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Abstract: The CrZrN/CrZrSiN multilayer coatings at a bilayer period range decreasing from 1.35 µm
to 0.45 µm were synthesized on a Si (100) wafer and WC-6 wt.% Co substrate using a closed-field
unbalanced magnetron sputter, and the thickness effects on the mechanical properties and thermal
stability were investigated. The CrZrN/CrZrSiN multilayer coatings showed high hardness and
elastic modulus in the ranges of 28 to 33 GPa and 255 to 265 GPa, respectively, and the friction
coefficient showed the lowest value of 0.24 on the multilayer coating with a bilayer period of 0.54 µm.
The bilayer periods affected the adhesion strength of the multilayer coatings. From the scratch
test, the critical load (Lc2) steadily increased with the decreasing of the bilayer period, and the
CrZrN/CrZrSiN multilayer coating with a bilayer period of 0.45 µm showed the highest critical load
(Lc2) of 79 N. In the case of the annealing test, the bilayer periods affected the thermal stability of the
multilayer coatings, and the CrZrN/CrZrSiN multilayer coatings with 0.54 µm showed a maximum
hardness value of approximately 30 GPa up to 800 ◦C.

Keywords: CrZrSiN coating; bilayer period; hardness; friction coefficient; adhesion strength

1. Introduction

During the past decade, ternary nitride materials such as TiAIN [1,2], TiZrN [3,4],
AlCrN [5,6], and CrZrN [7,8] have been studied to improve tool life due to their excellent
mechanical and tribological properties such as high hardness and a low friction coefficient.
Recently, transition metal nitride coatings with nanocomposite structure that are defined as
a coexistence of the nanocrystalline and amorphous phases with complete immiscibility
have emerged [9]. In particular, Si-containing nanocomposite coatings have received
much attention due to the incorporation of Si, which led to the grain refinement of the
nanocrystalline phase and the formation of amorphous SixNy phase [9–14]. Furthermore,
the use of nanocomposites containing Si has been expanded since amorphous SixNy phase
suppresses the diffusion of the oxygen ion [15].

Most recently, multilayered hard coatings have gained increasing attention from the
industrial and scientific fields because of the enhanced mechanical properties compared
to those usually revealed in the corresponding monolithic coatings. As reported in many
publications, the multilayer coatings exhibited superior mechanical and tribological prop-
erties relative to single-layer hard coatings [16–22]. These improved properties could be
attributed to a multilayered structure, consisting of alternating layers with different in-
terface number, composition, and thickness. Generally, multilayer coatings usually show
enhanced hardness as the bilayer period decreases. This improved property was attributed
to the resistance against dislocation glide across interfaces in multilayer structures [23,24].

From our previous works, the CrZrN coatings showed great mechanical properties
such as high hardness (33 GPa), low surface roughness (Rms 0.82 nm), and low friction
coefficient (0.25) but relatively poor thermal stability over 500 ◦C [7,8]. The CrZrSiN
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coatings, however, showed moderate hardness (30 GPa) and friction coefficient (0.30), but
also excellent thermal stability up to 800 ◦C [25,26]. Thus, in this work, CrZrN/CrZrSiN
multilayer coatings with various bilayer periods were designed and synthesized in order
to obtain the coatings with excellent mechanical properties such as hardness, friction
coefficient, adhesion properties, and thermal stability. This study provides an insight into
the underlying bilayer periods for enhanced mechanical properties and thermal stability of
CrZrN/CrZrSiN multilayer coatings.

2. Experimental Details

The CrZrN/CrZrSiN multilayer coatings with different bilayer periods were syn-
thesized on two types of substrate, Si (100) wafer and WC-6 wt.% Co substrate, using a
closed-field unbalanced magnetron sputtering process. The CrN adhesion interlayer of
300 nm was deposited between the CrZrN/CrZrSiN upper layer and the WC substrate to
improve the adhesion, and the bilayer periods were controlled in a range decreasing from
1.35 to 0.45 µm. A pure Cr, Zr, and Si single target (99.99%) was used as target material.
Before sputtering, the surface of the Si (100) wafer and WC substrate were cleaned by ultra-
sonication in acetone for 10 min. After a base pressure was evacuated below 2.8 × 10−3 Pa,
the substrates were etched in the presence of Ar plasma for 20 min at a pressure of 0.4 Pa.
All the layers were deposited by a pulsed DC power with applied power of 0.5 kW, fre-
quency of 25 kHz, and duty ratio of 70%. The deposition temperature was maintained
at 400 ◦C. The detailed deposition conditions of the CrN interlayer and CrZrN, CrZrSiN
upper layers are listed in Table 1.

Table 1. Deposition conditions of the CrN interlayer and CrZrN, CrZrSiN upper layers.

Parameters CrN CrZrN CrZrSiN

Base pressure (Pa) 2.8 × 10−3 2.8 × 10−3 2.8 × 10−3

Working pressure (Pa) 4.2 × 10−1 6.0 × 10−1 6.0 × 10−1

Ar gas flow (sccm) 6 15 15
N2 gas flow (sccm) 10 8 10
Target current (A) Cr 1.8 Cr 1.2/Zr 1.8 Cr 1.2/Zr 1.6/Si 0.6

The microstructures of the as-deposited coatings were examined by field-emission
scanning electron microscopy (FE-SEM, JEOL, JSM-7100F, Tokyo, Japan) operating at an
accelerated voltage of 15 kV, and the elemental compositions of individual layers were
detected using Oxford Instruments X-MaxN energy dispersive spectroscopy (EDS). The
hardness and elastic modulus of the individual interlayers and coatings were measured
using nanoindentation (Helmut Fischer, HM2000, Sindelfingen, Germany) with a load of
25 mN and dwell time of 30 s. Taking into consideration the thickness effect, the indentation
depth was maintained at less than approximately 0.16 µm, which was controlled at less
than 10% of the total coating thickness [27]. For accurate and reproducible results, both the
hardness and elastic modulus tests were carried out 9 times on each sample. The friction
coefficient of the coatings was measured using a customized ball-on-disk-type wear tester
(Figure 1) with an alumina counter ball (Al2O3, Ø = 9.25 mm). The sliding velocity was
0.25 m/s and the total sliding distance was 1000 m with a normal load of 5 N. The adhesion
strength values were evaluated by a scratch tester (CSM, Revetest, Corcelles, Switzerland)
with Rockwell C diamond stylus with radius 200 um, which was drawn across the surface
of coatings with a progressively increasing load up to 100 N and a constant sliding speed of
10 mm/min. The critical load (Lc2) and the failure mode of the coatings were determined
by observing optical microscopy (Olympus, BX51M, Tokyo, Japan). To evaluate the thermal
stability of all the multilayer coatings, annealing was carried out at temperatures ranging
from 500 to 800 ◦C in air for 30 min, and the hardness values of annealed samples were
measured using nanoindentation.
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Figure 1. Ball-on-disk-type wear tester used for the wear test.

3. Results and Discussion

The CrZrN/CrZrSiN multilayer coatings were prepared by varying bilayer periods
to enhance their mechanical, tribological, and adhesion properties, and thermal stabilities.
As can be seen in the cross-sectional FE-SEM images of the CrZrN/CrZrSiN multilayer
coatings (Figure 2), the thickness of all the coatings was adjusted to 3 µm by sputtering
duration. In previous work, by means of restructuring the coating with an optimized
gradient of the H/E ratio of the WC substrate/CrN interlayer/CrZrN coating, i.e., the
minimization of stress gradient between the coating and WC substrate, the adhesion
strength was enhanced [28]. Therefore, the CrN interlayer was chosen as the adhesion
layer and deposited between the CrZrN/CrZrSiN upper layer and the WC substrate to
improve their adhesion strength in this work. Regardless of bilayer periods, the CrZrN
in a multilayered structure shows a columnar growth, while the CrZrSiN tends to have a
smooth and featureless morphology. However, importantly, with decreasing the bilayer
period from 1.35 µm to 0.45 µm, the columnar structure of CrZrN layers transformed from
a coarse columnar structure to a dense columnar structure.

Figure 2. Cross-sectional images of the CrZrN/CrZrSiN multilayer coatings with various bilayer
periods: (a) 1.35 µm, (b) 0.90 µm, (c) 0.67 µm, (d) 0.54 µm, and (e) 0.45 µm.

The average elemental composition of the WC substrate, CrN interlayer, and CrZrN,
CrZrSiN upper layers was measured using SEM-equipped EDS, as summarized in Table 2.
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The ratios of non-metallic to metallic elements for all coatings were calculated to be ap-
proximately 1.08, which suggests that the ratio of metals to N is almost stoichiometric, 1:1.
The hardness (H), elastic modulus (E), and H/E ratio of individual WC substrate, CrN
interlayer, and CrZrN, CrZrSiN upper layer are summarized in Table 2, and the hardness
and elastic modulus of the CrZrN/CrZrSiN multilayer coatings with various bilayer pe-
riods are shown in Figure 3. Both the hardness and elastic modulus increased with the
bilayer period decrement. The highest hardness and elastic modulus were approximately
33 and 265 GPa, respectively.

Table 2. Elemental compositions, hardness, elastic modulus, and H/E ratio of the WC substrate, CrN
interlayer, and CrZrN, CrZrSiN upper layers.

Layer Composition
(at.%)

Hardness
(GPa)

Elastic Modulus
(GPa) H/E Ratio

WC
substrate - 19.7 ± 1.6 510.6 ± 8.4 0.045

CrN 48Cr-52N 23.3 ± 1.8 305.6 ± 10.2 0.071
CrZrN 32Cr-16Zr-52N 32.1 ± 1.5 269.3 ± 8.7 0.113

CrZrSiN 21Cr-9Zr-17Si-53N 25.4 ± 1.9 191.5 ± 9.5 0.138

Figure 3. The hardness and elastic modulus of the CrZrN/CrZrSiN multilayer coatings with various
bilayer periods.

Generally, the multilayered structure of coatings could enhance the hardness on
the basis of the dislocation blocking by layer interfaces and lead to the strengthening
effect [20,23,24]. The dislocation blocking effect occurred at the interface between layers
due to differences in the shear modulus of the individual materials of layers, and the stress
required for dislocation glide across interfaces increases. As a result, the high interface
density of multilayer structure could contribute to interrupting dislocation glide across
the interface between layers. When the bilayer period was decreased to 0.45 µm, however,
there was a decrease in the hardness and elastic modulus. These decreased properties
could be explained by the loss of the characteristics of a multilayer structure, and the lack
of interface effect in the coatings [23,29]. These results show that there is a critical bilayer
period of the CrZrN/CrZrSiN multilayer coating required to obtain optimized hardness
and elastic modulus.

The friction coefficients of all the CrZrN/CrZrSiN multilayer coatings were evaluated
by using the ball-on-disk-type wear tester, and the results are shown in Figure 4. All the
friction curves were stable with little variation. It was revealed that the friction coefficient
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decreased gradually with the decrease in the bilayer period from 1.35 to 0.54 µm, and the
value increased when the bilayer period was 0.45 µm. The coatings with bilayer period of
0.54 µm exhibited the lowest friction coefficient of 0.24, and this follows the same trend as
the hardness and elastic modulus of the multilayer coatings.

Figure 4. Friction curve of the CrZrN/CrZrSiN multilayer coatings with various bilayer periods.

From the point of view of classical wear theories, the hardness is closely related to the
wear resistance of the coating surface. It has been widely accepted that a material with high
hardness has high wear resistance. Many reports have also suggested the importance of the
elastic modulus correlation with wear behavior [30,31], and wear resistance could be related
to the elastic strain to failure of the coating, representing the ability of a material to deform
elastically and subsequently recover without plastic deformation. This approach has been
applied to the surfaces of coatings, and the elastic strain to failure has been explained by
the correlation with the H/E ratio. Therefore, the H/E ratio is a more suitable parameter
for predicting the wear resistance of a coating. As can be seen in Figure 5, the highest H/E
ratio of the CrZrN/CrZrSiN multilayer coating with a bilayer period of 0.54 µm indicates
its best wear resistance, and the friction coefficient of the multilayer coating tends to be
proportional to the H/E ratio.

Figure 5. Friction coefficient and H/E ratio as a function of various bilayer periods.
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The scratch test provides an informative clue for the adhesion and cohesion properties
between a substrate and coating. In the process of a scratch test, three main failures classified
as critical load of Lc0, Lc1, and Lc2 are typically derived from a progressive loading on
a coating. More specifically, the classification of critical loads is phenomenologically
explained as a half-circular crack inside the scratched track induced by plastic deformation
(Lc0), an initial fragment or spallation of coating at a track edge (Lc1), and an initial
delamination of coating (Lc2) [32,33]. The Lc2 was chosen to comparatively investigate the
adhesion strength of the CrZrN/CrZrSiN coating with the different bilayer periods, and
the average values calculated from the five measurements made for each coating in this
work. The scratch tracks of each coating are shown in Figure 6. It can be observed that the
Lc2 increased significantly as the bilayer period decreased from 1.35 to 0.45 µm, and the
highest Lc2 was 79 N when the bilayer period was 0.45 µm, as shown in Table 3. In the
scratch tracks of the multilayer coating with the bilayer period of 1.35 and 0.90 µm, the
chipping cracks were observed and the multilayer coatings were totally delaminated over
the Lc2.

Figure 6. OM observation from the scratch tracks of the CrZrN/CrZrSiN multilayer coatings with
various bilayer periods: (a) 1.35 µm, (b) 0.90 µm, (c) 0.67 µm, (d) 0.54 µm, and (e) 0.45 µm.

Table 3. The hardness, elastic modulus, H/E ratio, and critical load (Lc2) of the CrZrN/CrZrSiN
multilayer coatings with various bilayer periods.

Bilayer Periods
(µm)

Hardness
(GPa)

Elastic
Modulus

(GPa)
H/E Ratio Critical Load (Lc2)

(N)

1.35 28.4 ± 2.1 255.5 ± 7.2 0.110 44
0.90 29.2 ± 1.7 256.7 ± 6.7 0.115 60
0.67 31.1 ± 2.2 263.4 ± 8.2 0.118 67
0.54 33.0 ± 2.0 265.1 ± 7.8 0.121 75
0.45 29.8 ± 1.9 258.8 ± 7.3 0.115 79

As reported in the literature [34], the chipping would be often observed in a high
hardness coating deposited on the brittle substrate with high hardness. However, there
were no obvious chipping cracks or delamination in whole scratch tracks below a bilayer
period of 0.67 µm. These improved adhesion properties could be ascribed to the large
number of the interfaces in the CrZrN/CrZrSiN multilayer structure [35,36]. During the
scratch test, the interfaces in the multilayer coatings played a crucial role as the sites of stress
dissipation, and this led to residual stress relaxation and crack propagation prevention
in the coating [37]. Therefore, the CrZrN/CrZrSiN multilayer coatings with high density
of the interfaces effectively prevented crack propagation during the progressive scratch
test, and showed distinctly improved adhesion to the WC substrate with decreasing of the
bilayer period.



Coatings 2022, 12, 1025 7 of 9

Figure 7 presents the hardness variation of the CrZrN/CrZrSiN multilayer coatings
depending on the bilayer period after annealing at a temperature ranging from 500 to
800 ◦C in air for 30 min. In all conditions, the hardness values of the multilayer coatings
were almost constant above approximately 27 GPa up to 800 ◦C without drastic change in
the hardness, unlike the monolayered CrZrN coating. In addition, the CrZrN/CrZrSiN
multilayer coatings exhibited higher hardness compared to the monolithic CrZrSiN, coat-
ings even after an annealing process at 800 ◦C. This means that all the CrZrN/CrZrSiN
multilayer coatings showed excellent thermal stability.

Figure 7. Hardness variation of the monolithic CrZrN, CrZrSiN, and multilayered CrZrN/CrZrSiN
coatings with various bilayer periods after annealing test in air for 30 min.

Nevertheless, the thermal stability of the multilayer coatings seemed to be influenced
by the bilayer periods. It has been well established that the CrZrSiN layer, which consists
of SixNy amorphous phase, plays an important role as an oxygen diffusion barrier to inhibit
oxidation by residual oxygen during the annealing process, while the CrZrN component
is easily oxidized. Interestingly, the hardness change dependent on the bilayer periods
was observed after the annealing process, although it was expected that the hardness
reduction should be constant due to an almost identical Si content regardless of various
bilayer periods. In the case of a bilayer period of 0.45 and 1.35 µm, the hardness decreased
approximately 7.4% with increasing annealing temperature from room temperature to
800 ◦C, relative to the bilayer periods of 0.54, 0.67, and 0.90 µm (3.7~5.5%). This deteriora-
tion of thermal stability could be mainly attributed to the structure induced by the bilayer
period. Typically, a coarse microstructure of coatings tends to provide the oxygen pathway
along the grain boundaries [38]. In addition, the inter-diffusion could occur with the
decreased bilayer period, which led to the unexpected monolayered structure [20,21]. Thus,
it is believed that the dense microstructure and moderate bilayer period in the range of
0.45–0.90 µm seems to be beneficial to the inhibition of oxygen diffusion and inter-diffusion
between layers, leading to improved oxidation resistance.

4. Conclusions

In this work, CrZrN/CrZrSiN multilayer coatings with different bilayer periods were
successfully prepared using a closed-field unbalanced magnetron sputtering process on
WC-6 wt.% Co substrate to improve their mechanical properties and thermal stability.
The hardness and elastic modulus of the CrZrN/CrZrSiN multilayer coatings gradually
increased with the decreasing of the bilayer period from 1.35 to 0.54 µm; however, the
values decreased on the multilayer coating with a bilayer period of 0.45 µm. The friction
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coefficient followed the same trend as the hardness, and the CrZrN/CrZrSiN multilayer
coating with a bilayer period of 0.54 µm showed the lowest friction coefficient of 0.24. The
result of the scratch test showed that the adhesion strength increased with the decreasing
of the bilayer period, and obvious chipping or delamination were not found when the
bilayer period decreased from 0.67 to 0.45 µm. After annealing, the hardness values of
all the CrZrN/CrZrSiN multilayer coatings were almost constant above approximately
27 GPa up to 800 ◦C without drastic change in the hardness, and all the multilayer coatings
also showed excellent thermal stability. Therefore, the CrZrN/CrZrSiN multilayer coatings
with a moderate bilayer period showed much-improved mechanical properties (hardness,
friction coefficient, adhesion) and thermal stability compared to those of each monolithic
coating. This work experimentally revealed an optimal period of multilayered coatings for
high-performance cutting-tool application.
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