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Abstract (TiVCrZrY)N coatings were deposited onto Si
substrate by the radio-frequency (RF) magnetron sputtering
of a TiVCrZrY alloy target in an N2/Ar atmosphere. The
crystal, microstructural, mechanical, and electrical proper-
ties at different N2-to-total (N2+Ar) flow-rate ratio (RN)
values were investigated. The coating produced in pure Ar
had an equiaxed structure with a hexagonal-close-packed
phase. With increased RN, the crystallinity and grain size
markedly decreased. The microstructure of (TiVCrZrY)N
coatings transformed from V-shaped columnar with a rough-
domed surface into fine fibrous with a smooth surface. The
amorphous transition layer above the substrate was also
significantly thickened. The hardness of (TiVCrZrY)N de-
creased from 20.9 GPa to 18.9 GPa, and the electrical resis-
tivity increased from 398.2 µ�·cm to 21870 µ�·cm.
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1 Introduction

A protective surface coating intends to provide a layer of
protection from anything that can damage the function or
integrity of an item. The application of a surface coating
is common in a number of different fields, including cut-
ting and forming tools, machinery components, aerospace,
and automotive parts. Protective surface coatings also help
maintain the functionality of materials, i.e., their high hard-
ness, wear resistance, thermal stability, oxidation resistance,
and chemical stability, under severe conditions and over pro-
longed lifetimes. Common deposition techniques for fabri-
cating a surface coating with desired properties include cath-
ode arc deposition, ion plating, and magnetron sputtering.
To enhance the performance of particular tools, dies, and
molds for several applications, the protective coating tech-
nology is continually being developed.

Since the 1980s, binary transition metal nitrides such
as TiN, CrN, and ZrN have been widely used in indus-
tries [1–3]. However, the demand for higher performance
has required the addition of different elements to the ex-
isting nitride to modify its properties for specific applica-
tions. The best known example is the incorporation of Al
atoms into a TiN lattice. This procedure has been success-
fully commercialized particularly for high-speed machining
applications because of the resultant improvement in oxida-
tion resistance and mechanical properties [4–6]. The former
is due to the formation of a protective Al-rich oxide layer
on the coating surface. The latter is attributed to the solid-
solution strengthening effect. The addition of other elements
such as Cr, Zr, or Ta to form a ternary system has been
previously shown to generate superior performance [7–9].
Accordingly, alloying nitride coatings with appropriate ele-
ments is an effective method of modifying the coating prop-
erties. Recently, Yeh et al. developed sputtered multielement
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nitride coatings with more than five elements using a mul-
tielement target. Multielement nitride coatings have high
mixing entropy and thus tend to form simple solid-solution
phase, which enables an easy analysis, control, and develop-
ment of these coatings. Previous studies have revealed that
(AlCrMnMoNiZr)N, (AlCrNbSiTiV)N, (AlCrMoTaTiZr)N,
(AlMoNbSiTaTiVZr)N, and (TiVCrZrHf)N possess benefi-
cial features and properties [10–14]. They are of great inter-
est as hard coatings because of their good mechanical prop-
erties induced by strong solid-solution strengthening, grain-
boundary hardening, and even nanocomposite structures.

Indeed, suitable materials for high-entropy nitrides have
been screened. TiN, CrN, and ZrN have been developed and
used as mechanically and chemically protective layers for
industrial applications because of their satisfactory mechan-
ical properties. Adding one more metal element to form Ti,
Cr, and Zr-based ternary nitride coatings reportedly result
in improved properties compared with the binary compound
[7–9]. For example, the incorporation of V into the cubic
nitride structure can enhance mechanical and tribological
properties [15]. However, in the case of Y, important infor-
mation is very limited. The addition of the large-sized Y to
multielement nitride is expected to exert a remarkable effect
on resultant structure and properties.

Recent studies show that the (TiVCrZrY)N coating with-
out a substrate bias and/or heating achieves a pronounced
hardness of 17.5 GPa when the N2-to-total (N2+Ar) flow-
rate ratio (RN) is 100 % [16]. However, further improve-
ment in mechanical properties and detailed investigations on
the role of Y addition are still needed. In this study, deposi-
tion time was controlled to produce a coating with the same
coating thickness to the ignore thickness effect. RN strongly
influences the structure and properties. Accordingly, nitride
coatings under various RN values were prepared to deter-
mine the effect of RN during film formation on the struc-
tural, mechanical, and electrical properties of the resultant
(TiVCrZrY)N coatings.

2 Experimental

(TiVCrZrY)N coatings were deposited onto p-Si (100)
wafers using a radio-frequency (RF) magnetron sputtering
system with equimolar TiVCrZrY targets 50 mm in diam-
eter. Before deposition, the Si substrates were cleaned and
then rinsed with ethanol and distilled water in an ultrasonic
bath. The (TiVCrZrY)N coatings were deposited at room
temperature in an Ar+N2 atmosphere under an RF power of
150 W and a working pressure of 6 × 10−3 torr. The bias
of the substrate was fixed at −100 V. During deposition, the
total gas flow-rate ratio was fixed at 30 sccm, and the RN

was varied from 0 % to 50 %. The deposition time was in-
creased with increased RN to control the coating thickness

at around 500 nm. The targets were presputtered with Ar to
remove their surface oxide layers before deposition.

The chemical compositions of the coatings were de-
termined by field-emission electron probe microanalyses
(FE-EPMA, JOEL JXA-8800M). At least three tests were
performed for each sample. As a rough approximation, the
relative error is about ±1 at.%. The error bars cannot be
observed because the size of the error bars is smaller than
the size of the symbols. The crystal structures were an-
alyzed with a glancing-incidence (1°) X-ray diffractome-
ter (XRD, BRUKER D8 Discover) using Cu Kα radia-
tion at a scanning speed of 1◦/min. Furthermore, the av-
erage grain sizes of the coatings were calculated based
on the full-width at half-maximum using the Scherrer for-
mula [17]. Morphology studies and thickness measurements
were carried out using FE scanning electron microscopy
(SEM, JEOL JSM-6700F). Meanwhile, the deposition rate
was obtained by dividing the thickness by the deposition
time. Microstructural examinations were conducted using
an analytical transmission electron microscope (TEM, FEI
E.O. Tecnai F20). The surface roughness (root mean square)
values of the coatings were derived with an atomic force
microscope (AFM, Seiko SPA400). The microhardness and
elastic modulus of the coatings were measured using a
TriboLab nanoindenter (Hysitron). At least five tests were
performed for each sample. The electrical resistivity of the
coatings was measured using a four-point probe system.

3 Results and discussion

3.1 Crystal structure

Figure 1 presents EPMA of the constituent element in
(TiVCrZrY)N coatings deposited at various RN values. The
oxygen concentration in these coatings was less than 4 at.%.
The alloy coating was in a near-equimolar ratio and close
to the designed values. With the introduction of nitrogen,
less variation existed in the representation of target elements
in the resulting coatings. The concentration of nitrogen and
target elements is almost not affected by RN and has nearly
stoichiometric ratio of (TiVCrZrY)50N50. This information
helps eliminate the contribution of structure and properties
due to composition difference in the coatings at various
RN, which is in agreement with the report by Huang and
Yeh [11]. Figure 2 reveals the variation of the deposition
rate with RN. The deposition rate decreases from 14.1 to
6.3 nm/min when RN is increased from 0 to 50 %. This is
probably attributed to a lower sputtering yield resulting from
the nitrogen absorption or even nitridation of the metal tar-
get and/or the reduced sputtering efficiency of reactive gas
ions [18].

Figure 3 presents the XRD pattern of (TiVCrZrY)N coat-
ings deposited at various RN. For TiVCrZrY alloy coating,
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Fig. 1 Chemical compositions in (TiVCrZrY)N coating deposited at
various RN

Fig. 2 Deposition rate of (TiVCrZrY)N coating deposited at various
RN

two broad peaks representing the hexagonal close-packed
(hcp) crystal structure was found [19]. This finding can be
attributed to the incorporation of large amounts of Ti, Zr,
and Y into the hcp crystal structure. For TiVCrZrY nitride
coatings, a mixed structure of NaCl-type face-centered cu-
bic (fcc) phase and near-amorphous phase were observed.
This fcc solid solution formed because TiN, VN, CrN, ZrN,
and YN all have an fcc phase. Previous reports describe
similar observations on ternary nitrides and other multiele-
ment nitrides, such as (TiCr)N, (CrV)N, (TiZr)N, (ZrY)N,
(TiVCr)N, and (TiVCrZrHf)N [9, 14, 15, 20, 21]. Table 1
lists the lattice constant of the TiVCrZrY nitride coating
theoretically calculated according to the Vergard rule, along
with the EPMA-determined composition. Table 2 presents
experimentally measured lattice constant derived from the
lattice spacing in the [200] orientation of XRD pattern of the

Fig. 3 X-ray diffraction patterns of the (TiVCrZrY)N coatings de-
posited at various RN

TiVCrZrY nitride crystals. The calculated lattice constants
were consistent with the measured values. This finding indi-
cated the formation of a solid solution from all constituted
nitrides; the atoms of five metallic elements randomly occu-
pied the metal-atom positions [20].

In terms of crystallinity, Table 2 shows that the (TiVCr
ZrY)N coatings had a (200) preferred orientation. Some re-
searchers on the NaCl-type structure posit that preferred ori-
entation occurs because of the anisotropy between the sur-
face energy and strain energy. If the surface energy is domi-
nant during coating growth, the (200) plane with the lowest
surface energy preferentially develops [22]. Thus, the pref-
erential grain growth was surface-energy dominant in our
case. As RN increased, the number of crystalline structures
and grain size decreased (increased amorphous content).
As aforementioned, the reduction in the deposition rate of
the target at higher RN induced more energetic bombard-
ment on the growing coatings. Associated with the applica-
tion of a substrate bias of −100 V, this resputtering effect
was expected to occur and gradually increase with increased
RN; consequently, grain growth was inhibited [11, 20, 23].
Another observation from the XRD patterns was that the
diffraction peak shifted to higher angles with increased RN,
which implied a decrease in the lattice parameter. Compo-
sition variation should be negligible since coatings at vari-
ous RN have similar compositions. From TEM observations
(Figs. 5, 6 and 7), densification of coating is considered to
be minor factor since the voids along the boundaries occupy
only a very small volume fraction. Therefore, the lattice de-
cline may be explained by the increase of intrinsic compres-
sive stress caused by enhance energetic bombardment.

Previous reports indicate that for high-entropy nitride
coatings such as (AlCrNbSiTiV)N, (AlCrMoTaTiZr)N,
(AlMoNbSiTaTiVZr)N, and (TiVCrZrHf)N, their minimal
grain sizes are 8.7, 14.3, 9.5, and 6.2 nm, respectively [11–
14, 24]. Compared with the (TiVCrZrY)N coating in our
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Table 1 Theoretically lattice
constant (a) of individual
nitrides and (TiVCrZrY)N
coating deposited at
RN = 30 %

Element

TiN VN CrN ZrN YN (TiVCrZrY)N

Crystal structure

FCC FCC FCC FCC FCC FCC

a (Å) 4.2417 4.1392 4.1400 4.5740 4.8944 4.4132

Table 2 Relative intensities of
diffraction peaks, average grain
sizes, and lattice constant of
(TiVCrZrY)N coatings

RN (%) Relative intensity Average grain
size (nm)

Lattice
constant (Å)(100) (002) (110)

0 224.8 178.1 1.5 a = 3.2803
b = 4.7298

(111) (200) (220) Amorphous peak

10 132.0 682.0 130.4 198.5 3.5 4.4384

20 180.9 534.1 129.1 266.8 2.7 4.4288

30 148.2 491.8 113.3 363.9 2.5 4.4086

40 131.5 398.4 111.3 437.1 2.3 4.3795

50 108.7 366.7 97.1 457.8 2.2 4.3716

study, these reported coatings have a relatively large grain
size and better crystallinity. The incorporation of Y atoms
with the large atomic radius of 1.802 Å may be the main
reason. High-entropy nitride coatings are known to favor the
formation of an fcc solid solution structure. However, a high
mixing entropy is not the only factor that controls solid-
solution formation in multielement materials. The atomic
size difference should also be considered as the critical pa-
rameter that determines the formation of a solid solution or
amorphous phase. Zhang et al. [25] defined the atomic size
difference by the following equation:

Atomic size difference = 100

√
√
√
√

n
∑

i=1

ci(1 − ri/r̄)2,

where ci and ri are the atomic percentage and atomic radius
of the ith element. The numerical factor 100 was used to am-
plify the data for clarity. Based on the above equation, the
atomic size differences among AlCrNbSiTiV, AlCrMoTa-
TiZr, AlMoNbSiTaTiVZr, TiVCrZrHf, and TiVCrZrY were
estimated to be 8.35, 7.48, 8.66, 9.70, and 13.43, respec-
tively. Evidently, severe lattice distortion caused by a large
atomic size difference led to an amorphous tendency. The
results found were similar to those of Braic et al. [26]. How-
ever, further research and development in the multielement
nitride coatings would still be required.

3.2 Microstructure

Figure 4 shows the plan-view and cross-sectional SEM mi-
crographs of (TiVCrZrY)N coatings deposited at various
RN values. For the TiVCrZrY alloy coating deposited at

RN = 0 %, a granular structure with a very small surface
roughness of 0.3 nm was observed. When RN = 10 %, the
nitride coating displayed a columnar structure with a domed
surface feature and a high surface roughness of 2.6 nm.
With increased RN to 50 %, the surface morphology be-
came smooth, and the original columnar structure was in-
hibited. The surface roughness of the coating was as small
as only ∼0.3. To understand further the structural evolution
of (TiVCrZrY)N coatings, TEM was used to observe the mi-
crostructure and texture through the thickness direction.

Figures 5, 6 and 7 illustrate the TEM images with se-
lected area diffraction (SAD) patterns of (TiVCrZrY)N coat-
ing deposited at RN = 0 %,10 %, and 50 %, respectively.
The TiVCrZrY alloy coatings had a dense, glass-like struc-
ture (Fig. 5a). However, further TEM and SAD observations
revealed two distinct layers in the coatings (Figs. 5b–d).
The lower part had an amorphous structure approximately
380-nm thick, whereas the upper part had an equiaxed struc-
ture (crystallites size < 5 nm) with an hcp phase (100)
preferred orientation. The top part of the coating structure
was confirmed to contain an hcp (100)-axis structure per-
pendicular to the substrate misaligned at ∼60° (Fig. 5d).
The interplanar distance among the crystallites was approx-
imately 0.283 nm (Fig. 5f). The thick amorphous layer and
extremely small crystallites can be attributed to the large
differences among the atomic size and crystal structure of
the elements. For the nitride formed at RN = 10 %, a V-
shaped columnar structure with dense grain boundaries was
observed (Figs. 6a and b). Combination with the SAD and
high resolution TEM observations enabled the clear charac-
terization of the structural evolution (Figs. 6c–f). A contin-
uous and amorphous initial (TiVCrZrY)N layer about 6-nm
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Fig. 4 Plan-view and
cross-sectional SEM
micrographs of the
(TiVCrZrY)N coatings
deposited at various RN:
(a) 0 %, (b) 10 %, and (c) 50 %

thick formed on the substrate (Fig. 6e). Afterward, randomly
oriented grains nucleated (Fig. 6c) and then grew along the
fcc [111] direction of the crystallized grains (Fig. 6d). The
top part of the coating structure was confirmed to contain an
fcc (200)-axis structure perpendicular to the substrate mis-
aligned at ∼54° (Fig. 6d). The widths of two columns (zones
A and B) were approximately 10–20 and 50 nm, respec-
tively (Figs. 6a and b). These structural changes with the
coating thickness were typical for an evolutionary selection
growth [27]. In evolutionary selection, the fastest-growing
grains with a specific crystallographic orientation enveloped
the other grains and determined the final orientation. Hence,
the fcc (200) oriented grains were expected to grow fastest
at RN = 10 % in this work and to follow a preferred orien-
tation by enveloping other oriented-grains. Interestingly, the
nitride coating had higher crystallinity and larger grain size

than the alloy coating. This finding was reasonable because
individual nitrides have the same crystal structure. There-
fore, the (TiVCrZrY)N coating tended to form a more crys-
talline solid solution structure than the alloy coating. As RN

continually increased to 50 %, the original V-shaped colum-
nar feature transformed into a very fine fibrous structure
(Figs. 7a and b). The amorphous layer on the substrate thick-
ened to about 80 nm (Fig. 7b). In the SAD pattern (Figs. 7c
and d), the results were similar to that of the (TiVCrZrY)N
coating deposited at RN = 10 %. However, the rings were
broad and weak, indicating poor crystallinity of the coatings
near an amorphous structure in accordance with the afore-
mentioned X-ray diffraction analyses. As aforementioned,
the relatively large resputtering effect at high RN was con-
sidered to be a dominant reason for the reduced grain size
and crystallinity.
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Fig. 5 Cross-sectional TEM
micrographs of the TiVCrZrY
alloy coatings deposited at
RN = 0 %. (a) Bright-field
image. (b) Dark-field image
using the (110) diffraction rings
indicated by circles in the SAD
pattern in (d). (c) SAD pattern
of zone A. (d) SAD pattern of
zone B. (e) High-resolution
TEM lattice image of zone A.
(f) High resolution TEM lattice
image of zone B

3.3 Properties

Figure 8 shows the hardness and modulus of the (TiVCr
ZrY)N coatings deposited at various RN values. For the
TiVCrZrY alloy coating deposited at RN = 0 %, the hard-
ness and modulus values was 10.2 and 126 GPa, respec-
tively. These values were higher than those of typical pure
metal and alloy coatings and can be attributed to the solid-
solution strengthening effect induced by the incorporation
of atoms with different sizes. At RN = 10 %, the hardness
and modulus greatly increased to 20.9 and 217.4 GPa, re-
spectively. This result can be explained by the formation of a
nitride phase and the strong covalent bonding between nitro-
gen and target elements. As RN further increased, the hard-
ness and modulus slightly decreased to 18.9 and 188.2 GPa,
respectively, possibly because of the grain size. Generally,
smaller grain sizes and thus more grain boundaries posi-

tively influence the mechanical properties [28]. Meanwhile,
a slip motion may have occurred during deformation. Grain
boundaries act as impediments to dislocation motion, and
thus the mechanical properties were improved. However, be-
low approximately 10 nm, the grain boundaries tended to
slide. If the grain size is too small, fitting the dislocations in
the grain is difficult, and the stress required to move them
is lower. Consequently, the slight decrease in hardness and
modulus results from the slight decrease in grain size [29].
Notably, the (TiVCrZrY)N coatings had significantly low
mechanical properties compared with other multielement ni-
tride coatings. The softening may be related to the extremely
small gain sizes of 3.5–2.2 nm and poor crystallinity caused
by the addition of the large-sized Y atoms. Figure 9 displays
electrical resistivity of the (TiVCrZrY)N coatings deposited
at various RN values. The TiVCrZrY alloy coating had a
lower electrical resistivity than the nitride coating because
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Fig. 6 Cross-sectional TEM
micrographs of the TiVCrZrY
nitride coatings deposited at
RN = 10 %. (a) Bright-field
image. (b) Dark-field image
using the (111) and (200)
diffraction rings indicated by
circles in the SAD pattern
in (d). (c) SAD pattern of
zone A. (d) SAD pattern of
zone B. (e) High-resolution
TEM lattice image of zone A.
(f) High-resolution TEM lattice
image of zone B

of the different bond characteristics. As RN increased, the
electrical resistivity significantly increased to a very high
value of 21870 µ�·cm at RN = 50 %. The electrical per-
formance was also possibly dominated by the grain size and
crystallinity. This assumption was reasonable because a de-
crease in the grain size and crystallinity leads to enhanced
grain boundary scattering and thus to an increase in electri-
cal resistivity [30, 31].

4 Conclusion

In this study, (TiVCrZrY)N coatings were prepared by
the reactive magnetron sputtering of a pure equimolar
(TiVCrZrY) target on Si (100) wafers at RN values ranging
from 0 % to 50 %. The deposited TiVCrZrY alloy and ni-
tride coatings possessed an hcp and fcc solid-solution struc-

ture, respectively. The TiVCrZrY alloy coating deposited
at RN = 0 % exhibited a very dense and smooth equiaxed
structure. With the introduction of nitrogen, crystalline ni-
tride structure formed. The (TiVCrZrY)N coating deposited
at RN = 10 % revealed a V-shaped columnar structure
with rough surfaces, which was typical for an evolutionary
overgrowth mechanism. The microstructure was still dense
but contained relatively better crystallinity and larger grain
sizes. A 6-nm-thick amorphous phase was also observed
near the substrate. The hardness and electrical resistivity
were measured to be around 20.9 GPa and 398.2 µ�·cm,
respectively. As the RN was increased from 10 % to 50 %,
the microstructure of the nitride coatings was converted to a
fine fibrous structure. The amorphous layer gradually thick-
ened to 80 nm, and the crystallinity and grain size gradu-
ally deteriorated. These phenomena were attributed to the
enhanced resputtering effect at higher RN. The hardness
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Fig. 7 Cross-sectional TEM
micrographs of the TiVCrZrY
nitride coatings deposited at
RN = 50 %. (a) Bright-field
image. (b) Dark-field image
using the (111) and (200)
diffraction rings indicated by
circles in the SAD pattern
in (d). (c) SAD pattern of
zone A. (d) SAD pattern of
zone B. (e) High-resolution
TEM lattice image of zone A.
(f) High-resolution TEM lattice
image of zone B

Fig. 8 Hardness and modulus of the (TiVCrZrY)N coatings deposited
at various RN Fig. 9 Electrical resistivity of the (TiVCrZrY)N coatings deposited at

various RN
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and electrical resistivity deteriorated to nearly 18.9 GPa
and 21870 µ�·cm, respectively, which can be attributed to
the grain size and crystallinity. Compared with other pub-
lished multielement nitride coatings, the (TiVCrZrY)N coat-
ings exhibited a very small grain size and poor crystallinity
mainly because of the relatively large atomic size difference.
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