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High-entropy (AlCrTiZrNb)N/WS; nano-multilayers with different thicknesses of WS, layers were synthesized by
reactive magnetron sputtering. The influence of MoS; layers on the microstructure of the nano-multilayered films
was studied by X-ray diffraction (XRD), scanning electron microscope (SEM), and high-resolution transmission
electron microscope (HRTEM). Mechanical properties were examined through nanoindentation, HSR-2M coating
friction and wear tester. The results show that when the thickness of the WS, layer is less than 1.2 nm, the WSy
layer can be transformed into a cubic phase under the action of the (AICtTiZrNb)N layer template, and a coherent
epitaxial interface layer is formed between the two layers, resulting in an increase in hardness. The maximum
values of hardness and elastic modulus of the high-entropy (AlCrTiZrNb)N/WS; film are 22.5 GPa and 300.6
GPa, respectively, when the WS, layer thickness reaches 1.2 nm. As the thickness of the WS, layer further in-
creases, the WS, layer cannot maintain the cubic structure and the epitaxial growth interface is destroyed,
resulting in a decrease in the hardness. The friction coefficient of the (AICrTiZrNb)N/WS, nano-multilayered film
is lower than that of the (AICrTiZrNb)N monolithic film.

1. Introduction

Compared with traditional alloys, high-entropy alloys (HEAs) have
many excellent properties, which attract the attention of many re-
searchers. For example, a large number of studies show that HEAs have
high strength [1], high hardness [2,3], wear resistance [4-6], fatigue
resistance [7-11], and corrosion resistance [12-16]. The so-called HEA
is a concept proposed by Professor Yeh in 2004 [17-20]. The HEA is
composed of five or more kinds of metal or nonmetal elements in an
equimolar or near-molar ratio, with content of each element ranging
from 5% to 35% [21-23]. Similarly, Cantor et al. [24] has reported the
concept of multi-principal element alloys. It is generally believed that
with the increase of the number of alloying elements, complex phases
and intermetallic compounds tend to form in the alloy, which leads to
the decrease of mechanical properties. During the solidification of HEAs,
due to the high-entropy effect, the HEA not only does not form inter-
metallic compounds after solidification, but present a simple face-
centered-cubic (FCC), body-centered-cubic (BCC), or hexagonal-close-

packed (HCP) crystalline phase [25-27], or two phases in common al-
loys, such as eutectic high-entropy alloys (EHEAs) [28-30].

It is well known that the nitrides of transition metals have excellent
mechanical properties. The selected elements in HEAs are mainly tran-
sition metals, such as Al, Cr, Ti, and Zr. These elements are also strong
nitride forming elements, which can combine with N elements to form
nitride films with better mechanical properties. Hsieh et al. [31] re-
ported the (AICrNbSiTiV)N HEA nitride film prepared by a direct current
(DC) reactive magnetron sputtering method and studied the micro-
structures, mechanical properties and tribological properties. Their
experimental results indicated that the high-entropy (AICrNbSiTiV)N
film presented a simple FCC structure and significantly enhanced the
mechanical properties with the improvement in friction coefficient of
32.5% and in hardness of 29.4%.

In 1970, Koehler [32] proposed the concept of a nano-multilayered
film, which is a nanometer-thick multilayer film formed by depositing
two or more materials alternately. Compared with single-layer films,
nano-multilayers often exhibit the superhard phenomenon with greatly
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improved hardness due to the “template effect”, which to some extent
solves the situation that coating materials are more and more
demanding in the industrial development. Zhang et al. [33] prepared
TiN/MozN nano-multilayers by magnetron sputtering and found that the
nano-multilayers showed (200) preferential orientation, and an FCC
structure similar to B1-NaCl, with the superhardness about 41 GPa.
Compared with TiN and MoyN single-layer films, the mechanical and
tribological properties of TiN/MoyN nano-multilayered films had been
greatly improved.

In recent years, due to the excellent properties, the HEA nitride thin
film and nano-multilayered film have attracted more and more attention
of researchers. However, the research on nano-multilayered films
included HEA nitride has been rarely documented. To this end, in this
study, HEA nitride (AICrTiZrNb)N and WS, were designed and selected
as the template layer and the modulation layer within the nano-
multilayered film, respectively, and the high-entropy (AICrTiZrNb)N/
WS, nano-multilayered film was synthesized. Since WS, is an excellent
solid-lubricating material, the synthesized (AlCrTiZrNb)N/WS, nano-
multilayered film is expected to have both good mechanical properties
and great wear resistance for the industrial application.

2. Experimental
2.1. Film preparation

In the JGP-450 multi-target magnetron sputtering system, the high-
entropy AlCrTiZrNb HEA target with a purity of at least 99.99% (mass
fraction) and WSy target with a purity of at least 99.99% (weight
percent) were used. In pure Ar atmosphere, an (AlCrTiZrNb)N layer was
deposited from the AICrTiZrNb HEA target using a DC mode with a
power setting of 180 W. The WS, layer was sputtered from the WSy
target in the RF mode with the power set of 100 W. The thin film is
deposited on a single crystal silicon wafer with the size of 30 mm x 20
mm x 1 mm. The silicon wafer is cleaned before deposition. First, the
silicon wafer was immersed in ethanol, and then placed in an ultrasonic
cleaning chamber for 15 min. The silicon wafer is dried and placed in a
vacuum chamber for reverse sputtering cleaning. When the working
pressure is 0.5 Pa, the flow rates of Ny and Ar are both 15 standard cubic
centimeter per minute (sccm). By controlling the deposition time of the
WS, layer, the (AICrTiZrNb)N/WS, nano-multilayered films with
thicknesses of 0, 0.2 nm, 0.4 nm, 0.6 nm, 0.8 nm, 1.0 nm, 1.2 nm, and
1.4 nm were prepared. During the deposition process, the silicon wafer
was not heated and no bias potential was used. The distance between
target and substrate were set as 6 cm.

2.2. Film characterization and measurement

The phase composition of high-entropy (AlCrTiZrNb)N/WS, nano-
multilayers were analyzed by the D8 Advance X-ray diffractometer
(XRD, Bruker, Germany) using the CuK, radiation (A = 0.15406 nm)
with a measurement range from 20° to 90°. The microstructures of the
films were observed by the Quanta FEG450 field emission environ-
mental electron microscope (FESEM, FEI, USA) and Tecnai G220 high-
resolution field-emission transmission electron microscope (HRTEM,
FEI, USA). The hardness of the film was measured by a NANO Indenter
G200 nanoindenter (Agilent, USA) with the Berkovich indenter. The
load-unload curve was obtained by accurately recording the change of
the indentation depth with load. The hardness of the material was
calculated by the Oliver-Pharr model [34]. The depth of penetration was
less than 1/10 of the film thickness in order to eliminate the effect of the
substrate on the hardness of the film. The friction coefficient of the film
was measured by the HRS-2 M high-speed friction and wear tester. The
friction pair was a GCr15 steel ball with a diameter of 4 mm. The applied
load was 8 N and the test time was 5 min.
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3. Results
3.1. Microstructures

Fig. 1 shows the XRD patterns of (AlCrTiZrNb)N/WS; nano-
multilayers with different WSy thicknesses. The thickness of the WS,
layer in each sample has been marked in the figure. It can be seen from
the figure that the (AICrTiZrNb)N thin film and the (AICrTiZrNb)N/WS,
nano-multilayered films both have an FCC structure. The high-entropy
(AICrTiZrNb)N/WS, nano-multilayered films exhibit (111) and (200)
preferred orientations. As the thickness of the WS layer increases, the
(111) and (200) peaks of the (AICrTiZrNb)N/WS; nano-multilayers first
become large and then small. When the thickness of the WS, layer is 1.2
nm, the peak intensity reaches the maximum value. Based on the pre-
vious research, when the thickness of the WS, layer is less than 1.2 nm,
under the action of the (AICrTiZrNb)N template, the WS, layer and
(AICITiZrNb)N form a co-epitaxial growth structure. Therefore, the
crystallinity of the thin film increases, and accordingly, the intensity of
its diffraction peak increases. When the thickness of the WS layer is
greater than 1.2 nm, the coextensive epitaxial growth of the WS, layer
and (AICrTiZrNDb)N is destroyed. Hence, the crystallinity of the nano-
multilayered film is reduced, and the diffraction peak intensity of the
film becomes weak.

Fig. 2 is the HRTEM images of the cross-sectional morphology of the
(AICrTiZrNb)N monolithic film and the (AICrTiZrNb)N/WS, nano-
multilayered film with the WSy layer thickness of 1.2 nm. As can be
seen from the low-magnification image of Fig. 2(a), the nano-
multilayered film has a well-defined layer structure, and the interface
is smooth and clear. In addition, the high-entropy (AICtTiZrNb)N/WS,
nano-multilayered film has a good columnar structure along the growth
direction of the film. The columnar structure continues through several
modulation cycles of the nano-multilayered film, which also proves that
the insertion of the WS, layer does not damage the growth of the
columnar crystal. The diffraction rings of (111) and (200) FCC structures
appear in the inserted selected area electron diffraction (SAED) diagram,
which is consistent with the results in the XRD patterns. Fig. 2(b) is a
moderately-enlarged cross-sectional morphology, from which we can
see a well-grown nano-multilayered film structure. According to the
contrast, the bright and dark stripes correspond to the (AICrTiZrNb)N
and WS, layers, respectively. The (AICrTiZrNb)N and WS, layers are
alternately deposited to form a continuous nano-multilayered film
structure. Fig. 2(c) is a high magnification HRTEM image in the selected
area of Fig. 2(b). The lattice fringes can pass through several modulation
cycles continuously, indicating that the WS; layer is transformed into an
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Fig. 1. XRD patterns of (AICrTiZrNb)N/WS, nano-multilayered films with
different WS, thickness.
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Fig. 2. Cross-sectional HRTEM images of the (AICrTiZrNb)N monolithic film and (AlCrTiZrNb)N/WS, nano-multilayered film with the WS, layer thickness of 1.2 nm:
(a) low-magnification, (b) medium-magnification, (c) high-magnification of (AICrTiZrNb)N/WS; nano-multilayered film and (d) low-magnification of (AICrTiZrNb)N
monolithic film. (The insertions in (a) and (d) are their corresponding selected area diffraction patterns.)

FCC structure under the “template effect” of the (AICrTiZrNb)N layer,
and co-epitaxially grown with the high-entropy (AICrTiZrNb)N layer.
Fig. 2(d) displays the cross-sectional HRTEM observation of (AlCr-
TiZrNb)N monolithic film, which exhibits a typical columnar crystal
structure with the growth direction marked by the arrow. The inserted
SAED patterns indicate that the (AICrTiZrNb)N film exbihits the FCC
structure with the (200) preferred orientation.

Fig. 3 shows the cross-sectional SEM morphology of nano-

(a) (b)

multilayered films with different WS, layer thicknesses. In Fig. 3(a),
the (AICrTiZrNb)N film shows a columnar growth structure. In Fig. 3(b),
(c) and (d), the (AICrTiZrNb)N/WS, film also presents a similar
columnar growth structure, which indicates that under the “template
effect”, the WS, and high-entropy (AICrTiZrNb)N layers grow epitaxi-
ally together when the WS, thickness is less than 1.2 nm. In Fig. 3(e),
when the thickness of WS; is 1.4 nm, the columnar crystal structure of
the nano-multilayered film is less obvious than before, indicating that

(c)

(d)

Fig. 3. Cross-sectional SEM images of nano-multilayered films with different WS, thicknesses: (a) tws, = 0, (b) twsy = 0.4 nm, (c) twsp = 0.8 nm, (d) twsy = 1.2 nm,

and (e) twsy = 1.4 nm.
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the growth structure of the nano-multilayered film is damaged, and the
FCC structure cannot be maintained, which is consistent with the results
in XRD.

3.2. Mechanical properties

Fig. 4 shows the hardness and elastic modulus of high-entropy
(AICrTiZrNb)N/WS; nano-multilayered films with different WS, layer
thicknesses. It can be seen that the hardness and elastic modulus of the
monolithic (AlICrTiZrNb)N film are 13.6 GPa and 211.2 GPa, respec-
tively. As the thickness of the WS, layer increases, the hardness and
elastic modulus of the nano-multilayered film show an upward trend.
When the thickness of the WS, layer is 1.2 nm, the hardness and elastic
modulus of the film reach the maximum of 22.5 GPa and 300.6 GPa,
respectively. When the thickness of the WS layer is less than 1.2 nm, the
WS, layer is transformed into an FCC structure under the “template ef-
fect” of the (AICrTiZrNb)N layer, and co-epitaxially grown together with
the (AICrTiZrNb)N layer. The hardness and elastic modulus of the high-
entropy (AlCrTiZrNb)N/WS, film are both improved, compared to those
of the (AICrTiZrNb)N film. However, when the thickness of the WS,
layer is greater than 1.2 nm, the coextensive epitaxial growth structure
between the WS, and the (AlCrTiZrNb)N layer is destroyed, and the WS,
layer is transformed into a hexagonal structure, resulting in the disap-
pearance of the enhancement effect. Therefore, the hardness and elastic
modulus of the nano-multilayered film are reduced.

Fig. 5 is the change of friction coefficients of (AlCrTiZrNb)N/WS,
nano-multilayers with different WS, layer thicknesses. It can be seen
that the friction coefficient of the (AICrTiZrNb)N is 0.68. As the thick-
ness of the WS, layer increases, the overall friction coefficient of the
nano-multilayered film decreases first, then increases, and subsequently
decreases, When the thickness of the WS layer is 1.2 nm, the friction
coefficient of the (AICrTiZrNb)N/WS, nano-multilayered film is 0.41. In
general, the friction coefficients of high-entropy (AlCrTiZrNb)N/WS,
nano-multilayers are between 0.20 and 0.55, which are much smaller
than that of the monolithic (AICrTiZrNb)N film.

Fig. 6 displays SEM micrographs of the wear tracks on the (AlCr-
TiZrNb)N/WS; nano-multilayered films with different WSy layer thick-
nesses. As shown in Fig. 6(a), large flakes peel off on the wear track of
the monolithic high-entropy (AlICrTiZrNb)N. In Fig. 6(b), it is seen that
dense and continuous tribo-films are formed on the wear track for the
nano-multilayered film with the WS, layer thickness of 0.8 nm. In Fig. 6
(c), for the nano-multilayered film with the WS, layer thickness of 1.2
nm, no obviously tribo-films are formed on the wear track. In Fig. 6(d),
some little flakes of tribo-films appear on the wear track of (AICrTiZrNb)
N/WS; nano-multilayered films with the WS, layer thickness of 1.4 nm.
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Fig. 4. Hardness and elastic modulus of the (AICrTiZrNb)N/WS, nano-
multilayered films with different WS, layer thicknesses.
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Fig. 5. Change of the friction coefficient of the (AlCrTiZrNb)N/WS, nano-
multilayered films with different WS, layer thickness.

4. Discussion

4.1. Effect of the WS layer thickness on microstructures of the high-
entropy (AILCrTiZrNb)N/WS; nano-multilayered films

When the film grows in the atomic or molecular state on the substrate
from the initial nucleation, the interface energy is the main part of the
system energy, and the substrate surface has an important influence on
the growth of the film. In the nano-multilayered film, the crystal
structure of the firstly deposited layer can similarly have a significant
effect on the crystal growth and structure of the later deposited layer.
Therefore, the subsequently deposited layer forms a crystal structure
that has a good interface match with the first deposited layer, which is
called the “template effect”. This phenomenon is consistent with the
previous research on nano-multilayers, such as W/Mo [35], TiN/VN
[36], TiN/NbVN [37], TiN/TaN [38], TiN/Nb [39], and TiN/CrNo
[40]. Under the effect of the (AICrTiZrNb)N template with a stable FCC
structure, the WS, with the hexagonal structure can form a metastable
phase and maintain a cubic structure when its thickness is less than 1.2
nm, leading to the fact of the (AICrTiZrNb)N/WS, nano-multilayered
film exhibits an FCC structure.

Through the SEM image of the high-entropy (AlCrTiZrNb)N/WS,
nano-multilayered film, the columnar crystal structure at the fracture of
the (AICrTiZrNb)N/WS; nano-multilayered film can be clearly observed.
According to the HRTEM image of the (AICrTiZrNb)N/WS, nano-
multilayered film, the nano-multilayered film has a well-defined
layered structure. The interface is smooth and clear, and the columnar
structure passes through several modulation periods of the nano-
multilayered film. Combined with the selected area electron diffrac-
tion patterns, it can be confirmed that the (AICrTiZrNb)N/WS;, nano-
multilayered film presents an FCC structure.

4.2. Effect of the WS layer thickness on mechanical properties of the
high-entropy (AICrTiZrNb)N/WS2 nano-multilayered film

The changes of hardness and elastic modulus are closely related to
the microstructure of the nano-multilayered film. With the addition of
WS, under the “template effect” of the (AICrTiZrNb)N layer, the WS,
layer is forced to transform into an FCC structure and grow epitaxially
with the (AICrTiZrNb)N layer. At the same time, the nano-multilayered
film shows a super-hard effect. However, when the thickness of the WS,
layer exceeds 1.2 nm, the WS, layer cannot maintain the FCC crystal
structure and change back to the hexagonal structure, resulting in a
decrease in hardness and elastic modulus.
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Fig. 6. SEM micrographs of the wear trajectories of the (AICrTiZrNb)N/WS, nano-multilayered films with different WS, layer thicknesses: (a) twsz = 0, (b) tws2 =

0.8 nm, (¢) twsz = 1.2 nm, and (d) twsz = 1.4 nm.

The abnormal enhancement of hardness and elastic modulus can also
be clarified by the Koehler's modulus-difference-strengthening theory
[26] and Kato's alternating stress strengthening theory [41]. According
to Koehler's theory [26], due to the different shear modulus, forces are
generated from the (AICrTiZrNb)N and WS, layers. Therefore, when
dislocations traverse the interface of the nano-multilayered film, they
will be hindered by the force generated from two materials with
different shear moduli. In nano-multilayered films, the greater the dif-
ference between the shear moduli of the two layers, the more the
additional stress can prevent the dislocation movement. The shear
modulus (G) can be expressed as:

E

G:m (€Y)

where E is the elastic modulus, and v is the Poisson's ratio. According to
the experimental results: Ecaicrrizenb)y = 211.2 GPa, Ewsa = 90 GPa, and
v = 0.25. Combined with the formula, the shear modulus of (AlCr-
TiZrNb)N and WS; can be calculated as Gaicrrizenn)y = 84.5 GPa and
Gwsz2 = 36 GPa respectively. The experimental results show that the
increase in the hardness and elastic modulus in the nano-multilayered
film can be explained by the enhancement effect caused by the differ-
ence in shear moduli.

Moreover, from the XRD patterns, it can be seen that, compared with
the (AICrTiZrNb)N monolithic film, most of the nano-multilayered films
show a deviation to a small angle in the (200) and (111) diffraction
peaks, which indicates that along the growth direction, alternating
compressive stress and tensile stress fields are generated on the nano-
multilayered film. According to Kato's theory [41], alternating
compressive and tensile stress fields can also hinder dislocation motion
and enhance the nano-multilayered film. Therefore, when the thickness
of the WS;, layer is less than 1.2 nm, the WS, layer is converted into an
FCC crystal structure and epitaxially grown together with the

(AICrTiZrNb)N layer. The interface stress between the (AICrTiZrNb)N
and WSy, layer is relatively low. As the thickness of the WS, layer in-
creases, when the thickness of the WS, exceeds 1.2 nm, the epitaxial
growth structures of the WSy and (AICrTiZrNb)N layer are destroyed,
the interface stress increases, and the dislocation motion cannot be
prevented at the interface. As a result, the hardness and elastic modulus
of the nano-multilayered film decrease.

For the friction coefficient of the high-entropy (AICrTiZrNb)N/WS,
nano-multilayered film, since WSy presents the superior lubrication
property, the friction coefficient is significantly reduced with the addi-
tion of WS layer. As the thickness of the WS, layer increases, the friction
coefficient of (AICrTiZrNb)N/WS;, nano-multilayered film decreases in
addition to the film with the WS, layer thickness of 0.4 nm. When the
thickness of the WS, layer is 0.8 nm, the friction coefficient reaches a
minimum value, which is also attributed to the formation of continuous
tribo-films as seen in the Fig. 6(b). When the thickness of the WS, layer
increases to 1.2 nm, the friction coefficient increases, which could be
due to the two reasons as follows. Firstly, it is because that there is no
obvious tribo-films formed on the wear track. Secondly, the best
epitaxial growth is present as the thickness of the WS, layer is 1.2 nm,
which means that the hexagonal structure of WS, layer significantly
transform into an FCC structure under the “template effect” of the high-
entropy (AICrTiZrNb)N layer as proved by the XRD results. Therein, the
hexagonal layered structure closely related to lubrication performance
of WS, is greatly destroyed, thus leading to the higher friction. However,
when the thickness of the WS, layer increases to 1.4 nm, the friction
coefficient behaves a decreased trend. It is attributed to the formation of
tribo-film, as well as the destruction of the epitaxial growth structure,
making the WS, layer changing back into the original hexagonal struc-
ture state.
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5. Conclusions

A series of high-entropy (AlCrTiZrNb)N/WS; nano-multilayered
films with different WSy layer thicknesses were synthesized by reac-
tive magnetron sputtering. The effects of inserting nano-layers of WSy
with different thicknesses on the microstructures and mechanical
properties of (AlCrTiZrNb)N/WS, were studied. The conclusions are
drawn as follows:

(1) The high-entropy (AICrTiZrNb)N/WS;, nano-multilayered film
exhibits an FCC structure. When the thickness of the WS, layer is
less than 1.2 nm, the WS, layer is transformed into a cubic
structure and coextensively grown with the (AICrTiZrNDb)N layer.
When the thickness of the WS, layer exceeds 1.2 nm, the WS,
layer of the FCC structure changes back to the hexagonal struc-
ture, leading to the destruction of the FCC structure within the
(AICrTiZrNb)N/WS; nano-multilayered film.

(2) When the thickness of WS, film increases, the mechanical prop-
erties of the nano-multilayers first increase and then decrease.
The maximal hardness and elastic modulus are 22.5 GPa and
300.6 GPa, respectively, when the WS, film thickness is 1.2 nm.
The enhancement effect can be explained by the difference in the
shear modulus and the formation of alternating stress fields.

(3) The friction coefficients of (AICrTiZrNb)N/WS; nano-multilayers
are in the range of 0.20 to 0.55. As the thickness of the WS, layer
increases, the friction coefficient first increases and then de-
creases, which is lower than that of the monolithic high-entropy
(AICrTiZrNb)N film. The microstructural evolution is the main
reason for the variation of friction coefficients.
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