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Abstract: (CrMoTaNbVTi)N multi-element films were deposited by direct current magnetron sputtering CrMoTaNbV mosaic alloy

target and pure Ti target. The composition, structure, mechanical properties and wear behavior of the films deposited at Ry
(N2/(Ar+N,))=0%, 10%, 20%, 30% and 40% were investigated. The results show that the (CrMoTaNbVTi)N films deposited at

Rx=0% and 10% exhibit a simple bce solid solution structure, whereas those deposited at Ry=20%, 30%, 40% show a simple fcc

solid solution structure. With the increasing of Ry, the size of the surface particles decreases and the columnar crystals become

denser. Meanwhile, the compressive stress, adhesive critical load (L), hardness and elastic modulus increase and reach maximum
values of —3.3 GPa, 352 mN, 25.6+1.2 GPa and 278.8+11.2 GPa at Ry=40%, respectively. The film deposited at Rx=40% whose

wear rate is decreased by about ten times compared with that of the alloy film (Rx=0%), exhibits an excellent wear resistance.

Key words: multi-element nitride film; structure; mechanical property; wear

Fifteen years ago, novel multi-element alloys were
proposed by Yet et al'”!. Multi-element alloys films contain
5~13 major elements with concentration between 5 at%~35
at%, which can result in high-entropy, lattice distortion,

[3-5

sluggish diffusion and so on"™. These films combine the

excellent ~mechanical properties and superior wear
resistance'®®. These properties make multi-element films a
good solution for the applications requiring high hardness and
wear resistance.

Up to now, various high-entropy alloys (HEAs) nitride
films that are based on refractory metal elements (Cr, Mo, Ta,
Nb, Zr, W, Ti, V, Hf, etc) have been produced. It is found that
Al element frequently occurs in the majority of HEAs films,
such as AIlCrTaTiZr, AlCrMoTaTiZr, AICrNbSiTiV, and
TiTaCrZrAIRu® " The increase of the Al content favors the

fce to bee phase transition and can contribute to bond between

the Al and transition metals with an incompletely filled d-shell.

The rest is a small amount of HEAs films that have no Al
element. Pogrebnjak et al'l synthesized (TiHfZrVNb)N
coatings by the cathodic arc vapor deposition method, and
demonstrated that all coatings exhibited a single cubic
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(NaCl-type) nitride phase and the hardness increased with the
increase of bias voltage applied to the substrate. Liang et al!"”!
reported that all (TiVCrZrHf)N films were simple face
centered cubic (fcc) structures and extreme hardness of around
48 GPa was obtained. Jayaraj et al'® investigated
TaNbHfZrTi films that exhibited high corrosion resistance.
Yan et al''” sudied the structure, electrical resistivity and
thermal stability of BNbTaTiZr thin film. It was observed that
the films showed amorphous structure and displayed high
electrical resistivity. However, the studies about high-entropy
alloys (HEAs) nitride films are mainly focused on the
microstructure. The properties about wear resistance,
especially for the HEAs nitride films without Al element have
less been studied"®.

In the present work, transition metals Cr, V, Ta, Nb, Mo and
Ti have been selected to elements of HEAs films. A novel
high-entropy (CrMoTaNbVTi)N nitride films were prepared
by reactive co-sputtering of CrMoTaNbV mosaic target and
pure Ti target in Ar+N, mixed atmosphere. The films were
characterized in terms of elemental and chemical composition,
crystalline structure, surface morphology, residual stress,
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hardness, adhesive force and wear properties.
1 Experiment

The (CrMoTaNbVTi)N nitride films were deposited by
reactive co-sputtering of CrMoTaNbV mosaic target and pure Ti
target. The alloy mosaic target was composed of V (99.99%),
Mo (99.99%), Ta (99.99%), Nb (99.99%) and Cr (99.99%). The
size of Cr and V target was 78 mmx85 mmx8 mm, and the size
of Mo, Nb and Ta targets was 62 mmx85 mmx8 mm. The
distance between the mosaic target and substrate was kept
constant at 300 mm and pure Ti target to substrate was 450 mm.
The substrates were cleaned ultrasonically in acetone and
ethanol. Prior to deposition, the chamber was pumped down to a
base pressure below 3x10° Pa, and then the samples were
subjected to Ar” ions by an ion source with 1400 V for 20 min.
The deposition bias voltage, working pressure and deposition
time were —100 V, 0.5~0.6 Pa and 120 min, respectively. The
sputtering discharge current of the mosaic target and pure Ti
target was set at 2.0 and 1.5 A, respectively. The nitrogen flow
ratio No/(Ar+N,), denoted as Ry, was varied from 10% to 40%
to prepare films of various nitrogen contents.

The chemical composition of the films was obtained using
EDS (FEI Quanta-200FEG) with an atomic number (Z2),
absorption (4) and fluorescence (F) corrected program“g]. In
order to reduce uncertainties, three electron energies (30, 25
and 20 keV) were used to measure different spots. The basic
error can be estimated to be 4%~6%. The crystal structures
were characterized using an X-ray diffraction (XRD, D/MAX
2200) with Cu Ka radiation and a glancing incident angle of
1°. The plane-view and cross-sectional grain morphology of
films were observed by field emission scanning electron
microscopy (FESEM, Quanta 200FEG). The hardness and
elastic modulus of these nitride films were measured by a
nanoindenter with continuous stiffness measurement (CSM)
technique. The penetration depth of the indenter was
controlled between 1/8~1/10 of the film thickness to avoid
substrate effect. The optical substrate-curvature method was
used to measure the residual stress of the films. The residual
stress was calculated applying the Stoney Eq. (1), where the E
and o, are the Young’s modulus and Poisson’s ratio of the
9Cr18 steel substrate, respectively; s is the thickness of the
substrate; fis the thickness of the film; 1/R is the curvature of
the films. The friction coefficient and wear rate were
measured using a ball on disc tester. All the tests were
performed using a normal load (P) of 2 N, a constant sliding
speed of 25.13 cm/s at 25 °C and a relative humidity of 31%.
The diameter of the circle wear track (D) and the sliding
distance (d) were 12 mm and 225 m, respectively. A surface
profiler tested the profile of the wear track (4), and then
calculated the wear rate (W) using the following Eq. (2). The
3D images were examined by a surface profilometer (Talysurf
CCI) scanning across the wear track. The morphologies of the
wear tracks were observed by optical microscope.
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2 Results and Discussion

2.1 Chemical composition and deposition rate

Fig.1 shows the chemical composition of CrMoTaNbVTi
nitride films analyzed by EDS. For the alloy films (R\=0), the
atomic fraction (at%) of Cr, Mo, Nb, Ta ,V and Ti is 14.3, 15.2,
16.7, 19.2, 14.9 and 19.7, respectively, each of which has an
atomic fraction between 5 at% and 35 at%. With the introdu-
ction of nitrogen, the content of metal is obviously decreased
and the nitrogen content sharply increases with increasing Ry.
The N contents in the films deposited at Ry=10%, 20%, 30%
are about 20.3 at%, 31.9 at% and 41.6 at%, respectively,
which can be regarded as under-saturated nitride films with
partially remained metallic alloys. When Ry=40%, the
nitrogen content reaches up to saturated value of 48.8 at%.

Fig.2 shows the target voltage and deposition rates of
CrMoTaNbVTi nitride films as a function of Ry. It is observed
that the target voltage increases with the increasing of Ry. This
phenomenon can be attributed to formation of metal nitrides
on the target surface, which is usually defined as “target
poisoning”. With the increasing of Ry, the target poisoning
becomes more serious which increases the equivalent
resistance of cathode and anode. According to the relationship
between voltage, electric current and resistance (U=IR), the
voltage will increase as the resistance increases and electric
current keeps constant. It is also found that the deposition rate
initially increases from Ry=0% to Ry=20%, and then gradually
decreases from 9.4 nm/min at Ry=20% to 7.3 nm/min at
Rn=40%. The initial increase of deposition rate is due to
addition of nitrogen atoms to the film. The reduction of the
deposition rate can be attributed to the two facts. On the one
hand, the sputtering yield of target decreases with the
increasing of Ry. On the other hand, the sputtering efficiency

——Ta

—_ [\ (9% B W
(=] S (=] S (=]
— T T T T T T

Chemical Composition/at%

(=]
—

5 0 5 10 15 20 25 30 35 40 45
N, (Ar+N,) Flow Rate, R /%

Fig.1 Chemical composition of CtMoTaNbVTi nitride films

as a function of Ry
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Fig.2 Deposition rate and target voltage of CrMoTaNbVTi nitride

films as a function of Ry

of nitrogen ions is lower than that of argon gas ions.
2.2 XRD analysis

Fig.3 presents the XRD patterns of the films deposited at
various Ry. The alloy film (Ry=0%) and the film deposited at
low nitrogen flow ratio (Ry=10%) exhibit a simple bce solid
solution structure. This can be attributed to the high mixing
entropy that promotes the mutual solubility of different
elements in the films and prevents phase separation®*?'.
Meanwhile, Cr, Nb, Mo, Ta and V have the same bcc
structures that probably enhance the bcc crystal structure
formation. For the nitride films deposited at Ry=10%, the
intensity of (110) peak is significantly reduced and the breadth
of (110) peak increases. When Ry increases from 20% to 40%,
a simple fcc structure is observed in these films. There has
been no complete phase formation rule to support the study of
high-entropy alloy films. The evolution from a bce structure to
an fcc structure with increasing Ry may be due to high mutual
solubility and the similar structures of the nitrides. In the
present system, TiN, TaN, NbN, MoN, CrN and VN are all fcc
structures. It is thought that the fcc structures promote the fcc
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Fig.3 XRD patterns of the CrMoTaNbVTi nitride films deposited at

various Ry

crystal structure formation for the (CrMoTaNbVTi)N films. A
shift of XRD peaks to lower angles is observed with
increasing N content in the films. This is considered to partly
result from distortion of the lattice with increasing N content.
Such an increase in lattice spacing can cause the XRD peaks
shift to lower angles. In addition, the internal stress increases
linearly from 0.7 GPa to 3.3 GPa with increasing N content,
which may lead to the lattice spacing enlargement. It can be
seen that when Ry increases from 10% to 20%, the diffraction
peaks change greatly compared with from 30% to 40%. This
is because the phase structure has changed when Ry increases
from 10% to 20%; the (111) peak position of fcc is much
lower than the (110) peak position of bcc.

2.3 Surface and cross-sectional morphology

Fig.4 shows the SEM micrographs of (CrMoTaNbVTi)N
films deposited at various Ry. The surface morphologies of all
the films exhibit a grain-like structure and the cross-section is
the typical columnar microstructure. For the metallic film
(Rn=0%), the grain-like structure is composed of clusters with
60~100 nm, and many voids exist on the surface. The
cross-sectional view of metallic film displays coarse columnar
crystals, and the width of these columnar is around 80~100
nm. Compared with Ry=0%, the surface voids of the films
deposited at Ry=10% decrease and the width of columnar
becomes small. When R\=20% and 30%, the size of the
surface particles reduces to 50~70 nm and a dense columnar
crystal is observed. With further increasing Ry to 40%, the
average grain size is about 30 nm which is smaller than those
of the other films. This is consistent with its XRD pattern that
has larger full width at half maximum (FWHM). The cross-
section of the films shows fibrous columns, and no distinct
column boundaries and defects are observed. With the increase
of Ry, the films become denser due to the enhancement of the
adatom mobility.

2.4 Mechanical properties

The residual stress of (CrMoTaNbVTi)N films was
measured using the substrate bending method according to
Eq. (1). From Table 1, it can be seen that all the films exhibit a
compressive stress, and the compressive stress increases with
increasing Ry. This can be attributed to the structure stress and
thermal stress. The structure stress is originated from lattice
mismatch, which increases with the increasing N content. The
thermal stress leads to different thermal expansion coefficients
between the film and substrate.

The adhesive critical load (L) is defined as the load at the
first surface crack in the present paper. Fig.5 shows the L. of
the film deposited at Ry=40%. It can be found that the crack
appears at 352 mN. The L. values of the films are also
summarized in Table 1, which increase with increasing Ry. The
adhesive critical loads are mainly influenced by hardness,
residual stresses, films structure and so on. The compressive
stress can enhance resistance of crack formation and the

higher hardness is more resistant to plastic deformation!**"],
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Fig.4 Plane-view (a, c, e, g, i) and cross-section (b, d, f, h, j) FESEM micrographs of CrMoTaNbVTi nitride films deposited at various Ry:
(a, b) 0%, (c, d) 10%, (e, f) 20%, (g, h) 30%, and (i, j) 40%
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Table 1 Compressive stress (6), adhesive critical load (L),
hardness (H) and elastic modulus (E£) of the nitride

films deposited at various Ry

Rn/Y% o/GPa LJ/mN H/GPa E/GPa
0 -0.7 198 8.9+0.5 187.5+6.5
10 -1.2 291 15.6+0.7 197.5+8.3
20 -2.0 305 18.7+0.9 225.449.5
30 2.4 338 22.3+1.0 251.6+8.7
40 -3.3 352 25.6+1.2 278.8+11.2
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Fig.5 Scratch test results of film deposited at Rn=40%

The film deposited at Ry=40% has higher compressive stress
and hardness that are more resistant to crack formation and
plastic deformation, thus leading to the higher L.. In addition,
with the increase of Ry, the films become denser and the
interface surface of film and substrate is better, which can
enhance the adhesive critical load.

The hardness and elastic modulus of (CrMoTaNbVTi)N
deposited at various Ry are shown in Table 1. For the metallic
film (Ry=0%), the hardness and modulus values are 8.9+0.5
GPa and 187.5+6.5 GPa, respectively. As Ry further increases,
the hardness and elastic modulus continues to increase,
reaching a maximum value of 25.6+1.2 GPa and 278.8+11.2
GPa at Ry=40%, respectively. This can be attributed to three
facts’®***). The first is the grain refinement effect. From SEM
morphology, it can be found the grain size decreases with
increasing Ry. The second reason is increasing Me-N nitrides
in the films with increasing Ry, which can significantly
enhance hardness and modulus. The third is compressive
stress: the strengthening effect is increased with the increasing
of compressive stress.

Fig.6 shows the friction coefficient curves for the nitride
films deposited at Ry=0% and Ry=40%. It can be seen that the
friction coefficient reaches a steady state after a running-in
period with a sliding distance of 25 m. The average friction
coefficient value of the films deposited at Ry=0% and
R\=40% is about 0.75 and 0.45, respectively. The nitride films
have lower friction coefficient than the metallic film (Ry=0%),
which can be due to the nitride films having lower surface
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Fig.6 Friction coefficient of CrMoTaNbVTi nitride films deposited

at various Ry

roughness than the alloy film.

Fig.7 shows the cross-sectional profiles and 3D images of
wear track deposited at various Ry. From the cross-sectional
profiles and 3D images, it can be clearly seen that the wear
track of the film deposited at Ry=40% is much narrower and
shallower than that of the metallic film (Ry=0%), indicating
excellent wear resistance. The wear rates of the films are listed
in Table 2. It is found that the wear rate decreases with
increasing Ry. For the metallic film, the wear rate is about
4.98x10™ m*/(N'm). As Ry increases to 40%, the wear rate
reaches a minimum value of 5.25x10™"° m®*/(N-m), which is
decreased by about ten times compared with that of the
metallic film. This can be attributed to the two facts: firstly,
with the increasing of Ry, the friction coefficient decreases
and surface roughness becomes lower, thus resulting in a
lower wear rate. Secondly, the film with higher Ry has a
higher hardness and denser microstructure, which can enhance
the cohesive strength. According to Leyland and Matthews*®,
the ratio of H/E describes the long elastic strain to failure. The
tribological behaviors of the coatings can be evaluated by the
value of H/E. The higher the value of H/E, the better the wear
resistance will be. From Table 2, it is observed that the film
deposited at Ry=40% possesses the highest H/E ratio. This
result is consistent with the results of wear rate. Fig.8 presents
the optical microscope (OM) images of wear track and the
wear scar formed on the 9Cr18 steel balls after wear test. The
wear width of the film deposited at Ry=40% is much smaller
than that of the alloy film. The size of wear scar on the 9Cr18
steel balls sliding against the alloy film and the film deposited
at Ry=40% is 520 and 410 pm, respectively. The wear scar
for 9Cr18 steel ball sliding against the alloy film is much
larger than that for the 9Crl8 steel ball sliding against film
deposited at Ry=40%. From Fig.8a and 8D, it can be seen that
the wear mechanism of the alloy film is predominantly
adhesive wear and that of the film deposited at Ry=40% is
ploughing groove.
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Fig.7 Cross-sectional profiles and 3D images of wear tracks: (a) Rn=0%, (b) Rv=10%, (c) Rn=20%, (d) Rnv=30%, and (e) Rn=40%

Table 2 Surface roughness (R,), friction coefficient (COF), wear rate (W) and H/E of the nitride films deposited at various Ry

Rn/% R,/nm COF Wix10™"° m*(N'm)" HIE
0 8.5 0.71 49.8 0.047
10 7.6 0.55 247 0.078
20 7.4 0.52 931 0.082
30 6.8 0.47 7.68 0.087
40 6.1 0.47 5.25 0.092

80 pm

Fig.8 OM images of wear track (a, ¢) and wear scar (b, d) at Rn=0% (a, b) and Rn=40% (c, d)
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3 Conclusions

1) The (CrMoTaNbVTi)N films deposited at Ry=0% and
10% exhibit a simple bcc structure. As Ry further increases, the
structure evolves from bcc structure to fcc structure.

2) The surface morphologies of all the films exhibit a
grain-like structure and the cross-section is the typical
columnar microstructures. With the increasing of Ry, the grain
size decreases and columnar crystals become denser.

3) With increasing Ry, the compressive stress, adhesive
critical load, hardness and elastic modulus gradually increase,
and reach maximum values of —3.3 GPa, 352 mN, 25.6+1.2
GPa and 278.8+11.2 GPa at Ry=40%, respectively.

4) The nitride films have a lower friction coefficient than the
alloy film, and the film deposited at Ry=40% has a minimum
wear rate of 5.25x10™"° m’/(N'm), which is decreased by about
ten times compared with that of the alloy film.
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