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a b s t r a c t

The (AlCrTiZrHf)N high-entropy alloy nitride films were synthesized by reactive magnetron sputtering.
The effects of different N2 flow rates on the microstructures and mechanical properties of (AlCrTiZrHf)N
films were studied by the X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), nanoindentation, coating friction and wear tester. The re-
sults show that the AlCrTiZrHf high-entropy alloy film presents an amorphous state. With the increase of
the N2 flow rate, the (AlCrTiZrHf)N high-entropy alloy nitride films transform to a face-centered-cubic
(FCC) structure. When the N2:Ar ratio is 5:4, the hardness and elastic modulus of the films reach
33.1 GPa and 347.3 GPa, respectively. The strengthening effect is mainly attributed to the formation of
saturated metal-nitride phases and the solid-solution strengthening of various elements. Meanwhile, the
(AlCrTiZrHf)N film exhibits the low friction coefficient and superior wear resistance. Based on the
excellent properties of high-entropy alloy nitride films, the (AlCrTiZrHf)N film presents a potential
application in protective coating.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

With the rapid development of the machining industry, the
performance requirements for hard film/coating materials are
becoming higher and higher. The traditional binary and ternary
coatings, such as TiN [1], CrN [2] and TiAlN [3], can no longer meet
the increasingly demanding working environment. Due to the high
hardness, high strength, high wear resistance and high ultimate
tensile strength of high-entropy alloy nitride films [4e9], more and
more scholars have been interested in the research of high-entropy
alloy nitride films in recent years.

Compared with traditional alloys, high-entropy alloys are also
called multi-principal element alloys, which are composed of five
or more metal elements or non-metal elements in equal or near-
equal atomic ratios [10]. The so-called high-entropy alloy (HEA)
or equiatomic multicomponent alloy was innovatively proposed in
2004 by Yeh and Cantor, respectively, who broke through the
traditional concept of alloys [11e14]. Due to the high-entropy effect,
the high-entropy alloy not only does not form a large number of
and Engineering, University
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intermetallic compounds after solidification, but present a simple
face-centered-cubic (FCC) or body-centered-cubic (BCC) crystalline
phase [15,16], or two phases in common alloys, such as eutectic
high-entropy alloys (EHEA) [17,18].

In recent years, more and more attention has been paid to the
high-entropy alloy nitride films due to attractive mechanical
properties. Sha et al. [19] prepared the nitride films of FeMnNiCoCr
by direct current (DC) magnetron sputtering. It was found that as
the nitrogen flow rate increased, the nitrogen flow rate enhanced
the self-organizing behavior of the metal atoms, leading to the
transition of the high-entropy alloy (FeMnNiCoCr)Nx film from the
FCC to BCC structure. At high nitrogen contents (~26 at. %), The film
exhibited excellent hardness, abrasion resistance, and good scratch
response. Ren et al. [20] prepared (VAlTiCrMo)Nx high-entropy
alloy nitride coating, which not only enhanced the mechanical
properties with the introduction of nitrogen, but also improved the
corrosion resistance of the nitride coating in a 3.5 wt.% NaCl solu-
tion. In the investigation on AleCreNbeYeZreN films prepared by
Fieandt et al. [21], some nano-level element segregation was found
in all the samples, and the films showed different segregation be-
haviors depending on the nitrogen content. The hardness of the
film increased with increasing the nitrogen content, and at a ni-
trogen content of 50 at. %, the hardness reached the maximum
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Fig. 1. Sputtering rate of (AlCrTiZrHf)N high-entropy alloy nitride film.
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value of 30 GPa). Feng et al. [22] investigated the effect of various
N2/(Ar þ N2) flow ratios (RN) on the multi-element CrTaNbMoV
nitride films. The results showed that the nitride films deposited at
RN ¼ 20% presented the highest hardness and critical load (Lc). At
this time, the wear rate of the film was six times lower than that of
the alloy film, indicating an excellent wear resistance.

Transition elements are the main elements commonly used in
HEAs. Al, Cr, Ti, and Zr, are all strong nitride-forming elements.
These elements can combine with N elements to form films with
higher mechanical properties [23e26]. Hf can inhibit grain-
boundary coarsening, strengthen grain boundaries, increase the
hardness and elastic modulus of the film, and significantly reduce
the content of solid-solution micropores [27]. Moreover, the Hf
element can easily react with N to form HfN with an FCC structure
[28]. Therefore, a high-entropy alloy nitride film composed of
AleCreTieZr-Hf elements is expected to present good mechanical
properties. However, relevant report on the (AlCrTiZrHf)N film has
been rarely documented. To this end, the (AlCrTiZrHf)N films with
different nitrogen contents are synthesized by reactive magnetron
sputtering in this investigation. The effect of nitrogen content on
the microstructures and mechanical properties of (AlCrTiZrHf)N
film are studied, which expects to provide research support for its
industrial application.

2. Experimental

2.1. Film preparation

The (AlCrTiZrHf)N films were deposited on single-crystal silicon
wafers by the equal-moles AlCrTiZrHf target (99.99%, volume
percent) in a JGP-450 multi-target magnetron sputtering system.
The target size was 75 mm in diameter and 3 mm in thickness, and
the single-crystal siliconwafer size was 30 mm� 20 mm x 0.5 mm.
Before the deposition, the siliconwafer was cleaned by ethanol and
acetone in the ultrasonic-cleaning machine with frequencies of
30e80 kHz, respectively, for 10e15 min before drying. When the
vacuum in the sputtering chamber was less than 3 � 10�3 Pa, a
mixture of high purity nitrogen and argon (99.99%) (N2:Ar ¼ 0:4,
2:4, 3:4, 4:4, 5:4, and 6:4) was introduced into the sputtering
chamber for reactive sputtering in order to obtain a high-entropy
alloy film with different nitrogen contents. The target was
controlled by a radio frequency (R.F.) power source, and the sput-
tering power was 300 W. The working pressure was 3 � 10�3 Pa
with the deposition time of 2 h. The silicon wafer was not heated
during the deposition process.

2.2. Film characterization and measurement

The phase composition of (AlCrTiZrHf)N films were analyzed by
the D8 Advance X-ray diffractometer (XRD, Bruker, Germany) using
the CuKa radiation (l ¼ 0.15406 nm) with a measurement range of
10�e90�. The microstructures of the films were observed by the
Quanta FEG450 field emission environmental electron microscope
(SEM, FEI, USA) and Tecnai G220 high-resolution field-emission
transmission electron microscope (HRTEM, FEI, USA). The
elemental distributions of the films were characterized by the
electron probe microanalyzer (EPMA, JXA-8530F PLUS). The hard-
ness of the film was measured by a NANO Indenter G200 nano-
indenter (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 [29]. The depth of penetration
was less than 1/10 of the thickness of the film 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-2M high-speed
friction and wear tester. The friction pair was a GCr15 steel ball of a
diameter, d ¼ 4 mm. The applied load was 8 N, and the test time
was 3 min.

3. Results

3.1. Effect of the N2 flow rate on the film deposition rate and
composition

Fig. 1 shows the sputtering rate of (AlCrTiZrHf)N high-entropy
alloy nitride film. It can be seen that the sputtering rate of the
film sharply reduces from 25.57 nm/min to 11.03 nm/min after N2 is
introduced. As the N2 flowcontinues to increase, the sputtering rate
continues to decrease. The main reason for the decrease of the
sputtering rate is that the high nitrogen flow rate will lead to target
poisoning, which will reduce the deposition rate of the films
[30e33].

Fig. 2 shows that when no nitrogen is introduced, the contents
of five metal elements in AlCrTiZrHf high-entropy alloy films are
between 17.48 at. % - 21.16 at. % (atomic percentage). The difference
in the content of each element is due to the different sputtering
yields of Arþ ions on each metal element. With the increase of the
N2 flow rate, the nitrogen content in high-entropy alloy films in-
creases rapidly at first and then stabilizes. When the N2:Ar ratio is
3:4, the nitrogen content in the film tends to be stable, which is
about 50 at.%. This trend can be due to the fact that the high-
entropy alloy film tends to form a solid-solution phase composed
ofmetal nitrides as the flow rate of N2 increases. When the nitrogen
content continues to increase, the N atom will dissolve into the
lattice of the high-entropy alloy nitride film. Therefore, the nitrogen
content of the high-entropy alloy film increases slightly when the
N2:Ar ratio is greater than 1:1. Since the bond energy between the
metal and the nitrogen is greater than the bond energy between
the metal and the metal [34], the metal atom preferentially com-
bines with the nitrogen atom to form the metal nitride. As a result,
the atomic percentage of nitrogen to metal element tends to be 1:1.

3.2. Effect of the N2 flow rate on microstructures

Fig. 3 shows the XRD patterns of (AlCrTiZrHf)N high-entropy
alloys nitride films with different N2 flow rates. When the nitro-
gen flow rate is 0, the XRD pattern of AlCrTiZrHf film presents a



Fig. 2. EPMA element contents in (AlCrTiZrHf)N coatings deposited at various gas flow
ratios of N2:Ar.
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wide peak. The crystallinity of the AlCrTiZrHf high-entropy alloy
film is weak, showing an amorphous state. The highmixing entropy
and the large atomic-size difference are the main reasons for the
formation of an amorphous state [35].

With the introduction of N2, the crystallinity of the film in-
creases, and the (111) and (220) diffraction peaks appear in the
(AlCrTiZrHf)N high-entropy alloy nitride film, manifesting the
preferential growth of the (111) crystal plane, which indicates that
the (AlCrTiZrHf)N film is composed of an FCC-structured solid-so-
lution phase. The main reason for the formation of the solid solu-
tion is that the high-entropy effect increases the solid solubility
between the elements and inhibits the formation of intermetallic
compounds between the metal element and the nitrogen [36]. The
high-entropy effect enhances the mutual solubility of the target
metal elements and slows long-distance diffusion, helping main-
tain a solid solution [11,30].

In addition, the lattice constant of the nitride coating has the
same tendency as the nitrogen content [36]. When the nitrogen
Fig. 3. XRD patterns of (AlCrTiZrHf)N high-entropy alloy nitride films with different N2

flow rates.
content is higher than 50 at. %. The coating has formed a nitride
coating with an excess stoichiometric ratio. The element N exists in
the interstitial solid solution as an atomic state, resulting in an
increase in the lattice constant of the nitride coating.

Fig. 4 is the cross-sectional SEM images of the (AlCrTiZrHf)N
high-entropy alloy nitride film. As presented in the figures, the
films have the uniform thickness and smooth surface. No obvious
surface or internal defects can be detected.When the N2 flow rate is
0, no visible grain characteristics are observed in the cross-sectional
fracture of the film. As the flow rate of N2 increases, the thickness of
the film gradually decreases, mainly attributed to the drop of the
sputtering rate. With the increase of the N2 flow, the film may
change from the amorphous to crystalline phase due to the for-
mation of a nitride structure. It can also be seen from Fig. 3 that the
cross-sectional fracture of the (AlCrTiZrHf)N film is smooth, and the
obvious columnar crystals can be seen.

The cross-sectional HRTEM morphology of the (AlCrTiZrHf)N
high-entropy alloy nitride film with the N2:Ar ratio of 5:4 are
presented in Fig. 5. From Fig. 5(a), it can be seen that there are
many fine nanocrystals in the films. The uniform texture of the
films shows a single solid-solution phase, which can be explained
from the fact that the high-entropy effect makes the films ho-
mogenize the microstructures and tend to form nanocrystalline
and amorphous phases [37]. Moreover, the high-entropy effect
and hysteretic-diffusion effect [38] help inhibit the precipitation
of metal compounds, so that the high-entropy alloy film has a
single-phase solid-solution structure. From the selected area
electron diffraction patterns, the (111), (200), and (220) crystal
planes can be observed, indicating the FCC structure of the
(AlCrTiZrHf)N film, which is in accordance with the XRD results in
Fig. 3. The columnar crystal-growth orientation of the film is
shown by the arrow in Fig. 5(b).
3.3. Effect of the N2 flow rate on mechanical properties

Fig. 6 shows the hardness and elastic modulus of (AlCrTiZrHf)N
high-entropy alloy nitride films with the different N2 flow rates. It
can be seen that, with the increase of the nitrogen flow rate, the
hardness and elastic modulus of the films increase from 17.9 GPa to
33.1 GPa and 262.3 GPae347.3 GPa, respectively. Compared with
the AlCrTiZrHf alloy film, the hardnesses and elastic moduli of the
films significantly increase. When N2:Ar ¼ 5:4, the hardness of the
film rises up to 33.1 GPa, and the N content in the film also reaches a
maximum of 50.48 at.%. The increase of hardness is mainly attrib-
uted to the formation of saturated metal nitride phases and the
solid-solution strengthening of various elements. As the N content
continues to increase, the excess N element will form the nitride on
the surface of the alloy target, thereby causing reactive sputtering
of the film to convert into direct sputtering of the nitride, resulting
in the decreases of hardness and elastic modulus.

Fig. 7 shows the friction coefficients of the (AlCrTiZrHf)N high-
entropy alloy nitride films with different N2 flow rates. The fric-
tion coefficient of the AlCrTiZrHf alloy film is 0.65. With the in-
crease of the nitrogen flow rate, the friction coefficient of the high-
entropy alloy-nitride film first decreases and then increases. When
the nitrogen-argon flow rate is 5:4, the friction coefficient of the
high-entropy alloy nitride film reaches the lowest value of 0.5. As
the N2 flow rate continues to increase, the nitrogen atom content is
too high and the amount of metal-nitride phases in the film in-
creases rapidly. The above trend results in the formation of the
defects, such as columnar coarse crystals and pores, which leads to
the decrease in the hardness and elastic modulus of the film and
increase in the friction coefficient.



Fig. 4. Cross-sectional SEM morphology of the (AlCrTiZrHf)N high-entropy alloy nitride film: (a) N2:Ar ¼ 0:4; (b) N2:Ar ¼ 2:4; (c) N2:Ar ¼ 3:4; (d) N2:Ar ¼ 4:4; (e) N2:Ar ¼ 5:4; and
(f) N2:Ar ¼ 6:4.

Fig. 5. Cross-sectional HRTEM morphology of the (AlCrTiZrHf)N high-entropy alloy nitride film with the N2:Ar ratio of 5:4: (a) high magnification and selected area electron
diffraction pattern (b) low magnification.

Fig. 6. Hardnesses and elastic moduli of (AlCrTiZrHf)N high-entropy alloy nitride films
with different N2 flow rates. Fig. 7. Friction coefficients of (AlCrTiZrHf)N high-entropy alloy nitride films with

different N2 flow rates.
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4. Discussion

4.1. Influence of the N content on microstructures of films

High-entropy alloy films exhibit an amorphous structure due to
their high mixing entropy and large atomic-size difference. The
high mixing entropy increases the mutual solubility between the
constituent metal elements, and the large atomic-size difference
leads to the lattice distortion to form an amorphous phase struc-
ture. This phenomenon is consistent with previous studies on
multi-element films, such as TiVCrZrAl [39], AlCrTaTiZr [40], AlCr-
MoSiTi [32], AlCrNiSiTi [41], and AlCrSiTiV [42]. With the intro-
duction of N2, the crystallinity of the film increases, the (AlCrTiZrHf)
N high-entropy alloy nitride film gradually forms an FCC-structured
solid-solution phase. The structures of the binary nitrides of Cr, Ti,
Zr, and Hf are all FCC, while the AlN structure is hexagonal-close-
packed (HCP). Therefore, the FCC structure dominates the crystal
structure due to the high-entropy effect, which is similar to a
massive high-entropy alloy in which the high mixing entropy en-
hances the formation of a solid-solution phase [30]. Previous re-
ports describe similar observations of other multi-element nitrides
[40,43,44].

Through the SEM image of the (AlCrTiZrHf)N high-entropy alloy
nitride film, the columnar crystal structure can be clearly observed
at the fracture of the (AlCrTiZrHf)N high-entropy alloy-nitride
films. This phenomenon is considered to be the result of recombi-
nation and recrystallizationwhen the N2 flow rate is relatively high
[36]. Because of the different anisotropic growth rates, some grains
tend to overgrow other grains, thus forming a columnar structure.
According to the HRTEM image of the (AlCrTiZrHf)N high-entropy
alloy-nitride film, it can be observed that many fine nanocrystals
are distributed in the film, and the film has a uniform texture and
presents a single solid-solution phase. Combined with the selected
area electron diffraction pattern, it can be confirmed that the
(AlCrTiZrHf)N high-entropy alloy nitride film presents the FCC
structure.

4.2. The improvement of mechanical properties

Compared with the high-entropy alloy film without N2, the
hardness and elastic modulus of the (AlCrTiZrHf)N high-entropy
alloy nitride film significantly increase with the addition of N2,
mainly explained by the fact that the content of N in the films
rapidly increases after N2 is introduced. The above trend can be due
to the fact that the bonding bond of MeeN is much stronger than
that of Me-Me [34]. The rapid increase of the N content leads to the
formation of the saturated ceramics phase of the nitride in the
films. Therefore, the hardnesses and elastic moduli of the films
greatly increase.

Since the (AlCrTiZrHf)N high-entropy alloy nitride film is actu-
ally a solid solution of five binary nitrides, there are large differ-
ences in the atomic size among the five target elements. It also
provides a strong solid-solution strengthening effect due to the
combination of polyatomic components of different atomic sizes
[30,34]. Therefore, the hardness of the (AlCrTiZrHf)N high-entropy
alloy nitride film is significantly higher than that of the AlCrTiZrHf
high-entropy alloy film.

However, as the N content continues to increase, the film
hardness and elastic modulus do not increase, but decrease. The
main reason for this phenomenon is that an excessive amount of N
elements causes a nitride to form on the surface of the alloy target,
thereby making reactive sputtering of the film convert into direct
sputtering of the nitride. This transformation not only results in a
decrease in the sputtering rate of the film, but also leads to a
decrease in the quality of the film, which in turn causes a slight
decrease in the hardness and elastic modulus of the (AlCrTiZrHf)N
film, as shown in Fig. 6.

According to Archard’s law [45]:

V ¼K,
N,L
H

(1)

where K is the wear coefficient, L is the sliding stroke, N is the load,
and H is the hardness. Thewear rate is inversely proportional to the
hardness of the alloy. In the above analysis, since the hardness of
the high-entropy alloy film is increased due to the formation of the
nitride-ceramic phase in the film, the film wear rate is lowered.
However, compared with the high-entropy alloy film without N2,
the friction coefficient of the (AlCrTiZrHf)N high-entropy alloy
nitride film is reduced due to the formation of the saturated nitride
ceramic phase in the film. The nitride-ceramic phase has the
characteristics of the high hardness, great high wear resistance, and
low friction coefficient [46]. Therefore, the reduction of the friction
coefficient is mainly due to the formation of the nitride-ceramic
phase. Similarly, if the N-atom content is too high, defects in the
film will cause a decrease in the hardness and elastic modulus,
resulting in an increase in the friction coefficient of the film. Based
on the above research, due to their excellent mechanical properties,
the (AlCrTiZrHf)N high-entropy alloy-nitride films are considered
as potential protective surfaces for such kinds of moving parts as
gears, cutting tools and shafts used in engines and other mechan-
ical loading components.
5. Conclusions

The (AlCrTiZrHf)N high-entropy alloy-nitride films with
different N contents were prepared by reactive magnetron sput-
tering. The microstructures and mechanical properties of the
(AlCrTiZrHf)N high-entropy alloy-nitride films were studied in this
paper. The conclusions are drawn as follows:

(1) As the flow rate of N2 increases, the sputtering rate of the film
gradually decreases. The nitrogen content in the high-
entropy alloy film first increases rapidly and then stabilizes.

(2) When the N2 content is 0, the AlCrTiZrHf high-entropy alloy
film is amorphous. With the increase of the N2 flow rate, the
crystallinity of the (AlCrTiZrHf)N film is enhanced. The
(AlCrTiZrHf)N film is composed of the FCC-structured solid-
solution phase.

(3) As the N2 flow rate increases, the hardness of the (AlCr-
TiZrHf)N high-entropy alloy film first increases and then
slightly decreases, and the friction coefficient of the film first
decreases and then increases.

(4) When the N2:Ar ratio is 5:4, the hardness and elastic
modulus of the (AlCrTiZrHf)N film reach the maximum of
33.1 GPa and 347.3 GPa, and the friction coefficient ap-
proaches a minimum of 0.5. The strengthening effect is
mainly attributed to the formation of saturatedmetal-nitride
phases and the solid-solution strengthening of various ele-
ments. Meanwhile, the (AlCrTiZrHf)N film exhibits the low
friction coefficient and superior wear resistance.
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