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A B S T R A C T

Super-hard AlCrTiVZr high-entropy alloy (HEA) nitride films were synthesized by high power impulse magne-
tron sputtering (HiPIMS) without external heating. The effect of N2 gas low rate (FN), ranging from 0 sccm to 20
sccm, on the HiPIMS plasma discharge characterization, element concentration, deposition rate, microstructure,
cross-sectional morphology, residual stress, and mechanical properties of films were explored. Results show that
increasing FN increases the HiPIMS discharge current, accompanying with the decreased deposition rate. The
saturated nitride (AlCrTiVZr)N films were obtained at FN = 8 sccm and higher, which exhibit a simple NaCl-type
FCC structure. A continuous variation in the microstructure, from amorphous to columnar crystal structure, has
been observed for these nitride films. It is discovered that the moderate FN of 0 sccm to 12 sccm leads to an
enhanced bombardment with high-energy particles due to the increased plasma density, while the bombardment
effect is weakened because of the decreased plasma energy as the FN is increased further. The nitride films
deposited at FN = 12 sccm have super-hardness of 41.8 GPa and low wear rate of 2.3 × 10−7 mm3/Nm.
Meanwhile, a change of preferred orientation from (2 0 0) to (1 1 1) is presented as the FN increases from 12
sccm to 20 sccm.

1. Introduction

High-entropy alloys (HEAs), which is firstly reported by Cantor
et al. and Yeh et al. in 2004 [1,2], and defined to be formed by five or
more principal metal elements with the concentration varying from 5
at.% to 35 at.% each [3,4], is a novel alloy design strategy. Due to the
combined effects of high mixing entropy, severe lattice distortion and
sluggish diffusion [5], complex intermetallic compounds are avoided
and single, simple, face-centered cubic (FCC) and/or body-centered
cubic (BCC) solid solutions are rather stabilized. Previous researches on
HEAs mainly focused on bulk materials due to their extraordinary
properties, such as excellent ductility and high strength [6,7], re-
sistance to anneal softening [8], superior resistance to wear [9], oxi-
dation [10] and corrosion [11]. At present, HEA nitride films have
begun to be the focus of significant attention in the microelectronic
industry thanks to its application in diffusion barriers for Cu metalli-
zation [12]. Besides, its another promising application is to be used as
hard films in the cutting tools where high hardness, combined with
superior oxidation and corrosion resistance are required [13]. Magne-
tron sputtering (MS) technology opens an opportunity for us to fabri-
cate HEA nitride films with HEA [14–18]. Nevertheless, due to the low

ionization fraction (< 5%) of sputtered metals in conventional MS
[19,20], the deposited films are characterized by a porous and loose
columnar structure, which in turn deteriorates the performance of the
HEA nitride films.

As a novel ionized physical vapor deposition technology (IPVD),
high power impulse magnetron sputtering (HiPIMS) has attracted at-
tention recently [21]. This technology is characterized by high peak
power density of several kW/cm2 at a low duty cycle of less than 10%
and low frequency of less than 10 kHz [22]. With this property, the
HiPIMS technique is capable of offering not only highly dense plasma of
the order of 1013 cm−3 but also broadened energy distribution function
(IEDF) of the sputtered particles, which has been found to allow for an
intense bombardment of high-energy particle and an increased adatom
mobility on the growing films [23,24]. Hence, the HiPIMS-deposited
films exhibit higher density, improving interface adhesion and lower
surface roughness. Solovyev et al. [25] have investigated the Cu films
deposited using direct current magnetron sputtering (DCMS) and Hi-
PIMS. Compared to films deposited by DCMS, the HiPIMS-deposited
films have smoother surface and well-defined denser nanocrystalline
structure. Lattermann et al. [26] have reported on highly dense, low
roughness and droplet-free TiN films deposited by HiPIMS without
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additional heating or substrate bias voltage, and revealed how an in-
tense energetic ion irradiation by Ti+, Ti2+ and N+ ions provided the
desired densification of the TiN films. Ma et al. [27] have synthesized
the TiAlSiN nanocomposite films deposited by HiPIMS at various bias
voltages, and reported a denser microstructure, a lower surface
roughness and a significantly higher hardness than for DCMS-deposited
films. According to these publications, the HiPIMS, compared with the
conventional MS, is a promising technique to strengthen the control of
plasma environment, the microstructure as well as the properties of
deposited films. Therefore, the synthesis and characterization of the
HiPIMS-deposited HEA nitride films are worthy of further exploration
and expected to present more excellent properties.

The main objective of this study is therefore to assess the feasibility
of HiPIMS in synthesizing HEA nitride films. The HEA target composed
with five strong nitride forming elements, Al, Cr, Ti, V, Zr, was designed
to deposit nitride films. The N2 gas flow rate, known as a vital factor
determining film properties, was tuned to investigate corresponding
changes in the plasma discharge characteristic, element composition,
microstructure, morphology, hardness and tribological properties.

2. Experiment details

2.1. Film deposition

All depositions of AlCrTiVZr nitride films by HiPIMS were carried
out in an automated multipurpose deposition apparatus with a base
pressure of below 3 × 10−3 Pa. Detailed information of this deposition
system have already been mentioned in other publications [27]. As
indicated in Fig. 1, the HEA mosaic target, with 76 mm in diameter and
3 mm in thickness, was composed of sectors of AlCr, TiZr and V, and
these sectors were all fixed on the Cu base target. Sputtering yields of
AlCr, TiZr and V were separately calculated with TRIM software in
order to determine the relative surface fraction of each sector required
in fabricating a HEA mosaic target for the deposition of stoichiometric
AlCrTiVZr of equimolar composition. The angles of the AlCr, TiZr and V
sector were 48°, 90° and 42°, respectively. A pulse power generator
(HighPulse 4002, Huttinger Electronic) was applied to power the HEA
target. Films were deposited on cemented carbide (WC-10 wt% Co),
which prior to deposition were cleaned ultrasonically in deionized
water, ethanol, and dried in air blow. A thin silicon p-type (1 0 0) wafer
of thickness 300 ± 10 μm was also used as a substrate to accurately
estimate the residual stress.

The synthesis of AlCrTiVZr nitride films was conducted in an at-
mosphere of high purity Ar (99.999%) gas and N2 (99.999%) gas. Prior
to deposition, samples were further processed by 20 min Ar+ sputter-
etching at 2 Pa Ar pressure and −800 V substrate bias voltage in order
to remove surface contaminants and oxidation layer. During the de-
position of nitride films, a fixed Ar gas flow rate of 150 sccm was in-
troduced into the vacuum chamber, while the N2 gas flow rate (denoted
as FN) was selected as the controlling parameter, which was set as 0
sccm, 4 sccm, 8 sccm, 12 sccm, 16 sccm and 20 sccm, corresponding to
the Sample H1, H2, H3, H4, H5 and H6, respectively. The target and

samples were placed together face to face. No external heating was
applied during the deposition process. The detailed deposition para-
meters of these nitride films were summarized in Table 1.

2.2. Characterization

Current-voltage-time characteristics of the HiPIMS discharge were
measured by a high voltage probe (Tektronix, IHVP250) and a current
monitor (PEM, CWT1B), respectively and recorded with a digital os-
cilloscope (Tektronix, TDS1002B). The element composition of the
AlCrTiVZr nitride films was determined with an Electron Probe Micro
Analysis (EPMA, JEOL, JAX8230) and at least three measurements were
implemented for each sample. Films thicknesses and cross-sectional
morphology were observed under a field emission scanning electron
microscope (FE-SEM, ZEISS, SUPRA55). The crystallographic structure
of films was characterized by a glancing incident angel X-ray diffraction
(GIXRD, Rigaku, D/MAX 2500) with Cu Kα radiation at the incident
angle of 1°. The average grain size of the films was further calculated
from the full-width at half-maximum by Scherrer’s equation. Hardness
and modulus were investigated by means of a nanoindentation tester
(Agilent, Nano Indenter G200) with a load precision of 50 nN using
continuous stiffness mode (CSM). A constant indentation depth of
300 nm (less than one-tenth of the films thickness) was chosen so as to
eliminate the substrate effects. The residual stress σ of the films was
determined by substrate-curvature method and calculated using the
Stoney equation [28]. The tribological behaviors of the films were ob-
tained by a ball-on-disk reciprocating friction and wear equipment
(MFT-R4000) at a relative humidity of approximately 22% RH and
temperature of 23 ± 1 °C. GCr15 bearing steel balls with a diameter of
5 mm were used against the films at 240 mm/min sliding velocity and a
load of 30 N. The wear track length and sliding time were 5 mm and
120 min, respectively. After the wear experiments, the wear rates
(mm3/Nm) were further calculated from the cross-sectional areas of the
wear tracks measured by a laser confocal scanning microscope
(Olympus, Ols4000).

3. Results and discussion

3.1. HiPIMS plasma discharge characterization

Fig. 2 displays the HiPIMS discharge current waveforms at various
FN, where the discharge voltage is fixed to−560 V. Since the shape and
the level of the discharge voltages are constant in all depositions, only
the voltage waveform at FN = 4 sccm is plotted as reference. As can be
seen in Fig. 2, the discharge current increases rapidly to its peak value
after the onset of the pulse, and then it decreases slowly as a result of
gas rarefaction effect [29]. For a pure Ar discharge, the discharge peak
current is 52 A. With the introduction of N2 gas into the gas atmo-
sphere, discharge peak current obviously exhibits an increasing ten-
dency and increases sharply to 101 A at FN = 20 sccm. For HiPIMSFig. 1. Schematic diagram of AlCrTiVZr Mosaic target.

Table 1
Details of deposition parameters.

Parameter Value

Sample H1/H2/H3/H4/H5/H6

Target-substrate Distance (mm) 75
Ar flow rate (sccm) 150
N2 gas flow rate (sccm) 0 / 4 / 8 / 12 / 16 / 20
Deposition Pressure (Pa) 0.4/0.43/0.47/0.5/0.52/0.54
Deposition Time (min) 60
Substrate Bias Voltage (V) −75
Pulse Frequency (Hz) 200
Pulse Duration (μs) 100
Pulse Negative Voltage (V) −560
Peak Discharge Current (A) 52/67/76/84/92/101
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plasma characteristics, a larger discharge current is a macroscopic ex-
pression of the increase of high-energy particles, which also means an
increase in plasma density and high ion-to-neutral ratio. As illustrated
in Table 1, the deposition pressure increases with the increasing of FN.
Therefore, the observed increase in discharge current is attributed to an
increase in collision frequencies between sputtered or atmosphere
particles and energetic electrons. On the other hand, N and N2 are more
apt to be ionized than Ar due to the higher ionization potential for Ar
[30]. Then a higher atomic ions N1+ fraction originated from the dis-
sociation of the energetic N2

+ molecule upon impact on the target will
be produced in the target vicinity [31]. Hence, these large fluxes of N1+

to the cathode will bring about a significant increase in the discharge
current carried by ions.

3.2. Chemical composition and deposition rate

The chemical composition of the AlCrTiVZr nitride films deposited
at various FN are plotted in Fig. 3(a). It is important to note that al-
though the relative concentrations of Al and Cr are slightly higher than
that of Ti, V and Zr in both HEA and its nitride films, the relative
concentration of each element still meets the design criteria of HEAs.
The difference in relative concentrations of elements can be explained
by the fact that the etching depth of AlCr sector is larger than that of
other regions with the increase of deposition time due to the higher
sputtering yields of AlCr sector. As a result, the magnetic strength of the

AlCr sector becomes higher. These results provide valuable reference
and guidance for the design optimization of HEA mosaic target in the
following researches. Not surprisingly, with the addition of N2 gas, the
relative concentration of N in the deposited films dramatically in-
creases, and then approaches about 50% at FN = 8 sccm. This is rea-
sonable since all target elements have a strong affinity for N atoms.
Then to further increase the FN from 8 sccm to 20 sccm, little variation
is observed in the relative concentration of each element. For Sample
H3, H4, H5 and H6, they can be regarded as saturated nitrides and
expressed as the stoichiometric form of (AlCrTiVZr)N films.

Fig. 3(b) presents the deposition rates of AlCrTiVZr nitride films
deposited at various FN. It can be seen that the deposition rate decreases
from 67.8 nm/min to 57.3 nm/min with FN increasing from 0 sccm to
20 sccm. Such variations in the deposition rate with varied FN are
mainly due to the formation of a nitride layer on the target surface,
which in turn reduces the quantity of sputtered particles from the
target, thereby resulting in the occurrence of so-called “target poi-
soning”. In addition, unlike Ar+, the sputtering yield of N2 gas ion is
lower due to the lower mass of N [32], which is another key factor
contributing to the decrease in the deposition rate.

3.3. Microstructures and morphology

The GIXRD patterns of AlCrTiVZr nitride films deposited at various
FN are depicted in Fig. 4. For HEA films, only one broad peak re-
presenting the amorphous structure is found to exist. Theoretically, film
deposition can be considered to be an extremely rapid quenching pro-
cess, in which case, deposition atoms have insufficient kinetics to form
preferred crystalline structures [33]. On the other hand, the complete
mutual solubility of different elements is enhanced by high mixing
entropy [1]. The severe lattice distortion caused by the incorporation of
atoms with different size leads to topological instability and also de-
creases the driving force for the transformation from amorphous to
crystalline configuration. Meanwhile, sluggish diffusion effect [1], ori-
ginating from the difficulty for different atoms to have cooperative
diffusion, can slow the crystallization kinetics. Therefore, an amorphi-
zation phenomenon is presented for the AlCrTiVZr HEA films. With the
FN increasing to 4 sccm, it is observed that the AlCrTiVZr nitride films
still demonstrate an amorphous structure, which may be attributed to
the lower N reactive concentration (39 at. %) in films. With the FN
further increasing to 8 sccm or higher, only one set of peaks re-
presenting FCC NaCl-Type structure can be observed in each pattern,
which indicates that these nitride films contain a simple solid solution
nitride phase rather than separate nitrides coexisting with one another.
This phenomenon can also be explained by complete mutual solubility

Fig. 2. The HiPIMS discharge current waveforms at various FN and a voltage
waveform at FN = 4 sccm in a pulsed period.

Fig. 3. Chemical composition (a) and deposition rates (b) of the AlCrTiVZr nitride films as a function of the FN.

Y. Xu, et al. Applied Surface Science 523 (2020) 146529

3



mentioned above, and thus different elements can compromise with
each other to produce a simple FCC solid solution structure. Moreover,
in the current HEA system, although the preferred AlN structure is
hexagonal close-packed (HCP) structure, CrN, TiN, VN and ZrN all have
FCC structures [15,34]. Therefore, it is reasonable to conclude that the
FCC structure dominates the crystal structure of (AlCrTiVZr)N films.

In addition, it can be observed that with the FN increasing from 8
sccm to 12 sccm, the (2 0 0) peak is dramatically intensified. For the
growth of the NaCl-Type FCC nitride film, the competition between
strain and surface energy determines the preferred orientation [35].
The plane (1 1 1) has the lowest strain energy, while the plane (2 0 0)
has the lowest surface energy [35]. As more high-energy particles will
be generated with the increase of FN, the bombardment between de-
position flux and the growing film will be enhanced, which can make a
positive impact on the adatom mobility, thereby promoting the growth
of lowest surface energy planes. In such situation, an increase in (2 0 0)
peak intensity is as expected. When the FN increases to 16 sccm, the
(2 0 0) peak intensity decreases gradually, consistent with an obvious
increase in the (1 1 1) peak intensity, while (2 0 0) peak is still domi-
nant. Nevertheless, increasing the FN further up to 20 sccm results in a
shift of the preferred orientation from (2 0 0) to (1 1 1). Such variation
of preferred orientation can be attributed to the fact that decreased
plasma energy dominates the growth of films a higher FN. With the
increase of FN, the mean free path of the deposition particle becomes
smaller as a result of the increasing deposition pressure [36]. Therefore,
the deposition particles will collide with Ar atoms or N2 molecules more
frequently in the path, causing the deposition particles to be scattered
and deflected from their paths to the substrate, thereby reducing
plasma energy as well as the energy to the surface of films. For de-
position particles with low energy, films prefer a (1 1 1) orientation for
the highest number of atoms per unit area can be incorporated at low
energy sites [24].

Meanwhile, the average grain sizes and lattice constants of the
(AlCrTiVZr)N films deposited at various FN are shown in Fig. 5. It can be
seen that the grain size decreases from 12.8 nm to 6.3 nm as the FN is
raised from 8 sccm to 12 sccm. For FN that is greater than 12 sccm, the
grain size increases slightly. However, the lattice constant changes in an
opposite manner. As mentioned above, the increase in the FN leads to
not only more bombardment between deposition flux and the growing
films, but also a reduction in the plasma energy. Therefore, the initial
decrease in grain size is probably a consequence of the enhanced
bombardment effect due to the increasing plasma density. The bom-
bardment effect can produce more defects which reduce the energy

needed for nucleation and make nucleation more competitive relative
to grain growth [37]. For lattice constant, the initial increase with the
increasing FN is due to the excessive addition of N atoms and point
defects into the films [38,39], which is induced by enhanced bom-
bardment effect. However, at a higher FN, the reduction in the plasma
energy will weaken the bombardment of high-energy particles, which is
beneficial to the increase of the grain size and the decrease of lattice
constant.

The cross-sectional morphologies of AlCrTiVZr nitride films de-
posited at various FN are illustrated in Fig. 6. The HEA films show a very
dense and smooth cross-section structure in which no pores or voids are
observed. When the FN increases to 4 sccm, the cross-section structure
still remains unchanged, as shown in Fig. 6(b). However, at FN = 8
sccm, a columnar crystal structure emerges. By further increasing FN to
12 sccm or higher, the columnar crystal structure is still visible, and the
films present looser structure with more defined columnar. The wea-
kened bombardment effect and decreased adatoms mobility resulted
from decreased plasma energy may be the main reason for the ap-
pearance of columnar structure. Although the columnar crystal struc-
ture can be found in (AlCrTiVZr)N films deposited by HiPIMS, both the
length and the diameter of the columns are smaller as compared to the
films deposited by conventional MS [34]. This difference results from
the deposition flux with high ion-to-neutral in HiPIMS process, which
promotes the adatoms mobility on the surface of the growing films and
significantly reduces the intra- and inter-columnar porosity.

Moreover, it is worth noting that the structure of the (AlCrTiVZr)N
films obviously shows two layers separated by a boundary. As shown in
Fig. 6(c)–(f), these boundaries are marked by a yellow dash line in each
sample. The columnar crystal structure is seen in the upper layer, while
a dense and smooth structure without visible grain feature is observed
in the lower layer. Meanwhile, the thickness of the lower layer de-
creases with the increase of FN. In order to determine the structure of
these (AlCrTiVZr)N films deposited in the initial deposition stage,
GIXRD was used to further characterize the (AlCrTiVZr)N films with a
deposition time of 30 min. As shown in Fig. 7, only one large broad
peak can be observed in the four patterns, which indicates that the
lower layer has an amorphous structure rather than FCC NaCl-Type
structure. There are several factors accounting for the initial growth of
(AlCrTiVZr)N films on cemented carbide substrates: First, as mentioned
above, the growth of (AlCrTiVZr)N films is significantly dependent on
the combined effects of high mixing entropy, severe lattice distortion
and sluggish diffusion, which contributes to the formation of the
amorphous nitrides. Second, according to the GIXRD results (see Fig. 4),
the lattice constant of (AlCrTiVZr)N films is in the range of 4.23 Å
−4.25 Å, while the lattice constant of cemented carbide mainly made

Fig. 4. X-ray diffraction patterns of the AlCrTiVZr nitride films deposited at
various FN.

Fig. 5. The average grain sizes and lattice constants of (AlCrTiVZr)N films
deposited at FN of 8 sccm, 12 sccm, 16 sccm and 20 sccm.
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of tungsten carbide with HCP structure is a = b = 2.906 Å,
c = 2.838 Å. Thus, the (AlCrTiVZr)N films suffer huge stress in initial
films deposition process due to the large lattice mismatch between
(AlCrTiVZr)N films and substrate. Third, intense bombardment of high-
energy particles caused by HiPIMS on the growing film is expected,
which can positively affect the efficient atomic rearrangement and
formation of larger residual stress, as shown in Fig. 8. Considering all
the factors discussed above, the amorphization of the crystalline phase
is motivated. With the increase of thickness, namely, to stay away from
the interface between (AlCrTiVZr)N films and the substrates, the re-
sidual stress is relieved. Accordingly, the lattice order starts to form
nano grains and the columnar crystal structure with an FCC crystal
phase begins to develop. Furthermore, with the increased FN, the
bombardment effect is weakened as a result of decreased plasma en-
ergy, which promotes the formation of crystalline phase, thereby re-
sulting in a decrease in the thickness of the amorphous layer.

3.4. Residual stress

As shown in Fig. 8, the AlCrTiVZr nitride films all possess a com-
pressive residual stress that initially increases as the FN increases, and
then gradually decreases from a peak of −2.75 GPa at FN = 12 sccm to
−1.11 GPa at FN = 20 sccm. Generally speaking, the measured residual
stress of the films mainly consists of two parts: thermal stress and in-
trinsic stress. Since no additional heating system was applied during the
deposition process, it can be inferred that the residual stress basically
comes from intrinsic stress, which originates from the bombardment of
high-energy particles on the growing film surface. Therefore, the initial
increase in the residual stress is due to the increased bombardment
effect. The high-energy bombardment particles, including atmosphere
and sputtered metal ions, will implant the growing films and generate
more defects, which will lead to the expansion of lattice, thereby in-
ducing formation of compressive stress [40]. Moreover, the decrease in
residual stress, under the situation that the FN is further increased, is
attributed to the weakened bombardment of high-energy particles

Fig. 6. FE-SEM cross-section micrographs of the AlCrTiVZr nitride films deposited at FN of: (a) 0 sccm, (b) 4 sccm, (c) 8 sccm, (d) 12sccm, (e) 16 sccm, (f) 20 sccm.
The deposition time is 60 min.

Fig. 7. X-ray diffraction patterns of the (AlCrTiVZr)N films deposited at various
N2 gas flow rates. The deposition time is 30 min. Fig. 8. Residual stress of the AlCrTiVZr nitride films as a function of the FN.
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mentioned above.

3.5. Hardness and modulus

The hardness and elastic modulus of the AlCrTiVZr nitride films
deposited at various FN are depicted in Fig. 9. For HEA films, the
hardness and elastic modulus are measured as 13.3 GPa and 199 GPa,
respectively. With the FN increasing to 8 sccm, both the hardness and
elastic modulus sharply increase to 28 GPa and 271 GPa, respectively.
The enhanced hardness can be explained by the formation of a nano-
crystalline nitride phase as well as the strong covalent bonding between
N and target elements. By further increasing the FN to 12 sccm, the
hardness and elastic modulus reach their maximum values of 41 GPa
and 363 GPa, respectively. For FN greater than 12 sccm, the hardness
and elastic modulus present a decreasing tendency. Furthermore, the
HiPIMS-deposited (AlCrTiVZr)N films have a much higher hardness
than that deposited by conventional magnetron sputtering, which ex-
hibit hardness values of 4.5–11 GPa [34].

According to above measurements, it can be concluded that the FN
has a significant influence on the preferred orientation, grain size,
densification, and residual stress of the films, which in turn, determines
the hardness of the (AlCrTiVZr)N films. In general, increased hardness
is observed in the FCC nitride films with more pronounced (1 1 1)

orientation, which is the hardest orientation resulted from the geome-
trical strengthening [41]. However, as shown in Fig. 4, the Sample H4
(12 sccm) with a preferred (2 0 0) orientation exhibits the highest
hardness. Meanwhile, by the Hall-Petch effect [42], the smaller grain
size produces more remarkable strengthening effect as more grain
boundaries act as impediments to the dislocation motion and resulting
slip. However, when the grain size is less than 10 nm, the sliding of
grain boundary occurs and thus causes a softening effect, namely in-
verse Hall-Petch effect. As shown in Fig. 5, the Sample H3, and Sample
H4, H5 and H6 are located Hall-Petch and inverse Hall-Petch regions,
respectively, and there is no obvious difference among different
(AlCrTiVZr)N films in terms of the grain size. Hence, preferred or-
ientation and grain size are insufficient to explain the variation of
hardness. The residual stress, as discussed in Section 3.4, resulting from
the incorporation of defects will hinder plastic flow during the de-
formation and then increase the hardness [16]. In this study, the var-
iation of the residual stress is well consistent with that of the film’s
hardness. Therefore, the residual stress should be responsible for the
variation in the measured hardness. In addition, from the SEM ob-
servations, the microstructure evolution from densely packed structure
to loose columnar structure is acquired, which produces more poles at
grain and column boundaries, thereby weakening the effect of
boundary strengthening. This loose microstructure is another important
factor contributing to the decrease in the measured hardness from
Sample H4 (12 sccm) to H6 (20 sccm).

3.6. Tribological properties

Fig. 10(a) presents the friction coefficient evolution of the (AlCr-
TiVZr)N films deposited at various FN with the sliding time. The friction
coefficient curves for all samples show similar feature that increases
sharply in the initial stage, and then reach to a relatively steady state
quickly. The average friction coefficient is calculated after about 5 min
of the sliding time, as shown in the inserted figure of Fig. 10(a). It seems
that the FN has little effect on the friction coefficient of these (AlCr-
TiVZr)N films and all average friction coefficients remain around 0.5.
Fig. 10(b) further shows the wear rates of the (AlCrTiVZr)N films de-
posited at various FN. The wear rate of the (AlCrTiVZr)N films initially
decreases as the FN increases, and reaches to the minimum value of
about 2.38 × 10−7 mm3/Nm at FN = 12 sccm. The decrease in wear
rate is primarily due to the contribution of the increased films’ hard-
ness. By further increasing FN to 20 sccm, wear rate increases to about
9.19 × 10−7 mm3/Nm. Such variation can be partly attributed to a
decrease in the hardness and in part to the formation of looser with

Fig. 9. Hardness and modulus of the AlCrTiVZr nitride films as a function of the
FN.

(b)

Fig. 10. (a) Friction coefficients of the (AlCrTiVZr)N films as a function of the sliding time, and the inserted figure shows the average friction coefficient of the
(AlCrTiVZr)N films as a function of the FN. (b) Wear rates of the (AlCrTiVZr)N films as a function of the FN.
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more defined columnar structure. Moreover, in contrast to other HEA
nitride films deposited by conventional MS, which have a wear rate of
the order of 10−6 mm3/Nm [28,43–45], the HiPIMS-deposited (AlCr-
TiVZr)N films show more excellent wear resistance.

The above study results have demonstrated that HiPIMS is an ef-
fective way to improve microstructure and properties by controlling
plasma environment for AlCrTiVZr HEA nitride films. It can be found
that a moderate increase in FN can significantly enhances the bom-
bardment of high-energy particles to the growing films due to the in-
creased plasma density, which results in an increase in (2 0 0) peak
intensity, a decrease in grain size and an increase in residual stress. As a
result, the films deposited at FN = 12 sccm exhibit a super-hardness and
low wear rate, which are mainly attributed to a high residual stress.
However, at high FN, the bombardment effect is weakened due to the
decreased plasm energy, which leads to a decrease in residual stress and
looser structure with more defined columnar, thereby deteriorating the
performance of the HEA nitride films.

4. Conclusions

In this study, AlCrTiVZr nitride films were synthesized by HiPIMS at
various FN without additional heating. The peak discharge current
dramatically increases from 52 A to 101 A while the growth rate de-
creases from 67.8 nm/min to 57.3 nm/min with structure of the films
becoming loose. The nitride films reach a saturated state at FN = 8 sccm
or higher. According to the XRD observations, both the AlCrTiVZr films
and the unsaturated nitride films exhibit an amorphous structure, while
the (AlCrTiVZr)N films present a simple FCC solid-solution phase.
Moreover, an amorphous layer is found in the initial deposition process
of (AlCrTiVZr)N films, which results from high mixing entropy, mis-
match in the lattice between films and substrate, and bombardment of
high-energy particles. On the other hand, the FN of 12 sccm is a critical
value for the growth of the films. As the FN increases from 0 sccm to 12
sccm, the enhanced bombardment of high-energy particles due to the
increased plasma density results in an increase in (2 0 0) peak intensity,
a decrease of grain size to 6.3 nm, an increase of residual stress to
−2.75 GPa. At FN = 12 sccm, the films have super-hardness of 41.8
GPa and low wear rate of 2.3 × 10−7 mm3/Nm. When the FN increases
over the critical value, the bombardment of high-energy particles is
weakened due to the decreased plasma energy, thereby resulting in a
shift of the preferred orientation from (2 0 0) to (1 1 1) and a contrary
tendency in the properties of films.
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