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CrN/ZrN multilayer coatings with various Cr/Zr chemical compositions ratio were fabricated by a cathode arc
deposition system. The Cr/Zr atomic ratios of the CrN/ZrNmultilayer coatings were controlled, ranging from 1
to 2.5. The chemical composition of CrN/ZrN multilayer thin films was determined by a field emission elec-
tron probe microanalyzer (FE-EPMA). The phase composition of multilayer coatings was analyzed by a glanc-
ing angle X-ray diffractometer. Microstructures of the thin films were examined by field emission scanning
electron microscopy (FE-SEM). Nanoindentation, the Daimler−Benz Rockwell-C (HRC-DB) adhesion, micro-
hardness, pin-on-disc wear tests and scratch tests were used to evaluate the hardness, adhesion, toughness
and tribological properties of the thin films, respectively. It was found that the hardness and tribological
properties were strongly influenced by the Cr/Zr chemical composition ratios of the CrN/ZrN multilayer coat-
ings. Optimal mechanical properties and the maximum hardness of 28 GPa were achieved for the coating
when the Cr/Zr atomic ratio was 2.1.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The cathodic arc evaporation (CAE) process is a promising, suc-
cessful deposition method to fabricate multilayered hard coatings in
tooling and forming industries, such as on saw blades, due to good
wear and corrosion resistance [1–3]. Among the transition metal ni-
tride based multilayered coating systems, only limited reports are
available on CrN/ZrN multilayered coatings with different bilayer pe-
riod thicknesses, Λ [4,5]. According to the research work by Zhang et
al. [6,7], the tribological properties for direct current (DC) magnetron
sputtered CrN/ZrN multilayered coatings were improved when the
bilayer period thicknesses was 1.5 nm, whereas higher resistance to
plastic deformation was revealed by CrSiN/ZrN multilayered coatings.
On the other hand, the corrosion resistance of radio frequency (RF)
magnetron sputtered CrN/ZrN multilayered coatings increased with
increasing Λ values [8]. The CAE fabricated CrN/ZrN multilayered
coating was applied to interior surfaces of Al bipolar plates when fab-
ricating a polymer electrolyte membrane fuel cell [9]. On the other
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hand, the tribocorrosion behavior of CrN/ZrCN multilayered system
deposited by CAE has been discussed [10]. In a previous work [11],
the effects of the Λ on the mechanical properties of CAE deposited
CrN/ZrN multilayered coatings were studied. The maximum
hardness, 25.2 GPa, was achieved at Λ=16 nm. However, for the
CrN/ZrN multilayered coatings with the same bilayer period thick-
ness, the influences of chemical composition ratio of Cr/Zr, or thick-
ness ratio of CrN to ZrN layer, ‘CrN=‘ZrN on the mechanical properties
of coatings have not been reported in the literature. Meanwhile, the
various thickness ratios, ‘CrSiN=‘TiAlN , appeared to influence the me-
chanical properties of TiAlN/CrSiN multilayered coatings in a previous
study [12].

In this work, the CAE process was employed to fabricate CrN/
ZrN multilayered coatings with fixed Λ=16 nm on titanium carbide
(TiC) and Si substrates. The average hardness of TiC substrate is
26 GPa, which is used for the thin film adhesion evaluation. The
Si substrates were adopted for the examination of cross-sectional
morphology and thickness analysis for each coating. The effect of
chemical composition ratio of Cr/Zr, or thickness ratio of CrN to
ZrN layer,‘CrN=‘ZrN , on the microstructure, hardness, toughness and
tribological properties is discussed. The motivation of this work is
to propose a suitable chemical composition ratio of Cr/Zr, or thick-
ness ratio of CrN to ZrN layer for CrN/ZrN multilayer thin films to
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achieve high hardness, good adhesion and tribological performance,
so as to be useful as a wear resistant coating in the tooling industry.

2. Experimental procedure

Four CrN/ZrN multilayered thin films with fixed Λ=16 nm and
different Cr/Zr atomic ratios, or different ‘CrN=‘ZrN ratios were depos-
ited on P-type (100) silicon wafers and TiC substrates by a cathodic
arc evaporation system. Monolayer CrN and ZrN coatings were also
fabricated for comparison. Cr and Zr targets with 99.99 wt.% purity,
101.6 mm in diameter were used. The Zr and Cr targets were in oppo-
site positions and the substrates were mounted on two sides of a ro-
tating barrel between the two targets. Multilayered coatings were
deposited by alternately rotating the substrates between the plasma
of Cr and Zr targets. The target current ratios of Cr and Zr were adjust-
ed from 1.5 to 0.6 to achieve various Cr/Zr atomic ratios, i.e., different
thickness ratios of CrN to ZrN layer (‘CrN=‘ZrN). The same bilayer peri-
od Λ was achieved by controlling the substrate holder rotation speed
in the plasma stream from the Cr or Zr target. The thickness values of
CrN/ZrN multilayer coatings were around 565 to 577 nm. The typical
deposition conditions for each coating are listed in Table 1.

The chemical composition of the coatings was determined by a
field emission electron probe microanalyzer (FE-EPMA, JXA-8500F,
JEOL, Japan). Glancing angle X-ray diffractometer (XRD-6000,
Shimadzu, Japan) with an incidence angle of 2° was utilized to
study the crystal structure of each coating. The precise lattice param-
eter, a0, of each film was calculated according to the following
equation [13]:

a ¼ a0 þ K � cos2θ
sinθ

ð1Þ

where a is lattice contact, K is constant, ranging from 0.0057 to 0.0019
for different films, and θ is the diffraction angle. The low-angle X-ray
reflectivity (XRR) technique was utilized to study the Λ of each mul-
tilayer coating. The surface roughness of each thin film deposited on
the silicon substrate was analyzed by atomic force microscopy (DI-
3100, Bruker, USA) with a scan area of 5×5 μm. The cross-sectional
morphologies of coatings on Si substrates were observed by field
emission scanning electron microscopy (FE-SEM, JSM-6701F, JEOL,
Japan) and transmission electron microscopy (TEM, JSM-2100, JEOL,
Japan). The TEM specimenwas prepared using the dual beam Focused
Ion Beam (FIB, FEI Quanta 3D FEG, USA). The nanohardness and elas-
tic modulus of thin films on Si substrates were measured by means of
a nanoindenter (TI-900, TriboIndenter, Hysitron, USA) using a
Berkovich 142.3° diamond probe at a maximum applied load of
5 mN. Ten indentations were made on the surface for each coating.
The maximum indentation depth was limited to around 50–60 nm,
which was around one-tenth of the film thickness. The loading and
Table 1
Deposition parameters for monolayer CrN, ZrN and CrN/ZrN multilayered coatings.

Sample designation CrN ZrN B06 B08 B13 B15

Designed bilayer period (nm) – – 16
Holder rotation speed (Hz) 7.5
Cr target current (A) 70 0 105 91 70 70
Zr target current (A) 0 70 70 70 91 105
Base pressure (Pa) 1.0×10−2

Plasma etching Ar plasma for 15 min at 1.2 Pa under
substrate bias −750 V

CrZr interlayer thickness (nm) 60
Working pressure (Pa) 8.6×10−1

Substrate temperature (°C) 150
Ar:N2 ratio 1:7
Total gas flows (sccm) 80
Substrate bias (V) −100
Sputtering time (min) 24
unloading rates of the nanoindentation were all 1000 μN/s. The hold-
ing time was 5 s. The hardness and elastic modulus of each indent
were determined on the basis of the Oliver and Pharr method [14].
The elastic modulus, E, was expressed as follows

1
Er

¼ 1−ν2

E
þ 1−ν2

i

Ei
ð2Þ

where Er and ν are the reduced modulus and Poisson's ratio, respec-
tively, for the thin film under test, and Ei (1,140 GPa) and νi (0.07)
are the corresponding parameters of the diamond indenter. A Vickers
microhardness tester was used to further evaluate the indentation
toughness, K, of coatings on Si substrates based on the following
equation [15]:

K ¼ δ
P

c3=2

� � ffiffiffiffi
E
H

r
ð2Þ

where P is the applied indentation load and δ is an indenter geometry
constant, equal to 5 N and 0.016, respectively, for a Vickers diamond
pyramid indenter. E, H and c are elastic modulus, hardness and radial
crack length of the coating, respectively. The radial crack length was
evaluated using an SEM.

A scratch test (Scratch Tester, J & L Tech. Co., Korea), up to a
maximum load of 100 N, and the Daimler−Benz Rockwell-C
(HRC-DB) adhesion test were adopted to explore the adhesion
properties of thin films on TiC substrates. A pin-on-disc wear test
method, in air, without lubrication, was used to investigate the
wear resistance of coatings on Si substrates. A cemented tungsten
carbide (WC–6 wt.% Co) ball, 5 mm in diameter was adopted as
the stationary pin. A normal load of 5 N was applied. The sliding
speed was 83.9 mm/s with a wear track diameter of 8 mm. The
test temperature was 20 °C, and the relative humidity was kept at
60%. The wear time and wear length were 30 min and 150 m, re-
spectively, for each test. The wear rate of each coating was deter-
mined based on the following equation [16]:

WR ¼
t 3t2 þ 4b2
� �

2πr

6bFnS
ð3Þ

where t is the depth of the wear track determined using a surface
profilometer, b is the width of the wear track, r is the radius of
the wear track, Fn is the normal load and S is the sliding distance.

3. Results and discussion

3.1. Composition and phase characterization of CrN/ZrN multilayers

The chemical compositions of monolayer CrN, ZrN and CrN/ZrN
multilayer coatings deposited with different Cr/Zr target current ra-
tios are listed in Table 2. It is observed that the Cr/Zr atomic ratios
changed from 1.0 to 2.5 as target current ratio changed from 0.6 to
1.5 as listed in Table 1. The glancing angle XRD patterns of monolayer
CrN, ZrN and CrN/ZrN multilayer coatings deposited with different
Cr/Zr atomic ratios are shown in Fig. 1. The precise lattice parameter,
a0, of each film, calculated based on the XRD results and Eq. (1), is
listed in Table 2. The (111), (200), (220) and (311) reflections of
the single layer CrN and ZrN coatings were observed, respectively.
In addition, the XRD peaks of the Si substrate were also revealed
due to a high X-ray incidence angle, 2°, used to penetrate the coating.
For the CrN/ZrN multilayer coatings, some of the ZrN and CrN charac-
teristic reflections can be observed for each coating. However, as
compared with the monolayer coatings, different XRD reflection in-
tensities were observed for multilayered coatings. The diffraction
peak of CrN (200) vanishes whereas reflections along CrN (111)
and ZrN (111) planes were formed in the multilayered thin films. A



Table 2
Characteristics of coatings: chemical composition, lattice parameter, adhesion strength, coating thickness and surface roughness.

Sample designation CrN ZrN B06 B08 B13 B15

Cr/Zr target current ratio – – 1.5 1.3 0.7 0.6
‘CrN=‘ZrN thickness ratio – – 3.1 2.7 2.0 1.8
Chemical composition (at.%) Cr 44.5 – 39.5 36.1 31.9 28.9

Zr – 60.0 15.8 17.1 24.6 28.6
N 53.1 36.4 44.7 46.8 43.4 42.1
O 2.4 3.6 0 0 0.1 0.4
Cr/Zr ratio – – 2.5 2.1 1.3 1.0

Lattice parameter (nm) CrN 0.417 – 0.420 0.421 0.426 0.425
ZrN – 0.459 0.445 0.447 0.455 0.453

Scratch critical load Lc2(N) >100 >100 >100 >100 >100 >100
HF value 1 3 1 1 1 1
Coating thickness (nm) 400 420 574 565 577 571
Surface roughness (nm) 1.1±0.43 0.24±0.02 2.76±1.27 2.02±1.70 2.95±1.05 1.93±1.18

249S.-F. Chen et al. / Surface & Coatings Technology 231 (2013) 247–252
similar result was also observed for CrN/ZrN multilayer coatings by
Zhang et al. [7].

When the Cr/Zr atomic ratios decrease from 2.5 to 1, the positions
and intensities of the CrN diffraction peaks shifted to higher diffrac-
tion angles and became weaker, respectively. On the other hand, the
positions and intensities of the ZrN diffraction peaks shifted toward
lower diffraction angles and became stronger, respectively. Based on
the lattice parameter result of each multilayer coating, it is clear
that the lattice constant of CrN increases with increasing Cr/Zr atomic
ratio, whereas the decreasing tendency is found for the lattice con-
stant of ZrN. For example, the lattice expansion of ZrN for specimen
B06 is about 0.014 nm as compared with the lattice parameter of
pure ZrN, 0.459 nm. Obviously, the change of Cr/Zr atomic ratios
will affect the crystal structure of the multilayer thin films. Fig. 2 de-
picts the X-ray reflectivity patterns of CrN/ZrN multilayers with cal-
culated Λ value. The Λ value was calculated based on a modified
form of Bragg's law [17]:

sin2θ ¼ mλ=2Λð Þ2 þ 2δ; ð4Þ
Fig. 1. Glancing angle X-ray diffraction patterns of the CrN, ZrN and CrN/ZrN multilay-
ered coatings with various Cr/Zr atomic ratios on Si substrates.
where m is the order of the reflection, λ is the X-ray wavelength, Λ is
the bilayer period thickness and δ is the real part of the average
refractive index of X-rays within the film [17]. According to Fig. 2,
the calculated Λ value is slightly smaller than the value we designed
for, 16 nm, for each coating. A maximum deviation around 6.89%
was found for the B08 coating. The multilayered thicknesses were
confirmed through the XRR technique.

3.2. Microstructure characterization of CrN/ZrN multilayers

Based on the AFM analysis, a typical fine granular structure with
macroparticles and pin holes was observed on the surface of each
coating. It is suggested that the arc discharge on the target surface
produced metallic macroparticles which were then splattered onto
the coating surface during deposition [1]. The spalling of macroparti-
cles thus produced the so-called pin holes on the thin film surface,
which were several tens to hundreds nanometers in depth. Almost
all of the pin holes are on the top surface layer of the coating. The av-
erage surface roughness, Ra, evaluated by AFM for each thin film is
listed in Table 2. In general, the value of the bilayer period shows no
direct influence on the surface roughness of the multilayer coating.
Fig. 3 depicts the cross-sectional backscattered electron image (BEI)
of the B13 coating. A dense and compact multilayer structure with co-
lumnar grains was observed. A CrZr interlayer can be seen between
the coating and Si substrate. Very similar results can be found for
other multilayer coatings. The thickness values of all coatings are
listed in Table 2. Thickness values ranging from 565 to 577 nm were
observed. However, for the case of the B06 coating with a Cr/Zr atom-
ic ratio of 2.5, the multilayered nanostructure is difficult to recognize
Fig. 2. X-ray reflectivity patterns of the CrN/ZrN multilayered thin films on Si
substrates.

image of Fig.�2


Fig. 3. The cross-sectional SEM morphology of the B13 multilayered coating on Si
substrate.
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due to the resolution limits of the FE-SEM. The TEM technique was
further adopted to explore the detailed microstructure of multilayer
coatings B08 and B15 with Cr/Zr atomic ratio=2.1 and 1, respectively.

The cross-sectional TEM micrographs of B08 and B15 coatings at
higher magnification are shown in Fig. 4(a) and (b), respectively.
The clearly defined laminated and columnar structures can be ob-
served. The alternating gray and dark color regions represent the
CrN and ZrN layers (indicated by arrows), respectively. The average
thickness values of the CrN and ZrN layers are 10.36 nm and
3.88 nm for B08 thin films, respectively. On the other hand, the aver-
age thickness values of the CrN and ZrN layers are 9.80 nm and
5.45 nm for B15 thin films, respectively. The layer thickness values
of CrN and ZrN for each multilayer coating are determined and listed
Fig. 4. Cross-sectional TEM micrographs of the (a) B08 and (b) B15 coatings on Si sub-
strate at higher magnifications.
in Table 2. As compared with the Cr/Zr atomic ratios and the ‘CrN=‘ZrN
ratios in Table 2, a linear relationship between these two ratios is
clearly found for the CrN/ZrN multilayer coatings indicating that
through the proper adjustment of the Cr and Zr target currents, the
corresponding Cr/Zr atomic ratios and ‘CrN=‘ZrN ratios can be achieved.
In the following sections, the ‘CrN=‘ZrN ratios will be used to discuss
the relevant properties of coatings.

According to the cross-sectional SEM and TEM micrographs
shown in Figs. 3, 4 and the XRR data revealed in Fig. 2, the nano-
layered structures with sequentially alternating CrN and ZrN layers
are confirmed. It is also concluded that the Λ value deviates from
the design value less than 11%. Finally, the CrN/ZrN multilayered
coatings do not belong to the superlattice type due to the large mis-
match between CrN and ZrN lattices, about 10% in this work.

3.3. Mechanical and tribological properties of CrN/ZrN multilayered thin
films

The hardness, elastic modulus and plastic deformation resistance
values, H/E of the CrN/ZrN multilayered coatings as a function of
‘CrN=‘ZrN ratios are shown in Fig. 5. The hardness, elastic modulus
and plastic deformation resistance values of the monolayer CrN and
ZrN coatings are also inserted. The average hardness and elastic mod-
ulus of monolayer CrN and ZrN are 20.3, 228 GPa and 21.9, 267 GPa,
respectively. It is observed that the hardness is low, around
22–23 GPa when ‘CrN=‘ZrN ratio is around 1.8–2.0 and reaches a max-
imum value, 28.8 GPa at ‘CrN=‘ZrN=2.7 and is followed by a decrease
when ‘CrN=‘ZrN=3.1. Maximum hardness, elastic modulus, and plastic
deformation resistance values reaching 28.8 GPa, 267 GPa, and 0.11,
respectively, were observed for the B08 coating with ‘CrN=‘ZrN=2.7,
whereas minimum hardness, elastic modulus and plastic deformation
resistance values of 22.1 GPa, 253 GPa and 0.09 were found for the
B15 coating with ‘CrN=‘ZrN=1.8. It should be pointed out that the
hardness and elastic modulus of each CrN/ZrN multilayered coating
are still higher than that of the single layer CrN or ZrN thin films. It
can be concluded that the ‘CrN=‘ZrN ratio or the Cr/Zr atomic ratio
plays a critical role in the mechanical properties of CrN/ZrN multilay-
er coatings.

The indentation toughness, K, of the CrN/ZrN multilayered coat-
ings versus the ‘CrN=‘ZrN ratio is shown in Fig. 5. The toughness values
of the monolayer CrN and ZrN coatings are around 2.06 MPa

ffiffiffiffiffi
m

p
and

1.83 MPa
ffiffiffiffiffi
m

p
, respectively. In comparison, the values of toughness for
1.8 2 2.2 2.4 2.6 2.8 3 3.2

CrN / ZrN thickness ratio

16

20

24

28

32

H
ar

d
n

es
s 

(G
P

a)

0.05

0.1

0.15

H
/E

200

250

300

E
la

st
ic

 m
o

d
u

lu
s

(G
P

a)

1.6

1.8

2

2.2

2.4

ZrN

CrN

ZrN

ZrN

CrN

CrN

CrN

ZrN
In

d
en

ta
ti

o
n

to
u

g
h

n
es

s
K

 (
M

P
a*

m
1/

2 )

Fig. 5. The relationships between the hardness, elastic modulus, plastic deformation
resistance, indentation toughness and ‘CrN=‘ZrN thickness ratio for the CrN/ZrN multi-
layered coatings on Si substrates.

image of Fig.�3
image of Fig.�5


0 20 40 60 80 100 120 140 160
Wear length(m)

0
0.4
0.8

0
0.4
0.8

0
0.4
0.8

0
0.4
0.8

0
0.4
0.8

0
0.4
0.8

CrN, COF = 0.48

ZrN, COF = 0.53C
o

ef
fi

ci
en

t 
o

f 
fr

ic
ti

o
n

B06, COF = 0.41

B08, COF = 0.45

B13, COF = 0.49

B15, COF = 0.59

Fig. 6. The coefficient of friction of the CrN, ZrN and CrN/ZrN multilayered coatings on
Si substrates against a WC–Co ball as a function of wear length.

1.8 2 2.2 2.4 2.6 2.8 3 3.2

CrN/ ZrN thickness ratio

0.3

0.4

0.5

0.6

0.7

C
o

ef
fi

ci
en

t
o

f 
fr

ic
ti

o
n

W
ea

r 
ra

te

(m
m

3 N
-1

m
-1

)

CrN
ZrN

CrN
B15

B13

B08 B06

B06
B08

B13
B15

ZrN

10-3

10-4

10-5

10-6

10-7

Fig. 7. The average COF values and wear rate versus lCrN/lZrN thickness ratio of the CrN,
ZrN and multilayered coatings on Si substrates.

251S.-F. Chen et al. / Surface & Coatings Technology 231 (2013) 247–252
multilayered coatings are between those of the CrN and ZrN coatings
ranging from 1.85 to 2.01 MPa
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p
. The maximum indentation tough-

ness value, 2.01 MPa
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can be found for the B15 coating at

‘CrN=‘ZrN=1.8, whereas the minimum toughness value, 1.85 MPaffiffiffiffiffi
m

p
can be found for the B08 coating at ‘CrN=‘ZrN=2.7 However, the

actual mechanism for the dependence of ‘CrN=‘ZrN ratio on the inden-
tation toughness still needs further study. It is suggested that through
a suitable control of the ‘CrN=‘ZrN ratio or the Cr/Zr atomic ratio, a mul-
tilayered coating can act as a crack inhibitor while achieving the high
hardness, adequate fracture resistance and high toughness values si-
multaneously [18,19].

As compared with the hardness values of CrN and ZrN mono-
layers, 20.3 and 21.9 GPa, respectively, strengthening from 22.1 to
28.9 GPa was observed for the CrN/ZrN multilayered coatings with
Λ=16 nm at ‘CrN=‘ZrN>1.8 in this work. Previous research work on
the effect of individual layer thickness on the hardness enhancement
effect of CrN based multilayered coating has been limited and has
shown contradictory or conflicting results [12,20–22]. The depen-
dence of hardness enhancement effect on individual layer thickness
of TiAlN/CrSiN multilayered coating has been reported in a previous
work [12]. It was observed that the hardness enhancement increased
when the thickness of high modulus layer, TiAlN, increased and the
thickness of low modulus layer, CrSiN decreased [12]. According to
the research work by Chu and Barnett [20], varying the individual
layer thicknesses had relatively little effect on the strength enhance-
ment. On the other hand, a hardness decrease was reported by Nordin
and Larsson [21] for the TiN/CrN multilayered coatings when the
layer thickness of CrN was higher than that of TiN. Lewis et al. [22]
reported that the maximum Knoop hardness of HK 3500 was
obtained for the TiAlN/CrN multilayered coating when the thickness
of the individual layers was equal. In this work, the shear modulus
values of the CrN and ZrN are calculated to be 95 GPa and 111 GPa, re-
spectively, using the Poisson's ratio of 0.2 for both CrN and ZrN and
elastic modulus of 228 and 267 GPa for CrN and ZrN films. Therefore,
according to Fig. 5, the hardness enhancement increases when the
‘CrN=‘ZrN ratios increase from 1.8 to 2.7. This indicates that the hard-
ness increases when the thickness of low modulus layer, CrN in-
creases and the thickness of high modulus layer, ZrN, decreases,
which is contradictory to the findings in previous work [12]. Conse-
quently, the extent and causes of strengthening in CrN/ZrN multilay-
ered coatings in this work still need further investigation.

According to the HRC-DB test [23], the adhesion level from HF1 to
HF4 exhibits sufficient adhesion quality, whereas HF5 and HF6 repre-
sent insufficient adhesion. In this work, the HF values of all CrN/ZrN
multilayered coatings were HF1. Obviously, all coatings exhibit excel-
lent adhesion because no spallation occurred after 1470 N indenta-
tion loads. Spallation at this load has been reported in a previous
work [11]. No spallation or chipping of coatings was found. Only
very tiny radial cracks adjacent to the impact crater can be observed.
Meanwhile, the critical load obtained from the scratch test can be
used to estimate the adhesion of the coatings. The critical loads of
all monolayer and multilayered coatings are higher than 100 N, indi-
cating that excellent adhesion was achieved in this study. No cracking
or delamination of coatings inside or adjacent to the scratch track was
observed.

Fig. 6 illustrates the coefficient of friction (COF), measured by pin-
on-disc wear test, versus the wear length of all thin films. A zigzag
type COF curve is found for the ZrN coating, indicating that the ZrN
coating was worn through after sliding wear of only 20 m. The aver-
age COF values and wear rates versus ‘CrN=‘ZrN ratios are shown in
Fig. 7. The COF values of monolayer CrN and ZrN were 0.48 and
0.53, respectively. A minimum COF around 0.41 was found for the
B06 coating with ‘CrN=‘ZrN=3.1. A rather low COF value, 0.45, was
also obtained for the B08 coating with ‘CrN=‘ZrN=2.7. The B06 films
show significant lower wear rate, 3.62×10−7 mm3 N−1 m−1, as
compared with other examined coatings, whereas the lowest wear
rate, 3.45×10−7 mm3 N−1 m−1, was found for the CrN monolayer.
However, the highest wear rate, 4.26×10−4 mm3 N−1 m−1, was
obtained for B15 films. For multilayered coatings, it is obvious that
the COF values and wear rates decrease with increasing ‘CrN=‘ZrN ra-
tios. It is suggested that the better COF values and lower wear rate
of multilayered coatings with high ‘CrN=‘ZrN ratios can be attributed
to the thicker layer of CrN, which exhibits high indentation toughness
and good wear resistance. On the other hand, the poor wear resis-
tance of multilayer coatings with higher ZrN thickness, i.e., lower
‘CrN=‘ZrN ratio, is caused by the brittle and poor wear resistance nature
of the monolayer ZrN layer. In the wear study of the CrSiN/ZrN multi-
layered coatings, a better wear resistance for the coating with thicker
CrSiN layer was also reported [6]. It is suggested that the hard and
brittle ZrN coating cracked and became wear debris penetrating the
multilayer coating and thus made the wear resistance worse during
the wear test. The wear scar morphologies of the coating after the
pin-on-disc tests were explored. In Fig. 8(a), a smooth wear track
with a bit of cracking and delamination was observed on the wear
track for B06 coating. On the other hand, the B15 coating was worn
through after wear test as shown in Fig. 8(b), which was further con-
firmed by the chemical analysis of Si substrate using the energy dis-
persive spectrometer (EDS).

In the literature, the COF values and thewear rates for CAE fabricated
CrN single layer and CrN based multilayered coating systems are quite
different. For example, the COF and wear rate for CrN film were 0.54,

image of Fig.�6


Fig. 8. The wear scar morphologies of the (a) B06 and (b) B15 coatings after the pin-
on-disc test.
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7×10−7 mm3 N−1 m−1 [24] and 0.77, 8.93×10−7 mm3 N−1 m−1

[25], respectively. On the other hand, much lower friction coefficient
(0.39) and wear rate (1.3×10−7 mm3 N−1 m−1) for CrN coatings de-
posited using a large area filtered cathodic arc evaporation technique
were reported [24]. Meanwhile, the COF values and wear rates for the
CAE deposited TiAlN/CrN and CrN/NbN multilayer coatings were 0.16,
0.61 and 2.38×10−7, 2.10×10−6 mm3 N−1 m−1, respectively [26]. It
is obvious that the COF values and wear rates for CrN monolayer and
B06 CrN/ZrN multilayer thin films in this work are comparable to
other studies [24–26].

It can be concluded that the hardness and wear resistance of the
CrN/ZrN multilayer coating were enhanced by increasing the Cr/Zr
atomic ratio or ‘CrN=‘ZrN thickness ratio in this work. Although the
ZrN coating is characterized by its good hardness, a detrimental effect
of ZrN layer thickness to the tribological property of the CrN/ZrNmul-
tilayer coating has been discovered, which is attributed to the low in-
dentation toughness, brittle nature [11] and rather high wear rate [4]
of the CrN/ZrN coating.
4. Conclusions

Four CrN/ZrN multilayered thin films with fixed Λ=16 nm and
different Cr/Zr atomic ratios or ‘CrN=‘ZrN ratios ranging from 1 to 2.5,
or 1.8 to 3.1, respectively, were prepared by a cathodic arc evapora-
tion process in this study. Typical CrN and ZrN crystal structures
were observed for the multilayered coating. When the Cr/Zr atomic
ratio decreased, the positions of the CrN diffraction peaks shifted to
higher diffraction angles and the intensity also decreased. For the
multilayer coatings, the lattice constant of CrN increased with in-
creasing Cr/Zr atomic ratios, whereas a decreasing tendency was
found for the lattice constant of ZrN. Excellent adhesion property
was observed for each coating. It was found that the wear resistance
of the coating was enhanced by increasing the Cr/Zr atomic ratio or
‘CrN=‘ZrN ratio. A combination of excellent mechanical and adhesion
properties, high plastic deformation resistance and good tribological
performance was achieved for the CrN/ZrN multilayered coating
with the Cr/Zr atomic ratio of 2.1 and ‘CrN=‘ZrN=2.7 in this work.
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