.012 % Si, 0.0089 % Cu, 0.0021 % Fe, 0.0009 % Ni, 
and Mg balance) with 20 mm × 20 mm × 2 mm size and silicon (100) 
wafers with 0.5 mm thickness were used as substrates. All AZ31 alloy 
samples were ground with 400–2000 grit SiC papers and then polished 
with alumina suspension with 1 μm particle size. After rinsed with 
deionized water, the polished AZ31 magnesium alloys and silicon spe
cies were ultrasonically cleaned in acetone and alcohol for 10 and 5 min, 

Table 1 
Deposition parameters.  

Parameters TiN 
monolayer 

Ti/TiN multi-2 Ti/TiN multi-6 

Ti TiN Ti TiN 

N2 flow rate (sccm) 2 0 2 0 6 
Negative bias 

voltage (V) 
100 100 100 100 100 

Duty cycle (%) 50 50 50 50 50 
Arc current (A) 90 90 90 90 90 
Magnetic current 

(A) 
2.0 2.0 2.0 2.0 2.0 

Deposition time 
(min) 

240 10 20 10 20 

Alternation times – 8 8 8 8 
Pressure deposition 

(Pa) 
8.5 × 10− 3 7 ×

10− 3 
8.5 ×
10− 3 

7 ×
10− 3 

1.0 ×
10− 2  

Fig. 1. Surface and cross-sectional morphologies of (a, d) TiN monolayer, (b, e) Ti/TiN multi-2 multilayer, and (c, f) Ti/TiN multi-6 multilayer, depicting local 
spalling and columnar crystal structure of the TiN monolayer and dense layered structure of the multilayers. 
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respectively, and followed by dried in cold air. 
A filtered cathodic vacuum arc deposition system with a 180◦ mag

netic filter elbow designed by Beijing Normal University was used to 
deposition of coating. The 180◦ magnetic filter elbow has a perfective 
filtering effect on large particles, effectively prevents the temperature 
rise during film deposition and obtains a denser coating. A titanium 

target (100 mm diameter) with 99.99 % purity was the cathode, 99.999 
% purity nitrogen was used as the reaction gas. All samples were fixed on 
a rotatable sample holder keeping 20 cm from the outlet of the magnetic 
elbow. The chamber was firstly pumped to 4.0 × 10− 3 Pa and then the 
samples were orderly sputter-cleaned at 600 and 400 V substrate 
negative biases for 30 s, respectively. After sputter-cleaning, all samples 

Fig. 2. (a) Bright field TEM image of the cross-sectional micrograph and (b) SAED pattern of the Ti/TiN multi-2 coating, and (c) EDS spectra of red rectangle in 
Fig. (a), depicting the layered structure of the Ti/TiN multi-2 coating, some columnar grains and near saturated N content in the TiN sublayer. 

Fig. 3. XRD spectra of coatings on the Si substrates, all coatings show same 
peaks and preferential growth along the TiN (111) plane. 

Fig. 4. Residual compress stress of the TiN monolayer, Ti/TiN multi-2, and Ti/ 
TiN multi-6 coatings, verifying the multilayers had lower residual stress. 
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had a suitable temperature and rough surface for good adhesion strength 
between the coating and substrate [33]. Both sputtering cleaning and 
coating deposition maintained 50 % duty cycle, 90 A arc current, and 2.0 
A magnetic field. And 100 V substrate negative bias was used during 
coating deposition. A Ti transition layer was firstly deposited for 5 min 
to improve adhesion strength of coating, then 2 sccm flow rate of ni
trogen was introduced for the TiN monolayer deposition. The Ti/TiN 
multilayers (named as Ti/TiN multi-2 and Ti/TiN multi-6) were depos
ited alternately for 10 min without N2 and 20 min with 2 and 6 sccm 
flow rate of N2 introduction, respectively. This process was repeated for 
8 times. The total deposition time for all coatings was 240 min. The 
detailed parameters of the coating preparation are listed in Table 1. 

The surface and cross-sectional morphologies of the coating on the 

magnesium alloy substrate were observed by a field-emission scanning 
electron microscope (FESEM, Hitachi S-4800) equipped with EDS 
(Super-X EDS). The cross-sectional morphology of the Ti/TiN multi-2 
coating was also observed by a field-emission transmission electron 
microscope (TEM, Thermo Fisher Talos F200) equipped with EDS 
(Super-X EDS) and was operated at 200 kV. the transmission sample 
were prepared by focused ion beam (FIB). The phases component of the 
coating was investigated by an X-ray diffraction (XRD, X pert pro MPD) 
with a Cu Kα radiation (λ = 0.154056 nm), operated at 40 kV and 40 mA. 

A surface morphology examination (Talysurf 5P-120) was carried 
out for curvature of the Si sample before and after coating. Five mea
surements were executed and the average value was used to calculate 
the corresponding residual stress of the coatings using Stoney's equation 

Fig. 5. Hardness and elastic modulus of nanoindentation, and the Vickers indentation images of the TiN monolayer and Ti/TiN multilayers under 50 and 100 gf 
loads, respectively. Which depicts the TiN monolayer has higher hardness, but lower toughness compared with the multilayers. 

Fig. 6. Ratios of H/E* and H3/E*2 of the TiN monolayer and Ti/TiN multilayers, indicating the H/E* and H3/E*2 ratios of the coating from high to low is the TiN 
monolayer coating, Ti/TiN multi-6 coating, and Ti/TiN multi-2 coating. 
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(Eq. (1)) [34]: 

σ =
1
6

Est2
s

(1 − vs)tf

(
1

R2
−

1
R1

)

(1)  

where Es, vs, and ts are Young's modulus of (GPa), Poisson's ratio, and 
thickness (mm) of substrate, respectively. tf is thickness (mm) of coating, 
R2 and R1 are curvature radius (mm) of substrate after and before 
coating. 

An MMT-X7A Vickers hardness tester was used to evaluate the 
toughness of the TiN monolayer and Ti/TiN multilayers on the magne
sium alloys at applied loads of 50 g and 100 g, respectively. 

A nanoindenter G200 (Keysight Technologies) equipped with a 
Berkovich diamond probe tip was used to measure the hardness (H) and 
Young's modulus (E) of the coating. Compared with the conventional 
mechanical property testing technology, the surface state of the sample 
is more important to the test results of nano indentation method. The 
surface roughness of magnesium alloy substrate is larger than that of 
silicon substrate, thus the roughness of the coatings on magnesium al
loys is correspondingly larger than that of coatings on silicon substrates. 
So, the nano indentation test was applied on the coated magnesium 
alloy. To minimize the effect of the substrate, the maximum loading 
force was 15 mN and the pressing depth was less than 200–230 nm (less 
than 1/8 of the coating thickness). Five measurements gave an average 
value for each sample. 

The dry tribological performance of the uncoated- and coated mag
nesium alloys, and coated silicon wafers were tested using a recipro
cating electrochemical corrosion friction and wear tester (MFT- 
EC4000). All tests were carried out in an ambient environment at room 
temperature against a Si3N4 ball (6 mm diameter). A normal load of 1 N 
with the reciprocating friction distance of 5 mm and the frequency of 1 
Hz were applied. For the coated magnesium alloys, the wear depth 
profile was gained by the surface morphology instrument (Talysurf 5P- 
120) after 30 min test. The wear rate was calculated from the following 
equation [35]: 

W = V/(P× L) (2) 

where W is wear rate (mm3/N. m), V is wear volume (mm3), L is 
sliding distance (m) and P is load (N). The wear track and elemental 
composition within wear track, the cross-sectional morphology and 
corresponding elemental mapping images of the coated magnesium al
loys after friction were observed by SEM equipped with EDS. Also, the 
cross-sectional morphologies of the TiN monolayer coated Si sample for 
10 min friction and Ti/TiN multi-2 coated Si sample for 5 to 120 min 
friction were observed by SEM. 

3. Results and discussion 

3.1. Microstructure 

The surface and cross-sectional SEM morphologies of coatings on the 
magnesium alloys were shown in Fig. 1. Due to the magnetic elbow 
filtration of FCVA, only a few micro particles and droplets (Fig. 1 a-c) 
were observed on the surface of coatings [23,36]. The thickness of the 
TiN monolayer, Ti/TiN multi-2 coating, and Ti/TiN multi-6 coating was 
1.7, 2.0, and 1.9 μm (Fig. 1 d-f), respectively. The TiN monolayer 
showed columnar structure with some detritus and local spalling on the 
surface, some visible pinholes were seen between columnar crystal 
boundary (Fig. 1 a, d). However, EDS result shows that there were Ti, N 
and O peaks in the spalling area and no magnesium peaks, indicating 
that the magnesium alloy was still completely covered by the coating. As 
shown in Fig. 1 e, f, the Ti/TiN multi-2 and Ti/TiN multi-6 coatings had 
clear layered structure because of alternate deposition of Ti and TiN 
layers, which can be explained by the crystal lattice mismatch between 
Ti and TiN [37]. There were no visible cracks and pinholes. 

Fig. 2 shows bright-field TEM image of the cross-sectional micro
graph and selected area electron diffraction (SAED) pattern of the Ti/ 
TiN multi-2 film. For the Ti/TiN multilayer, some columnar grains 
(yellow arrows) in the TiN sublayer were interrupted by the Ti sublayer. 
Modulation TiN:Ti was ~1:1.8 (Fig. 2 a). The average thickness of the Ti 
and TiN sublayers was ~90 and ~160 nm for the Ti/TiN multi-2 coating, 
and ~85 and ~153 nm for the Ti/TiN multi-6 coating, respectively. 
Continuous polycrystalline diffraction rings were observed in Fig. 2b. 
Those rings were identified as the TiN (111), Ti (101), TiN (200), TiN 

Fig. 7. Friction coefficient of the uncoated-, TiN coated-, Ti/TiN multilayer-coated AZ31 magnesium alloys under 1 N load for 30 min. The TiN monolayer failed after 
friction for 9 min, and the Ti/TiN multilayers withstood whole friction process. 
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(220), Ti (112), and TiN (222) planes due to the d-spacings of 2.44, 2.26, 
2.10, 1.48, 1.26, and 1.21 Å, respectively. Fig. 2c shows the content of 
elements of the red rectangle area in the TiN sublayer of the Ti/TiN 
multi-2 coating, the atom ratio of Ti/N/O was 44.50/43.11/12.39, 
inferring that nitrogen in the TiN sublayer of the Ti/TiN multilayer was 
almost saturated even if only 2 scm nitrogen was introduced. The O 
came from the residual air in the vacuum chamber [8]. Large area 
peeling of coating was found with a higher nitrogen flow rate of 8 sccm 
introduction, indicating that under the adopted parameters, 6 sccm is a 
critical value of nitrogen flow for the preparation of ~2 μm thick TiN 
coating and Ti/TiN multilayer on the AZ31 magnesium alloy. 

3.2. Phases 

All coatings had peaks of TiN (111), TiN (220), and TiN (222) at 
36.1

◦

, 61.8
◦

, and 76.4◦, respectively, as shown in Fig. 3, which are 
identified in the SAED pattern of the Ti/TiN multi-2 coating. No peak of 
Ti was found in the Ti/TiN multilayers, which may be due to the thin 
thickness or small grain size of the Ti sublayer. The TiO2 (132) peak at 
66.9◦ was related to reaction of the residual air and Ti plasma in the 
chamber during coating deposition [28,38], which is the reason for the 
existence of O element in the coatings (Table 1). All coatings showed 
preferential growth along the TiN (111) plane. 

3.3. Mechanical properties 

In the process of PVD, residual stress is always an inevitable 

headache. Excessive residual stress will decrease adhesion of coating, 
resulting in early failure or spalling of coating in work [39,40]. All 
coatings had compressive residual stress due to ion bombardment dur
ing coating deposition. As shown in Fig. 4, the residual stress of the TiN 
coating was − 6.5 ± 0.46 GPa. For the Ti/TiN multi-2 and Ti/TiN multi-6 
coatings, the residual stresses were − 4.07 ± 0.31 and − 5.38 ± 0.51 
GPa, respectively, 62.6 % and 82.8 % of that of the TiN monolayer. The 
multilayer structure significantly reduced the residual stress of coatings 
through elastic deformation of soft Ti sublayer [17,18,41], resulting in 
improvement of the bonding strength between the coating and sub
strate. Compared with the Ti/TiN multi-2 coating, higher residual stress 
of the Ti/TiN multi-6 coating was obtained due to stronger particle 
collision caused by more nitrogen introduction [42]. 

Fig. 5 shows the hardness (H) and elastic modulus (E) of coatings. H 
and E of the TiN monolayer, Ti/TiN multi-2 coating, and Ti/TiN multi-6 
coating were 29.34 ± 2.77 GPa and 281.1 ± 15.20 GPa, 24.73 ± 3.50 
GPa and 240.01 ± 17.57 GPa, and 25.65 ± 3.10 GPa and 250.25 ±
16.30 GPa, respectively. The Ti/TiN multilayers have lower hardness 
than the TiN monolayer have been reported in references [20,24,43], 
which is attributed to: (1) introduction of the softer plastic metal Ti 
sublayer [24,41,44] and (2) the lower residual stress of the Ti/TiN 
multilayers, since the decrease of compressive stress level in the coating 
is closely related to the decrease of hardness [14,45]. In addition, the 
residual stress increased due to higher ion bombardment energy, the 
hardness of the Ti/TiN multi-6 coating was slightly higher than that of 
the Ti/TiN multi-2 coating [46]. 50 gf and 100 gf applied loads were 
used to qualitatively test the indentation toughness of the TiN 

Fig. 8. The wear depth profile of the (a) uncoated-, (b) TiN monolayer coated-, (c) Ti/TiN multi-2 coated-, and (d) Ti/TiN multi-6 coated AZ31 magnesium alloys 
under 1 N load for 30 min. The wear depth of the TiN coating and Ti/TiN multilayers was higher and lower than thickness of the coatings, respectively, which means 
that the TiN monolayer failed during friction process and the Ti/TiN multilayers withstood friction process. 
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monolayer coated- and Ti/TiN multilayer coated magnesium alloys, 
respectively. And the optical morphologies of Vickers indentation were 
inserted in Fig. 5. The TiN monolayer showed fragmentation and some 
cracks under 50 gf load. However, under 100 gf load, the Ti/TiN multi-2 
coating showed no crack and the Ti/TiN multi-6 coatings showed a few 
annular cracks. The toughness of the coating from high to low is the Ti/ 
TiN multi-2 coating, Ti/TiN multi-6 coating, and TiN monolayer 
coating. The toughness of the Ti/TiN multilayers is higher than that of 

the TiN monolayer because the multilayers could dissipate energy 
through the plastic deformation of Ti sublayers [17,44,47], so the Ti/ 
TiN multilayers had better resistance to crack propagation. 

The H/E*(elastic strain to failure) and H3/E*2 (resistance to plastic 
deformation) ratios of coatings were shown in Fig. 6. The H/E* ratios of 
the TiN monolayer, Ti/TiN multi-2 coating, and Ti/TiN multi-6 coating 
were 0.104, 0.103, and 0.103, respectively. The TiN monolayer had 
slightly higher H/E* ratio than the Ti/TiN multilayers. The H3/E*2 ratios 

Fig. 9. SEM images of the wear scars of the uncoated- and coated AZ31 Mg alloys under 1 N load for 30 min at different magnification. (a, e) uncoated-, (b, f) TiN 
monolayer coated-, (c, g) Ti/TiN multi-2 coated-, and (d, h) Ti/TiN multi-6 coated samples, verifying the Ti/TiN multilayers' had excellent wear resistance. 
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of the TiN monolayer, Ti/TiN multi-2 coating, and Ti/TiN multi-6 
coating were 0.320, 0.262, and 0.269 GPa, respectively. From high to 
low, the H3/E*2 ratios is the TiN monolayer coating, Ti/TiN multi-6 
coating, and Ti/TiN multi-2 coating. 

3.4. Wear and friction performance of coatings 

Fig. 7 shows the coefficient of friction (COF) during 30 min dry 
sliding performed on the uncoated- and coated magnesium alloys. For 
the uncoated AZ31 magnesium alloy, an average friction coefficient 
value of 0.23 was gained. The TiN monolayer and Ti/TiN multilayers led 
to higher COF, consistent with previous findings by other researchers 
[9,48]. For the TiN monolayer coated sample, COF firstly rose to 0.52 in 
the first 1 min and then gradually increased to 0.6. After 9 min friction, it 
abruptly declined to 0.25 (close to that of the uncoated sample) and 
oscillated strongly in the range of 0.25–0.45. The sudden drop in COF 
indicates the failure of the TiN monolayer. The strong oscillation of COF 
is attributed to two aspects: (1) the contact between the grinding ball 
and magnesium alloy with lubricating effect led to the reduction of COF 
and (2) some hard peeled particles remained in the wear mark and 
moved with the grinding ball, which led to the increase of COF. 
Furthermore, when hard Si3N4 ball cuts into the wear surfaces of the 
coatings under the normal load at the beginning of wear, the higher 
hardness and elastic modulus of the coating means the lower cut in 
depth of the Si3N4 ball. Additionally, the Si3N4 ball is mainly load on the 
micro-protrusions of wear surfaces of the coatings at the beginning of 
friction. The higher the hardness of the coating, the easier the micro 
convex surface is to be damaged under the action of tangential force. The 
combination of the above factors makes the TiN monolayer with higher 
hardness and elastic modulus has lower but faster increasing friction 
coefficient in the first 1–9 min. 

In the case of the Ti/TiN multi-2 coated- and Ti/TiN multi-6 coated 
specimen, the friction coefficient value instantly rose to 0.58–0.65 and 
0.62–0.65 in 7 min, respectively, then kept a relatively stable friction 
coefficient values of around 0.62 and 0.6 until the end of friction, 
respectively. Both the Ti/TiN multi-2 coated- and Ti/TiN multi-6 coated 
specimen withstood the friction process. 

The wear depth of the uncoated- and coated AZ31 magnesium alloys 
under 1 N load after friction for 30 min was shown in Fig. 8. And the SEM 
images of wear scar at different magnification and the EDS results of the 
elemental contents within wear scar were shown in Fig. 9 and Table. 2, 
respectively. 

The wear depth of the uncoated sample excessed 40 μm (Fig. 8 a) and 
the wear width was 1179.0 μm (Fig. 9 a). Deep furrows and a great deal 
of debris were observed in Fig. 9 a, e. EDS result shows that the oxygen 
content in furrows (A1) was low and that in debris (A2) was high, which 
means these debris was seriously oxidized to form MgO during friction 
process. 

Compared with the uncoated sample, the TiN monolayer coated 

Table. 2 
Elemental contents within the wear track of the uncoated- and coated AZ31 Mg 
alloys from Fig. 9.  

Sample Area Element (at. %) 

N O Mg Al Si Ti 

AZ31 substrate  

TiN monolayer 

A1 
A2 
B1 

0.00 
0.00 
0.00 

1.61 
23.86 
19.59 

94.92 
72.98 
77.80 

3.43 
2.83 
2.40 

0.04 
0.33 
0.03 

— 
— 
0.18 

Ti/TiN multi-2 B2 0.00 61.38 36.60 1.80 0.12 0.10 
C1 19.13 17.56 – – 0.07 63.23 
C2 10.20 56.52 – – 0.72 32.56 

Ti/TiN multi-6 D1 21.69 15.68 – – 0.05 62.58 
D2 7.03 59.47 – – 1.22 32.28  

Fig. 10. Wear rate of the uncoated- and coated AZ31 magnesium alloys under 
1 N load for 30 min, depicting the wear rate of the Ti/TiN multilayers is more 
than 3 orders of magnitude lower than that of the substrate. 

Fig. 11. The model of crack development in the TiN monolayer during friction procedure (a-b). (a) stage I: debris and cracks initiation, (b) stage II: crack propagation 
along the columnar crystal, and (c) cross-sectional SEM image of the TiN monolayer on the Si substrate after friction for 10 min, verifying the poor resistance to crack 
propagation and the failure of the TiN monolayer. 
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sample showed shallower furrows and a lot of debris (Fig. 8 b, f). The 
wear width and wear depth were decreased to 396.4 μm (Fig. 9 b) and 
below 25 μm (Fig. 8 b), respectively. The wear depth was still much 
larger than the coating thickness, inferring that the TiN monolayer was 
completely worn after a period of friction, which is why the friction 
coefficient suddenly dropped to 0.25–0.45 after friction for 9 min 
(Fig. 7). The failure of the TiN monolayer was also confirmed by the high 
Mg content of furrow (B1, 77.8 %) and debris (B2, 33.6 %), as the Mg 
element came from the substrate. Furrows and debris were also seen in 
Fig. 9 b, f. Furrows (B1) and debris (B2) both had higher oxygen content 
as oxidation wear. The hard TiN monolayer could not provide long-term 
friction protection for the magnesium alloy. 

Both the Ti/TiN multilayers coated AZ31 Mg alloys showed much 
shallower and narrower wear scars, fewer debris, and no furrow 
comparing to the uncoated- and TiN coated samples, as shown in Fig .8 
c, d and Fig. 9 c, d. Debris were accumulated on the outside of the wear 
tracks. For the Ti/TiN multi-2 and Ti/TiN multi-6 coatings, the wear 
width was 240.6 and 229.7 μm, and the wear depth was less than 0.4 and 
0.2 μm, respectively. Both the Ti/TiN multilayers withstood friction 
procedure due to the wear depth is less than coatings thickness. That is 
the reason for they showed stable coefficient of friction. High Ti and N 
contents, and no Mg and Al contents were detected within wear scars of 
the Ti/TiN multilayers (C1, C2, D1, and D2) infers that the Ti/TiN 
multilayers kept integrity after whole friction procedure. High O con
tents of the debris (C2 and D2) of the Ti/TiN multi-2 and Ti/TiN multi-6 
coatings indicates that oxidation occurred and TiO2 was formed during 
friction process [29]. Furthermore, compared with the Ti/TiN multi-2 
coating, the Ti/TiN multi-6 coating showed some cracks within the 
wear scar, this can be explained by its higher hardness and lower 
toughness. 

The wear rate of the uncoated-, TiN coated-, Ti/TiN multi-2 coated-, 
and Ti/TiN multi-6 coated AZ31 magnesium alloys under 1 N load for 
30 min was 7941.42 × 10− 6, 2018.60 × 10− 6, 5.38 × 10− 6, and 2.50 ×
10− 6 mm3/N. m, respectively, as shown in Fig. 10. Compared with the 
Ti/TiN multi-2 and Ti/TiN multi-6 coatings, although the TiN mono
layer had higher hardness, higher wear rate was obtained due to its 
failure after friction for 9 min. The wear rates of the multilayers are three 
orders of magnitude lower than that of the uncoated sample. The Ti/TiN 
multilayers provided marvelous friction protection for the magnesium 
alloys. Owning similar layered structure and equal H/E* ratio, the Ti/ 
TiN multi-6 coating had lower wear rate than the Ti/TiN multi-2 coating 
due to its higher hardness and H3/E*2 ratio [49]. 

The significant difference in wear rate between the TiN monolayer 
and Ti/TiN multilayers infers that the coatings with different structures 
have different wear behaviors and mechanisms [50]. In addition, for the 
soft magnesium alloy substrate, its deformation during friction 

procedure may affect the friction and wear behavior of coating, which 
needs to be clarified. 

3.5. Wear behaviors and mechanisms of the TiN monolayer and Ti/TiN 
multilayer during friction 

So far, the effects of Ti/TiN multilayers with different modulation 
ratios [17,26], periods [41,51,52], sublayers number, and integrity 
thickness [32] on the improvement of mechanical property, corrosion 
resistance, and wear resistance were widely studied. Some papers have 
studied the deformation mechanism of multilayers under static load. For 
example, W. Yang et al. [53] studied the deformation mechanisms in Ti/ 
TiN multilayer under compressive loading by molecular dynamic sim
ulations combined with atomically informed Frank-Bilby method. Ł. 
Majoret et al. [54] found that the vertical cracks of Ti/TiN multilayer 
only existed in the TiN sublayer using transmission electron microscope 
(TEM). They regard that it will result in layer-by-layer wear of the Ti/ 
TiN multilayer coating. However, they did not discuss this phenomenon 
in detail. Under nano indentation, J. Lackner et al. [16] found that the 
brittle cracks of the TiN monolayer propagated towards the surface 
along the columnar grain boundaries, while propagation of microcracks 
in the Ti/TiN multilayer along columnar crystals of the TiN sublayer 
stopped at the Ti/TiN interface. The layer by layer wear mechanism of 
the Ti/TiN multilayer was revealed by observation of cross-sectional 
TEM morphology after friction. 

3.5.1. Establishment of crack propagation models of the TiN monolayer 
and Ti/TiN multilayer under friction load 

To reveal the wear mechanisms of the TiN monolayer and Ti/TiN 
multilayer (Ti/TiN multi-2), two models of crack initiation and propa
gation during friction process were established and verified in Figs. 11 
and 12, which consists of two stages. The hard silicon wafers were used 
as the substrates to eliminate the influence of plastic deformation of the 
soft magnesium alloy substrate on the wear behavior of coating. The 
stage I of both coatings is the same, that is, crack initiation and debris 
formation, as shown in Fig. 11 a and Fig. 12 a, and with the increase of 
friction time, debris and cracks increase, and stress is concentrated at the 
crack tip. 

The stage II of the two coatings is significantly different. For the TiN 
monolayer, when the stress accumulates to a certain extent, the crack 
propagates along the columnar crystal of the coating due to the poor 
adhesion between columnar crystals in the hard brittle TiN monolayer 
[20], as shown in Fig. 11 b. Therefore, the crack rapidly penetrates 
through the coating thickness, leading to the coating collapses and 
failed. It was confirmed by the cross-sectional SEM image of the TiN 
monolayer after friction for 10 min (Fig. 11 c). For the Ti/TiN multi-2 

Fig. 12. The model of crack development in Ti/TiN multilayer during friction procedure (a-b). (a) stage I: debris and cracks initiation, (b) stage II: cracks are 
restrained at the interface, depicting crack propagation was hindered by the layered structure of the Ti/TiN multilayer, and (c) cross-sectional SEM image of the Ti/ 
TiN multi-2 on the Si substrate after friction for 10 min under 1 N, verifying excellent resistance to crack propagation of the Ti/TiN multilayer. 
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Fig. 13. Surface and cross-sectional morphologies of the Ti/TiN multi-2 coating after friction for different times. With increase of friction time, the Ti/TiN multilayer 
was worn layer by layer. 
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coating, the crack propagation is restrained at the Ti/TiN interface, as 
shown in Fig. 12 b. This is due to these aspects: (1) good plasticity and 
toughness of the soft Ti sublayers can restrain crack propagation. Some 
authors have observed the cracks produced in the TiN sublayer are 
deflected [55] or were stopped at the TiN/Ti interfaces [16,31,54]; (2) 
after the strain hardening of Ti sublayer, the deformation is transferred 
from Ti sublayer to TiN sublayer. Ti and TiN layers co-deform to avoid 
crack initiation [53]; (3) higher toughness of the multilayer can reduce 
the brittleness of coating and inhibit crack propagation [20,56]. 
Therefore, the Ti/TiN multi-2 coating exhibited no cracks and the 
coating did not fail after friction for 10 min under 1 N, as shown in 
Fig. 12 c. 

3.5.2. Wear evolution of the Ti/TiN multilayer 
The wear evolution of the Ti/TiN multilayer was studied by 

analyzing the cross-sectional SEM morphology of the coated Si sample 
after friction for 5 to 120 min under 1 N load, respectively, as shown in 
Fig. 13. The wear width of the coating after friction for 5, 20, 60, and 
120 min was 96.4, 182.1, 257.1, and 332.1 μm, respectively, as shown in 
Fig. 13 a-d. The wear depth of the coating was 1.73, 1.63, 1.59, and 1.46 
μm, respectively, as shown in Fig. 13 e-h. After friction for 5 min, as 
shown in Fig. 13 e, the coating surface became rough after slight wear. 
After friction for 20 min (Fig. 13 f), the outer sublayer of the coating was 
obviously worn, and the smooth Ti/TiN sublayer interface was observed 
locally. Some cracks along the Ti/TiN interface indicates that the wear 
developed along the Ti/TiN interface. After friction for 60 min, wear was 
more severe (Fig. 13 g). The wear extended along parallel direction of 
the Ti/TiN interface (the white arrow), the wear area of the coating was 
enlarged, some debris were remained within the wear area. After 

friction for 120 min (Fig. 13 h), coating was stripped along the Ti/TiN 
interface (inserted image). However, the remained sublayers of the Ti/ 
TiN multilayer were still closely bonded to the magnesium alloy sub
strate. To sum up, the coating was worn layer by layer with increase of 
friction time. 

Fig. 14 shows COF during 120 min dry sliding performed on the Ti/ 
TiN multi-2 coated Si wafer under 1 N load and the corresponding wear 
rate after friction for different times. As shown in Fig. 14 a, the friction 
coefficient value rose to 0.62–0.65 in 6 min and then kept stable until 
the end of friction. That is, the COF value of the coating on the Si wafer is 
close to that of on the magnesium alloy. After friction for 5, 20, 30, 60, 
and 120 min, the wear rate of the Ti/TiN multi-2 coating was 2.49 ×
10− 6, 3.07 × 10− 6, 3.35 × 10− 6, 4.69 × 10− 6, and 4.87 × 10− 6 mm3/N. 
m, respectively, as shown in Fig. 14 b. With the increase of wear time, 
the wear rate increased, however, the increase amplitude decreased, 
which means that the multilayer film had a relatively stable wear rate 
after wear for a period of time. This phenomenon should be attributed to 
the good matching of hardness and toughness of the multilayer film. 
Furthermore, the wear rate of the Ti/TiN multi-2 coating on the Si wafer 
was slighter lower than that on the magnesium alloy (5.38 × 10− 6 mm3/ 
N. m) after friction for 30 min, this may be due to the local overall 
collapse of the magnesium alloy substrate resulted in concave and 
convex of the coating and intensified wear of the coating surface. 

3.5.3. Wear behavior of the Ti/TiN multilayer on the magnesium alloy 
substrate 

The hardness of the magnesium alloy is much lower than that of the 
Si plate. Under friction load, the magnesium alloy will deform. Fig. 15 
shows the stress and deformation of the TiN monolayer coated- and Ti/ 

Fig. 14. (a) Friction coefficient during 120 min of the Ti/TiN multil-2 coated Si wafer under 1 N load and (b) corresponding wear rate after friction for 5 to 120 min, 
describing the Ti/TiN multilayer had good wear resistance and low wear rate. 

Fig. 15. Schematic diagram of stress and deformation of (a) TiN monolayer coated- and (b) Ti/TiN multilayer coated samples during friction procedure, describing 
the formation of debris and cracks of the coating, and the plastic deformation layer of the magnesium alloy substrate. 
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TiN multilayer coated AZ31 magnesium alloys during friction. Under 
friction load (P), the grinding ball relatively moves on coating, frictional 
force F is generated along the opposite direction of movement. With 
friction time increasing, debris and cracks are formed, coating produces 
elastic and plastic deformation. Subsequently, the soft magnesium alloy 
matrix deforms caused by stress transmitted through the coating, and 
the plastic deformation layer is formed. Then, the coating combined 
with the magnesium alloy substrate deforms harmoniously. 

There is a great difference in plasticity between the soft magnesium 
alloy and hard brittle TiN monolayer, after the substrate deforming, the 
coordinated deformation ability of the TiN coating is poor. The coating 
adjacent to the coating/substrate interface cracks under stress. Then, the 
crack extends along the thickness of the coating and meets the crack 
formed during friction to form through-thickness crack. At the same 
time, the deformation of the substrate and the coating is different, 
leading to deterioration of coating adhesion. As a result, and the TiN 
coating locally loses the support of the substrate and peels off [57]. 
Fig. 16 shows the surface and cross-sectional SEM morphologies and 

corresponding elemental mapping images of wear mark of the TiN 
monolayer after 10 min of friction under 1 N load and 1 Hz frequency. 
The wear depth was much deeper than coating thickness, as shown in 
Fig. 16 b (blue dashed rectangle), and the absence of Ti and N elements 
and the appearance of Mg element means the TiN coating was 
completely worn out. There is little difference in oxygen content be
tween inside and outside the wear mark, indicating that the oxidation of 
the coating was slight during friction. The collapse and plastic defor
mation layer of the magnesium alloy matrix and through-coating cracks 
were seen, the coating collapsed and peeled off from the matrix, as 
shown in Fig. 16 c (enlarged image of the red oval in Fig. 16 b), which is 
consistent with the model in Fig. 15 a. 

Fig. 17 shows surface and cross-sectional SEM morphologies and 
corresponding elemental mapping images of the Ti/TiN multi-2 coating 
on the magnesium alloy after friction for 30 min under 1 N load and 1 Hz 
frequency. After friction, in Fig. 17 a, the coated magnesium alloy was 
still covered by the coating, which is confirmed by the uniformly dis
tribution of Ti and N elements and the absence of Mg element within the 

Fig. 16. (a) surface morphology and elemental mapping images, (b) cross-sectional morphology, and (c) enlarged images of the red ellipse in (b) of wear mark of the 
TiN monolayer on the magnesium alloy after friction for 10 min. The TiN monolayer failed and peeled off. 
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wear track. As same as the TiN monolayer, slight oxidation occurred 
during friction. The magnesium alloy matrix near the boundary of the 
wear scar seriously deformed and collapsed, as shown in Fig. 17 b (white 
dashed ellipse). However, the Ti/TiN multilayer had good coordinated 
deformation with magnesium alloy substrate, which is attributes to two 
aspects: (1) the “soft” Ti metal layers act as shear bands, allowing hard 
TiN layers to slide with each other to gain high deformation ability [25]; 
(2) multiple interfaces can dissipate energy, deflect cracks, and hinder 
crack propagation (Fig. 15 b) [58]. Therefore, there was no crack at the 
coating/substrate interface, the Ti/TiN multilayer was still combined 
with the magnesium alloy substrate and obtain the support of the sub
strate, as shown in Fig. 17 c. Some discontinuous cracks were seen along 
the parallel direction of the Ti/TiN interface, indicating that the cracks 
were deflected at the interface. The delamination of the outer sublayer 
of the coating (Fig. 17 c) during friction proved the layer by layer wear 
mechanism of the Ti/TiN multilayer. 

4. Conclusions 

The TiN monolayer and Ti/TiN multilayers were prepared on the 
AZ31 magnesium alloys by filter cathodic vacuum arc deposition. Wear 

resistance of the coatings and wear mechanisms depending on coating 
structures were investigated, and the following conclusions were drawn:  

(1) The TiN monolayer has columnar crystal structure, while the Ti/ 
TiN multilayers shows dense layered structure. Compared with 
the TiN monolayer, the Ti/TiN multilayers have lower hardness 
and residual stress but higher toughness. The Ti/TiN multilayer 
with 6 sccm nitrogen flow rate has better wear resistance than the 
Ti/TiN multilayer with 2 sccm nitrogen flow rate but cracks 
during friction.  

(2) The TiN monolayer cannot provide wear protection for the 
magnesium alloy and fails after friction for 9 min. The Ti/TiN 
multilayers withstand the whole friction process, the minimum 
wear rate is 2.50 × 10− 6 mm3/N. m, more than 3 orders of 
magnitude lower than that of the uncoated sample.  

(3) Coating structure and the deformation coordination between the 
coating and the magnesium alloy affect the wear resistance and 
wear mechanism of the coating. The TiN monolayer with 
columnar crystal has poor crack propagation resistance and poor 
deformation coordination with the magnesium alloy, which ac
celerates the failure of the coating. 

Fig. 17. (a) surface morphology and element distribution, (b) cross-sectional morphology, and (c) enlarged cross-sectional morphology of wear mark of the Ti/TiN 
multi-2 coating on the magnesium alloy after friction for 30 min, describing the layer by layer wear mechanism of the multilayer. 
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(4) The excellent wear resistance of the Ti/TiN multilayers is 
attributed to the good crack propagation resistance and coordi
nated deformation ability with the magnesium alloy matrix. With 
increase of friction time, the multilayer film is worn layer by 
layer. 
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