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a b s t r a c t

The (TiVCr)N coatings were deposited on Si substrate via rf magnetron sputtering of a TiVCr alloy target
under dc bias in a N2/Ar atmosphere. The deposition rate of the coatings gradually decreased with increas-
ing N2-to-total (N2 + Ar) flow ratio, RN. The TiVCr alloy and its nitride coatings exhibited a body-centered
cubic (BCC) and a face-centered cubic (FCC) crystal structure, respectively. The preferred orientation of the
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(TiVCr)N coatings changed from (1 1 1) to (2 0 0) with increasing RN. In addition, the microstructure of the
nitride coatings was also converted from a columnar structure with void boundaries and rough-faceted
surface to a very dense structure with a smooth-domed surface. The grain size of the (TiVCr)N coatings
decreased as the RN was increased. Accordingly, the hardness of the (TiVCr)N coatings was enhanced
from 4.06 to 18.74 GPa as the RN was increased.
apor deposition
rystal structure

. Introduction

In the past decade, binary transition metal nitrides and carbides
ave been widely used as hard protective coatings. These have also
een applied to tools for cutting and forming, to machinery compo-
ents, aerospace and automotive parts, among others due to their
igh hardness, wear resistance, thermal stability, oxidation resis-
ance, and chemical stability [1–4]. To enhance the performance
f particular tools, dies, and molds for several applications, hard
oating technology is continually being developed.

Multi-elemental coatings with different metallic and nonmetal-
ic alloying elements have been developed in recent years. The
ombined attributes of individual components provide better
echanical performance. The best known example of this is the

ncorporation of Al atoms with a TiN and CrN lattice, which has been
uccessfully commercialized particularly for high speed machining
pplications because of its significantly improved oxidation resis-
ance and hardness over TiN and CrN. Chen et al. have reported
hat the addition of Al significantly increases hardness from 24 GPa

ith TiN to 31.2 GPa with the TiAlN coating. After vacuum ther-
al annealing at 900 ◦C, the hardness of TiAlN coatings remains

uite constant [5]. Chim et al. measured the hardness of TiAlN and
rAlN coatings at different temperatures. They found that the high
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hardness (37 GPa) of the as-deposited TiAlN coating can be retained
for annealing temperature up to 600 ◦C, and the high hardness
(35 GPa) of the CrAlN coating is maintained up for an annealing
temperature of 800 ◦C [6]. Keunecke et al. and Ding et al. also
reported the formation of super hard TiAlN (41.6 GPa) and CrAlN
(40 GPa) films, respectively [7,8]. These results clearly show that
TiN or CrN coatings alloyed with Al have significantly enhanced
hardness and thermal stability [9–12]. Moreover, great effort has
also been done by alloying nitride coatings with other elements,
such as Ti–Cr–N, Ti–Zr–N, Ti–Ta–N, and Cr–Zr–N. TiCrN coating
has previously shown the superior oxidation resistance [13]. Vish-
nyakov et al. showed that the hardness value of deposited TiCrN
coating can achieve 31 GPa [14]. The TiZrN coatings have excellent
hardness ranging from 35.5 to 37.5 GPa [15]. Moreover, an earlier
study on the effects of Zr implantation on TiN coatings has shown
improved wear resistance [16]. For the Ti–Ta–N system, a max-
imum hardness of 42 GPa is observed [17]. Kim et al. confirmed
the superior mechanical property of the CrZrN coatings (32.5 GPa)
compared with CrN (22 GPa) [18]. The two common extrinsic hard-
ening mechanisms in ternary nitrides are solid solution hardening
and grain boundary hardening. In the first mechanism, the incor-
porated solid solution atoms serve as centers of distortion and
the resulting stress field reacts with the elastic stress field of a
dislocation, leading to solid solution hardening. In the second hard-

ening mechanism, the mutual incorporation of differently sized
atoms leads to a decrease in grain size, indicating a high density
of grain boundaries. An increase in the density of the grain bound-
aries diminishes dislocation activity, resulting in grain boundary
hardening.

dx.doi.org/10.1016/j.jallcom.2010.12.026
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fsshieu@dragon.nchu.edu.tw
dx.doi.org/10.1016/j.jallcom.2010.12.026
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Table 1
Deposition conditions of the (TiVCr)N coatings.

Process parameter Values

Base pressure (Torr) 8 × 10−6

Working pressure (Torr) 6 × 10−3

rf power (W) 150
Ar flow (sccm) 30, 27, 24, 21, 18, 15
142 D.-C. Tsai et al. / Journal of Alloys

An alloy system called “high-entropy alloys”, with the addi-
ion of multi-principal elements, has been recently developed;
his system possesses simple solid solutions with nanocrystalline
nd even amorphous structures [19,20]. Four core effects, namely,
igh entropy, sluggish diffusion, severe lattice distortion, and
ocktail effects, have also been proposed to constitute the multi-
rincipal elemental effect of high-entropy alloys on microstructure,
hase transformation, and their properties. In brief, high entropy
lays an important role in simplifying microstructures so that
hey principally consist of simple solid solution phases with face-
entered cubic (FCC) and body-centered cubic (BCC) structures.
attice distortion influences mechanical, physical, and chemical
roperties. Sluggish diffusion leads to alloys developing nanocrys-
alline or even amorphous structures. Finally, the cocktail effects
esult in a composite effect on properties wherein the interac-
ions among the different elements themselves play an important
ole. For example, AlxCoCrCuFeNi alloys with different Al con-
ents possess simple solid solution structures. Except for the
CC (Cu-rich) interdendrite, the crystal structure is transformed
rom FCC to BCC with an increase in aluminum content. These
lloys exhibit promising mechanical properties, including excellent
levated-temperature strength and good wear resistance [21,22].
lxCoCrFeNi alloys with different Al contents have also been

abricated by Li et al. They confirm that Al promotes the forma-
ion of BCC structure especially when Cu is absent. The increase
n Al content leads to distortion of the crystalline lattice and
lloy strengthening [23]. AlCoCrCuFeNi alloys demonstrate excel-
ent room-temperature compressive strengths [24]. Moreover, the

icrostructure and mechanical properties of the various alloying
echniques with different alloying elements have been investigated
n detail [25,26]. Deposition from high-entropy alloy targets has
een considered based on these bulk properties to produce multi-
omponent alloys, nitrides, and carbides. Recent studies involving
iVCrZrY, AlCrTaTiZr, AlCrNbSiTiV, and TiAlCrNbY display simple
olid solution structures and outstanding mechanical properties.
hese alloy coatings exhibit a hardness ranging from 6.8 to 13 GPa,
hich is higher than that of conventional metallic elements and

inary alloys [27–30]. The hardness of the TiVCrZrY nitride coat-
ng reaches 17.5 GPa when deposited without substrate bias and/or
eating [27], whereas AlCrTaTiZr and AlCrNbSiTiV nitride coatings
ossess high hardness values up to 35 and 41 GPa under biased
nd heated conditions, respectively [28,29]. A TiAlCrNbY carbide
oating using separate, pure metallic Ti, Al, Cr, Nb, and Y targets
s reportedly softer (23.5 GPa) than aforementioned nitrides, but
as superior tribological performance [30]. These confirm that the
ulti-component coatings are effective in increasing hardness.
Based on the aforementioned mechanisms, these mechanical

roperties can be expected of quaternary nitride (TiVCr)N, such that
he three elements, Ti, V, and Cr, are employed to manufacture the
arget alloy in this study. In previous papers, TiVCr alloy coatings
roduced simple BCC solid solutions from all alloyed elements and
chieved a hardness of 11 GPa [31]. This confirms that a coating
f the present alloy design effectively increases hardness. During
puttering deposition, a dc bias is applied to the substrates to obtain
denser structure. The structure of the coatings can be controlled

ccordingly by varying the N2 flow ratio (RN). Consequently, the
ffect of RN on the structures and physical properties of deposited
TiVCr)N coatings, including crystal structures and microstructures,
s well as the mechanical property, was examined.

. Experimental
The (TiVCr)N coatings were deposited on p-Si (1 0 0) wafers via an rf magnetron
puttering system using equimolar TiVCr targets 50 mm in diameter. Before depo-
ition, the Si substrates were cleaned, and then rinsed with ethanol and distilled
ater in an ultrasonic bath. The deposition of the (TiVCr)N coatings was carried out

t room temperature in an Ar + N2 atmosphere under an rf power of 150 W and a
N2 flow (sccm) 0, 3, 6, 9, 12, 15
RN (%) 0, 10, 20, 30, 40, 50
Bias (V) −100
Deposition temperature Room temperature

working pressure of 6 × 10−3 Torr. During deposition, the total gas flow ratio was
fixed to 30 sccm and the N2-to-total flow ratio (RN, i.e., the ratio between the flow
rates of N2 and total (N2 + Ar) mixture) was varied from 0% to 50%. Deposition time
was increased with increasing RN so as to control the coating thickness at around
500 nm. The targets were presputtered via Ar to remove their surface oxide layers
before deposition. Details of the process parameters are listed in Table 1.

The chemical compositions of the (TiVCr)N coatings were determined by field-
emission electron probe microanalyses (FE-EPMA, JOEL JXA-8800M). At least three
tests were performed for each sample. The crystal structures were analyzed by
glancing-incidence (1◦) X-ray diffractometer (XRD, BRUKER D8 Discover) using Cu
K� radiation at a scanning speed of 1◦/min. The scanning step was 0.01◦ and the
scanning range was 20–80◦ . Furthermore, from the full width at half-maximum, the
average grain sizes of the coatings were calculated with Scherrer’s formula [32].
The morphology studies and thickness measurements were carried out using field
emission scanning electron microscopy (SEM, JEOL JSM-6700F). Meanwhile, the
deposition rate can be obtained by dividing the thickness with deposition time.
Microstructural examinations were conducted using an analytical transmission
electron microscope (TEM, JEM 1200EX II). The specimen for TEM examination was
mechanically polished and then cut into a suitable size, approximately 5 mm × 5 mm
for mounting. Planar or cross-sectional specimens were initially thinned mechani-
cally to ∼100 �m, followed by attachment to a copper grid using a G1 epoxy bond
(Gatan G1, Gatan Inc., USA). Thinning to electron transparency was then performed
using a Gatan model 691 precision ion polishing system (PIPS). The PIPS system was
equipped with two ionic milling guns that generate inert (Ar) ionic or atomic beams
under high voltage (4 kV beams at 4◦) to thin the specimens from both sides until per-
foration. The surface morphology of the coatings was observed under an atomic force
microscope (AFM, Seiko SPA400). The surface roughness (root-mean-square) values
of the coatings were derived from the AFM images. The microhardness and elastic
modulus of the coatings were measured using a TriboLab nanoindenter (Hysitron).
During the tests, an applied load of 50–2000 �N was set. A maximum load of 900 �N
was then selected based on the test results to maintain the penetration depth below
1/10 of film thickness, thereby neglecting the substrate effect. At least five tests were
performed for each sample.

3. Results and discussion

3.1. Crystal structures and crystallinity

Fig. 1 plots the FE-EPMA elemental content of the (TiVCr)N alloy
deposited at various RN. The composition of the deposited coat-
ings deviated from the designed values of the TiVCr target with
equimolar elements. The difference in the composition of each ele-
ment between target and coatings can be related to the sequence
of the sputtering yield Cr > V > Ti [33]. Generally, one component
of an alloy or mixture can be expected to sputter faster than the
other components, leading to an enrichment of that component
in the deposited film and resulting in a deposited film with a dif-
ferent composition than that of the target. A similar phenomenon
is reported in NiTi thin films deposited from an equiatomic NiTi
alloy target, which exhibits an Ni-rich composition because the Ni
sputtering yield is higher than that for Ti [33,34]. The content of
all elements in the (TiVCr)N coatings remained at a constant value
with various RN. Coatings with an N content of about 50 at.% are
regarded as saturated nitride coatings. The result is similar to the
phenomena reported by Huang and Yeh [29]. Table 2 lists the vari-

ation of the deposition rate with RN. The deposition rate increased
slightly as RN increased from 0% to 10%. This may be attributed
to the incorporation of nitrogen or the formation of a loose struc-
ture, which is similar to the findings in several reported literature
[35,36]. The deposition rate decreased from 12.38 to 5.60 nm/min
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Fig. 1. EPMA element contents in (TiVCr)N coating deposited at various RN.

Table 2
Relative intensities of diffraction peaks, average grain sizes and deposition rate of
(TiVCr)N coatings.

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

Deposition rate
(nm/min)

(1 1 0) (2 0 0) (2 1 1)

0 374.7 – 143.0 5.8 11.1

(1 1 1) (2 0 0) (2 2 0)

10 563.1 66.2 493.2 12.0 12.4
20 396.1 423.5 308.0 9.1 9.0
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Table 3
Interplanar spacing (d) and diffraction angle (2�) of BCC (1 1 0) planes of individual
elements and TiVCr alloy coatings as well as that of FCC (2 0 0) planes of individual
nitrides and (TiVCr)N coatings deposited at RN = 50%.

Element

Ti V Cr TiVCr

Crystal structure

BCC BCC BCC BCC

d (Å) 2.34 2.14 2.04 2.19
2� (◦) 38.48 42.17 44.39 41.22

Nitride

TiN VN CrN (TiVCr)N

Crystal structure

FCC FCC FCC FCC
30 373.6 268.0 245.7 7.4 6.9
40 – 638.2 185.9 5.1 6.0
50 – 663.9 208.8 4.7 5.6

s the RN increased from 10% to 50%. This phenomenon is a typical
esult of target poisoning. Moreover, the nitrogen ions are consid-
red ineffective for sputtering compared with argon [37]. Therefore,
he deposition rate decreased as RN increased.

The XRD patterns of the (TiVCr)N coatings deposited at var-

ous RN are shown in Fig. 2. The prominent peak from TiVCr
lloy and nitride coatings could be indexed consistently based
n the BCC and FCC [NaCl-type] phases, respectively. No traces
f other phases were observed in the pattern. V and Cr are the
CC structures, whereas Ti is a BCC structure at 1150 K, which

ig. 2. X-ray diffraction pattern of the (TiVCr)N coatings deposited at various RN.
d (Å) 2.12 2.07 2.07 2.09
2� (◦) 42.60 43.70 43.69 43.32

can be retained at room temperature by alloying with a small
amount of elements, such as Nb or V [38]. Therefore, the mixed
TiVCr alloy coatings tend to form a single BCC solid solution struc-
ture, as observed. The results found were similar to those by Tsai
et al. and Cho et al. [31,39]. The (TiVCr)N coatings likely formed
a single FCC solid solution structure because TiN, VN, and CrN
were all FCC structures. The formation of the FCC solid solution
is consistent with the phenomenon reported in other nitrides,
such as Ti–Cr–N, Ti–Zr–N, Ti–Ta–N, Ti–V–N, Cr–V–N, and Zr–Y–N
[14,15,17,40–42]. A single FCC structure has also been reported for
the as-deposited multiprincipal element-nitrides, such as TiVCrZrY,
AlCrTaTiZr, AlCrNbSiTiV, and TiAlCrNbY nitride coatings [27–30].
The angle of the (1 1 0) lattice plane for the TiVCr alloy coating or
the (2 0 0) lattice planes for the (TiVCr)N coatings was close to the
average value of mixed Ti, V, and Cr, or TiN, VN, and CrN, respec-
tively, as listed in Table 3. This finding implies the formation of a
solid solution from all constituted elements or nitrides.

In terms of crystallinity, strong (1 1 0) and weak (2 1 1) BCC
peaks were initially observed for the metallic TiVCr alloy coat-
ings deposited at RN = 0%. This is explained by the fact that a
(1 1 0) orientation is preferred for growth because a (1 1 0) lattice
plane of a BCC phase has the lowest surface energy [43]. When
RN = 10%, the coatings showed a stronger (1 1 1) FCC orientation
with relatively minor ones. However, when RN = 20%, the (1 1 1)
peak intensity decreased and the (2 0 0) peak intensity increased,
implying a change in coating crystallography. Moreover, the (1 1 1)
and (2 0 0) peak intensities decreased simultaneously at RN = 30%.
Note that grain size decreased as RN increased to 30%. The coat-
ings essentially had a complete (2 0 0) preferred orientation for
RN = 40% and RN = 50%. The grain size further decreased with a con-
siderable increase in RN. The relative intensities of the diffraction
peaks and average grain sizes of the (TiVCr)N coatings are listed in
Table 2. Such pronounced change in the preferred orientation with
an increase in RN is explained by kinetics and thermodynamics. The
preferred orientation is a consequence of the competition between
neighboring grains. This competition leads to an evolutionary selec-
tion of the fastest-growing grains. Hence, the resulting preferred
orientation corresponds to the orientation with the fastest growth
rate in terms of geometry. In the case of the FCC [NaCl-type] struc-
ture, the (2 0 0) plane offers the lowest number of nearest neighbors
to the incoming adatom and thus has the lowest growth rate in the

viewpoint of kinetics. Conversely, (1 1 1) grains with the highest
number of nearest interacting neighbors grow fastest. The (1 1 1)
grains consequently expand slowly and overgrow all other grains.
Associated with the shadowing effect-induced preferential depo-
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Fig. 3. Plan-view and cross-sectional SEM micrographs of the (TiVCr)N c

ition, the difference is exacerbated. However, when sputtering at
nough high RN, the reactive gas acts as atomic N, which can orig-
nate from the N2 dissociated in the gas phase or from N2

+ ions
ccelerated toward the substrate that undergo collision-induced
issociation. In this situation, N spontaneously chemisorbs onto the
itride surface, subsequently forming a steady-state N coverage on
he nitride surface itself. The plane with the lowest number of near-
st neighbors changes from the (2 0 0) plane into the (1 1 1) plane,
eading to a (2 0 0) preferred orientation growth [44–46]. The (2 0 0)
lane has the lowest surface energy, as observed in the thermody-
amic viewpoint [47]. Thus, the nitride coatings with high adatom
obility are expected to grow along the (2 0 0) orientation. The ion-

o-atom ratio has a significant influence on adatom mobility during
rowth. Nitride growth under high ion-to-atom ratios gives more
ow-energy ion fluxes colliding with growing coating. Therefore,
he (2 0 0) orientation prefers to grow at high RN [48]. Moreover, an
ncrease in RN results in an increase in the proportion of energetic
ischarge species to deposited atoms at the growing coatings; this

s mainly due to a decrease in the deposition rate [29]. When the
nergy flux is very high, even recrystallization or restructuring can
ccur. The whole coating then aims for its lowest surface energy.
he combination of these effects results in a preferential growth of
2 0 0) grains, which is consistent with the results of this study.

Table 2 indicates that the average grain size of (TiVCr)N coatings
ecreases with increasing RN. Interestingly, the relative intensities
f diffraction peaks and average grain sizes of the TiVCr alloy coat-
ngs were less than those of the TiVCr nitride coatings deposited
t RN = 10%. For TiVCr alloy coatings, forming a highly crystallized
olid solution structure is difficult due to the differences in the
etallic elements in terms of atomic size and structure. In con-

rast, TiN, VN, and CrN have similar lattice constants and structures.
he TiVCr nitride coatings deposited at RN = 10% could therefore
ave higher crystallinity and larger grains than TiVCr alloy coatings.

similar investigation was reported in which the alloy coatings

ave an amorphous structure whereas the nitride coatings have
n FCC crystal structure [28–30]. The coatings in this study were
eposited at a substrate bias of −100 V. The energetic bombard-
ents enhanced the mobility of lattice atoms in the deposited
s deposited at various RN: (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, and (f) 50%.

coatings, thereby improving film quality and increasing grain size.
However, the excess energetic bombardments damaged the coat-
ings during deposition and may have caused a self-resputtering
effect [49,50]. As RN increases, a greater proportion of ener-
getic species to depositing atoms occurs in the growing coating.
Therefore, the resputtering effect becomes relatively greater and
consequently induces renucleation. As a result, the grain size con-
tinues to decrease with increasing RN [51].

3.2. Microstructure development

Fig. 3 shows the plan-view and cross-sectional SEM micrographs
of the (TiVCr)N coatings deposited at various RN. All the (TiVCr)N
coatings present uniform and homogenous structures. For the TiVCr
alloy coatings, slightly faceted surface features and typical colum-
nar structures were observed. The structure was quite compact and
dense, which can be attributed to the application of substrate bias.
A V-shaped columnar structure with a clearly faceted surface was
obtained at RN = 10%, which suggests the formation of a specific
crystallography in these coatings. The grain size was then observed
to have increased significantly. As RN increased to 40% or 50%,
the coatings exhibited a particular change in grain morphology,
from strongly faceted pyramid-like grains to non-faceted spherical
grains. This implies that recrystallization and restructuring took
place at high RN.

The plan-view and cross-sectional TEM micrographs with
selected area diffraction (SAD) patterns of the (TiVCr)N coatings
deposited at various RN are shown in Fig. 4. All the coatings are
uniform and there were no observable precipitations. A native
amorphous SiO2 layer was present at the interface between the
Si wafer and the (TiVCr)N coatings. To reduce the surface energy,
randomly oriented minute (TiVCr)N grains initially formed near the
substrate surfaces and then tapered crystallites began to develop

[52]. Similar to the aforementioned SEM observations, no visible
void existed in the coating for TiVCr alloy coatings. A compact,
dense columnar structure with indefinite boundaries was observed.
The SAD patterns indicate the formation of a BCC crystal struc-
ture with a (1 1 0) preferred orientation. The coatings exhibited
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Fig. 4. Plan-view and cross-sectional TEM micrographs with SAD patter

-shaped columnar structures with faceted pyramid-like surfaces
t RN = 10%. A few micro and open voids were subsequently found
n the coatings. As RN continually increased to 40% or 50%, the
-shaped features and voids disappeared and the surface morphol-
gy transformed into a dome-like structure. In the SAD patterns
f the TiVCr nitride coatings, diffraction rings corresponding to
n FCC crystal structure were identified. However, for the coating
eposited at RN = 50%, a near complete (2 0 0) preferred orientation
as observed. These results are consistent with the present XRD

nalysis.
The AFM images of the (TiVCr)N coatings deposited at vari-

us RN are presented in Fig. 5. The surface roughness of the TiVCr
lloy coating deposited at RN = 0% was about 2.3 nm. At RN = 10%,
he surface roughness of the coatings increased to 14.9 nm due to
he increasing size of the columnar structure. When RN was fur-
her increased to 50%, densifications of the structure, as well as

rain refinement occurred and the surface roughness decreased to
.5 nm.

The microstructure of the sputtered coatings is influenced by
any factors. In this study, the microstructure development can

e represented as a function of RN. The structure was likely dense
the (TiVCr)N coatings deposited at various RN: (a) 0, (b) 10, and (c) 50%.

and smooth for the TiVCr alloy coatings. The nitride formed at
RN = 10%, where a V-shaped columnar structure with a pyramid-
like top surface and a much higher roughness of up to 14.85 nm
were observed, implying the occurrence of an evolutionary over-
growth mechanism [53]. Due to the anisotropy of the growth rate
on the crystallographic orientation, as previously mentioned, the
fastest growing grains will overgrow all other grains. In other
words, columns with the favored orientations will slowly emerge
and kinetically overgrow the disadvantaged columns. The resulting
coating will be characterized by V-shaped columns, all of which
are faceted and have a preferred orientation, which correspond
to the (1 1 1) orientation with fastest growth rate. In combination
with the shadowing effect, the difference was exacerbated, result-
ing in high surface roughness and open column boundaries. When
RN was increased to 50%, the energy flux was so substantial that
even recrystallization during grain growth occurred. Orientation

selection was driven by lowering the surface energy of the whole
coating as much as possible. As a result, the (2 0 0) grains con-
sumed all other grains and straight, dome-like columns without any
evolutionary V-shaped overgrowth formed the film [48]. However,
the relatively larger resputtering effect increased the renucleation
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Fig. 5. AFM images of the (TiVCr)N coatings deposited

ate of the growing films, which in turn, inhibited grain growth
49–51].

.3. Mechanical properties

The mechanical properties of the (TiVCr)N deposited at vari-
us RN are plotted as shown in Fig. 6. The elastic modulus of the
lms basically followed the same trend as the hardness. The hard-
ess of the TiVCr alloy coatings reached 12.60 GPa, higher than
hat of typical pure metal and alloy coatings (i.e., Ti, ∼4.5 GPa;
, ∼2.6 GPa; Cr, ∼4.7 GPa; Zr–Cu, ∼4.0 GPa; Zr–Cu–Ti, ∼6.6 GPa;
i–Ti, ∼8.0 GPa; Al–Ti, ∼9.0 GPa; and Zr–Y, ∼6.0 GPa) due to the

olid solution strengthening effect provided by the incorporation

f atoms having different sizes [3,42,54–56]. However, the hard-
ess decreased by 8.54 GPa when RN increased from 0% to 10%. This
an be attributed mainly to the high density of the voids between
he columns due to the evolutionary overgrowth mechanism. As

ig. 6. Hardness and elastic modulus of the (TiVCr)N coatings deposited at various
N.
ious RN: (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, and (f) 50%.

RN increased from 10% to 50%, the hardness increased from 4.06 to
18.74 GPa. The mechanical properties of the films were enhanced
because the strong bombardment of the growing films at high RN
markedly reduced the density of the voids existing between the col-
umn structures [27,57]. Grain refinement also has an effect when
the mechanical properties were increased. These impede atomic
migration and hamper boundary sliding during plastic deforma-
tion. The densification of the structure and the grain refinement
were then considered as the main contributors to the increased
hardness.

4. Conclusions

In this study, (TiVCr)N coatings were prepared by reactive mag-
netron sputtering of a pure equimolar TiVCr target on Si (1 0 0)
wafers at RN ranging from 0% to 50%. Our results indicate that
the elemental sputtering yield in the TiVCr alloy, which was
not reported in the literature, followed the sequence Cr > V > Ti.
The deposition rate gradually decreased with increasing RN. The
deposited TiVCr alloy and nitride coatings possessed BCC and
FCC solid solution structures, respectively, rather than multiphase
complex structures. The TiVCr alloy coating deposited at RN = 0%
exhibited a very dense and smooth columnar structure with a (1 1 0)
preferred orientation, whereas the (TiVCr)N coating deposited
at RN = 10% had a V-shape columnar structure with open void
boundaries. Highly faceted features were observed on the surface,
especially for the coatings with strong (1 1 1) preferred orien-
tations. The microstructure of the (TiVCr)N coatings is evolved
through the competitive growth between adjacent (1 1 1)- and
(2 0 0)-oriented grains, which is typical of an evolutionary over-
growth mechanism. As the RN was increased from 10% to 50%,
the microstructure of the coatings visibly changed to denser and

smaller columns with domed surfaces. The change in the preferred
orientation from (1 1 1) to (2 0 0) was also observed. As indicated by
TEM cross-sections, no evolutionary overgrowth that corresponds
to recrystallization and restructuring occurred. The hardness and
elastic modulus of the nitride coatings deposited at RN = 50% were
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