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a  b  s  t  r  a  c  t

(AlCrMoTaTi)N  coatings  were  deposited  on  Si substrates  via  reactive  magnetron  sputtering.  The  effects
of  N2-to-total  (N2 + Ar) flow  ratio (RN) on the  coating  structure  and  properties  were examined.  Alloy
coatings  have  composite  equiaxed  grain  structures  consisting  of  amorphous  and  body-centered  cubic
crystal  phases,  whereas  nitride  coatings  have  columnar  structures  with  single  face-centered  cubic  crystal
phase.  Distinct  lattice  expansion  and  grain  refinement  were  observed  in  nitride  coatings  as  RN increased.
eywords:
oating materials
itride materials
apor deposition
rystal structure

Typical  V-shaped  columnar  structures  with  faceted  tops  and  open  column  boundaries  transformed  into
denser  and  smaller  columnar  structures  with  domed  surfaces.  Increasing  RN to  30%  caused  the hardness
and  modulus  to  reach  maximum  values  of 30.6  and  291.6  GPa,  respectively.  Electrical  resistivity  increased
from  536  ��  cm to  8212  �� cm  when  RN increased  from  10%  to 50%.

© 2013 Elsevier B.V. All rights reserved.

ransmission electron microscopy (TEM)

. Introduction

Transition metal nitride coatings have been widely used as pro-
ective surface coatings for molding and cutting tools since the
970s [1]. The service lives of these tools are significantly prolonged
nd their commercial values increase because of their functional
roperties such as high hardness, high melting point, and excellent
hemical and oxidation resistances. These properties are strongly
ffected by material composition and preparation conditions. Metal
itride coatings with enhanced properties have been synthesized
sing various deposition techniques and conditions. These coatings
xhibit the widest variety of microstructures among materials in
erms of grain size, crystallographic orientation, lattice defects, tex-
ure, surface morphology, and phase composition. However, the
emand for high performance requires the addition of different
lements to existing nitrides to modify their properties for spe-
ific applications. Ternary Ti–Al–N [2,3] and Ti–Si–N [4,5] systems
ith higher hardness values and oxidation resistances compared
ith their TiN binary counterparts were developed. Alloying nitride
oatings with appropriate elements can effectively modify the coat-
ng properties.

∗ Corresponding author. Tel.: +886 4 2284 0500; fax: +886 4 2285 7017.
E-mail address: fsshieu@dragon.nchu.edu.tw (F.-S. Shieu).

169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.06.057
High-entropy alloys (HEA), comprising at least five principal
metal elements in near-equimolar ratios, have recently gained
much attention for their potential use in various applications [6,7].
These alloys possess simple solid solution structures and versatile
properties caused by high mixing entropy and lattice distortion
effects. Based on similar concepts, metallic, nitride, and oxide
coatings derived from HEA targets are also investigated intensively
and shown to have great potential in coating applications. In these
studies, TiVCrZrY, TiVCrZrHf, and AlCrTaTiZr nitrides exhibit hard-
ness values ranging from 17 GPa to 32 GPa when deposited without
substrate biases or heating [8–10]. Their hardness can be further
improved to 36 GPa up to 48 GPa under biased or heated conditions
[11–13].

At present, developments in advanced hard coatings with
enhanced performances use more elements to form solid solu-
tion structures or even nanocomposite structures with at least two
constituent phases. Among binary nitride coatings, TiN, CrN, and
TaN have attracted considerable attention because of their sat-
isfactory mechanical properties [1,14–16]. Adding Al into cubic
nitride structures not only enhances thermal properties, but also
increases hardness. The former is due to the formation of a pro-
tective Al-rich oxide layer on the coating surface, whereas the

latter is attributed to a solid-solution strengthening effect. MoN
incorporation provides low friction coefficients as a result of the
solid state lubricious properties of molybdenum trioxides [17].
Therefore, in this study, (AlCrMoTaTi)N coatings were deposited

dx.doi.org/10.1016/j.apsusc.2013.06.057
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apsusc.2013.06.057&domain=pdf
mailto:fsshieu@dragon.nchu.edu.tw
dx.doi.org/10.1016/j.apsusc.2013.06.057
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Fig. 1. EPMA element contents in (AlCrMoTaTi)N coatings deposited at various RN.

Fig. 2. Deposition rate of (AlCrMoTaTi)N coatings deposited at various RN.
90 D.-C. Tsai et al. / Applied Sur

ia reactive radio-frequency (RF) magnetron sputtering using AlCr-
oTaTi targets. The effects of N2-to-total (N2 + Ar) flow ratio (RN)

n the microstructure and properties of deposited coatings were
xamined.

. Experimental

(AlCrMoTaTi)N coatings were deposited onto p-Si (1 0 0) wafers
sing an RF magnetron sputtering system with equimolar AlCrMo-
aTi targets 50 mm in diameter. The target alloy was  fabricated
y conventional powder metallurgy technology. Before deposi-
ion, the Si substrates were cleaned, and then rinsed with ethanol
nd distilled water in an ultrasonic bath. The (AlCrMoTaTi)N
oatings were deposited at room temperature in an Ar + N2 atmo-
phere under an RF power of 150 W and a working pressure of

 × 10−3 Torr. The bias of the substrate was fixed at −100 V. During
eposition, the total gas flow-rate ratio was maintained at 30 sccm,
nd RN was varied from 0% to 50%. Deposition time was  increased
ith an increase in RN to maintain the coating thickness at approx-

mately 1 �m.  Targets were presputtered with Ar to remove their
urface oxide layers before deposition.

The chemical compositions of the coatings were determined
sing a JEOL JXA-8800M field-emission electron probe microan-
lyzer. At least three tests were performed for each sample. The
rystal structures were analyzed using a grazing-incidence (1◦)
RUKER D8 Discover X-ray diffractometer using Cu K� radiation at

 scanning speed of 1◦/min. From the full width at half maximum
ntensity, the average grain sizes of the coatings were calcu-
ated using the Scherrer formula [18]. Morphological studies and
hickness measurements were performed using a JEOL JSM-6700F
eld-emission scanning electron microscope (SEM). The deposition
ate was obtained by dividing the thickness with the deposition
ime. Microstructural examinations were conducted using an FEI
.O. Tecnai F20 transmission electron microscope (TEM). The sur-
ace roughness (root-mean-square) values of the coatings were
erived using a Seiko SPA400 atomic force microscope (AFM). Hard-
ess values and elastic moduli of the coatings were measured using

 TriboLab nanoindenter. At least five tests were performed for each
ample. Electrical resistivities of the coatings were measured using

 four-point probe system.

. Results and discussion

.1. Chemical composition and deposition rate

Fig. 1 shows the EPMA chemical analysis element concentra-
ions in the (AlCrMoTaTi)N coatings deposited at various RN values.
or AlCrMoTaTi alloy coatings, the ratio of the target elements in
he coatings deviates significantly from the ratio in the targets. This
ifference was due to the different atomic weights and sputter-

ng yields among the target elements. Accordingly, the reduced Al,
r, and Ti concentrations in the resultant coating are attributed to
heir lower atomic weights, causing these atoms to scatter more
asily during flight before deposition. The higher Cr concentration
ompared with that of Ti may  have been caused by the higher Cr
puttering yield [19]. Introducing nitrogen resulted in variations
n the representation of target elements in the product coating
robably because of the strong affinity for target elements and
itrogen. As RN reached 10%, the nitrogen content increased sharply
o 37.5 at.% and approached 51 at.% at RN = 50%. These coatings can
e regarded as nitride coatings. The effect of RN on the deposition

ate is shown in Fig. 2, indicating that the deposition rate initially
ncreases from RN = 0% to 10%, then gradually decreases with further
ncrease in RN. The initial deposition rate increase may  be attributed
o the incorporation of nitrogen or the formation of loose structures,

Fig. 3. X-ray diffraction pattern of the (AlCrMoTaTi)N coatings deposited at various
RN.
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imilar to the findings in previous studies [20,21]. The deposition
ate reduction at higher RN was due to the nitridation of the target
urface and lower sputtering efficiency of nitrogen ions compared
ith that of Ar ions.

.2. Crystal structure

Fig. 3 illustrates the X-ray diffraction (XRD) patterns of (AlCr-
oTaTi)N coatings deposited at various RN values. Based on the
RD analysis, the relative diffraction peak intensities, grain sizes,
nd lattice constants were determined and are listed in Table 1. For
he AlCrMoTaTi alloy coatings, two diffraction peaks correspond-
ng to the (1 1 0) and (2 1 1) lattice planes of a body-centered cubic
bcc) crystal structure were observed. The high mixing entropies
f multi-principal systems can significantly lower free energy,
hereby lowering the tendency of being ordered. Consequently,

ore stable random solid solutions form more easily than ordered
hases. In our study, Cr, Ta, and Mo  exhibited bcc crystal struc-
ures at room temperature. The bcc structure of Ti at 1150 K can
e retained at room temperature by alloying it with a few ele-
ents, such as Nb or V [22]. Thus, considering the effect of high
ixing entropy, a bcc solid solution structure was formed. How-

ver, AlCrMoTaTi alloys were mainly composed of 53% amorphous
hase and 47% bcc solid solution phase, similar to the report by Tsai
t al. [23]. The compositions of the amorphous and bcc phases in
he alloy coatings were qualitatively analyzed using TEM energy
ispersive spectroscopy. No detectable second phase or significant
lemental segregation was observed (not shown). A coexistence

f amorphous and bcc phases has not yet been reported in other
EA coating systems. Most high-entropy alloy coatings with larger
tomic size difference are easier to form single amorphous struc-
ure in the as-deposited condition, such as AlCrTaTiZr, AlCrTiMoSi,

Fig. 4. SEM micrographs of the (AlCrMoTaTi)N coatings deposited
cience 282 (2013) 789– 797 791

AlCrTiNbY, TiVCrZrHf, and TiVCrZrY. Small (not sufficient) atomic
size difference and the tendency of all five elements to form BCC
should be the major factors to account for the BCC phase formation
besides amorphous phase. In Zhang et al’s work, the atomic size
difference was defined by following equation [24]:

Atomic size difference = 100

√∑n

j=1
ci

(
1 − ri

r̄

)2

where r̄  =
∑n

i=1ciri, ci and ri are the atomic percentage and atomic
radius of the ith element. The numerical factor 100 was used to
amplify the data for clarity. Based on above equation, the atomic
size difference of AlCrMoTaTi, AlCrTaTiZr [10], AlCrTiMoSi [25],
AlCrTiNbY [26], TiVCrZrHf [9], and TiVCrZrY [8] was estimated to
be 5.50, 7.86, 8.68, 12.21, 9.70, and 13.43, respectively. Therefore,
severe lattice distortion caused by large atomic size difference may
lead to amorphous tendency.

(AlCrMoTaTi)N coatings formed a simple face-centered cubic
(fcc) solid solution structure. Despite the differences in the crystal
structures of binary nitrides, (AlCrMoTaTi)N coatings crystal-
lized in an fcc structure, indicating that the fcc structure that
resulted from the incorporation of the fcc-forming binary nitrides
accommodates effectively non-fcc binary nitrides. This behavior
is apparently consistent with other deposited nitride systems,
such as TiAlN and CrAlN [27,28], which still present a single fcc
structure up to approximately 60% Al to Ti or Cr mole ratio. Table 1
shows that the (1 1 0) peak position of AlCrMoTaTi alloy coatings
or the (2 0 0) peak position of (AlCrMoTaTi)N coatings deposited

at RN = 50% approximates the average value of mixed Al, Cr, Mo,
Ta, and Ti, or their nitrides. This finding not only indicates the
formation of a simple solid solution with an fcc structure from
all of the constituent nitrides, but also confirms the effect of

 at various RN: (a) 0, (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50%.
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Table 1
Relative intensities of diffraction peaks, average crystallite sizes and lattice constant of (AlCrMoTaTi)N coatings.

RN (%) Relative intensity Average crystallite size (nm) Lattice constant (Å)

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

0 845.3 – 72.8 8.6 3.19245

RN (%) Relative intensity Average crystallite size (nm) Lattice constant (Å)

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

10 717.9 – 594.5 20.04 4.23196
20  1827.7 – 391.9 14.44 4.26212
30  710.6 – 489.8 9.87 4.27205
40  384.7 36.1 374.6 7.91 4.27512
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grain sizes [35]. Subsequent AFM, SEM, and TEM characteriza-
tions were conducted to clarify further the structural evolution and
observe the structural morphology of the coatings.
50  276.2 541.7 154.0

igh entropies on simplifying crystal structures. Moreover, the
attice parameter increased from 0.4232 nm to 0.4282 nm when
N increased because coatings deposited at higher RN values have
ewer vacant nitrogen sites. This phenomenon is similar to that
iscovered by Kang et al. for TiN alloys [29].

In terms of preferred orientation, AlCrMoTaTi alloys possessed
 strong (1 1 0) bcc orientation with fewer (2 1 1) orientations. This
haracteristic was due to the fact that the (1 1 0) plane is the most
ensely packed among bcc crystal structures such that this plane
as the lowest energy surface for a thin film to grow [30]. When
N = 10%, some nitrides were expected to form, and the (AlCrMo-
aTi)N coatings predominantly had a (1 1 1) fcc orientation with
elatively minor ones. As RN increased to 40% and 50%, the (2 0 0)
eak emerged and was preferred to form. Such change in the pre-
erred orientation with an increase in RN was due to competitive
rowths. While there are initially equal distributions of (1 1 1) and
2 0 0) islands, the former orientation eventually dominates due to
nisotropies in surface diffusivities. That is, the average adatom
esidence time is significantly higher at lattice sites on low diffu-
ivity (1 1 1) surfaces versus high diffusivity (2 0 0) surfaces. Thus,
datoms which are stochastically deposited near grain boundaries
nd, through surface diffusion, sample sites on both sides of the
oundary have a higher probability of becoming incorporated
t the low-diffusivity surface which provides the more stable,
ower potential energy sites. Thus, (1 1 1) grains with low surface
iffusivities grow faster. Atomic shadowing exacerbates the dif-
erence, as protruding surfaces capture more off-normal flux. Thus,
ow-diffusivity (1 1 1) grains slowly expand and overgrow the high-
iffusivity grains. In other words, a (1 1 1) orientation is preferred
o form. However, when sputtering at enough high RN, the change
rom (1 1 1) to (2 0 0) preferred orientation is observed. According
o the report by Gall et al. [31], with increasing N2 partial pressure
r Ji/JTi flux ratio, the dissociation of N2

+ species becomes more
ffective and provides a continuous source of atomic N, which,
fter chemisorption, can significantly alter the surface mobility of
i adatoms depending on whether the surface is (0 0 1) or (1 1 1)
riented. Evidently, low-diffusivity surfaces change from (1 1 1) to
he (2 0 0) planes, thereby resulting in a (2 0 0) preferred orientation
rowth [32,33,8]. Another reason describes this phenomena well.
enerally, the preference of (2 0 0) orientation with lowest sur-

ace energy is understood in terms of adatom mobility during the
rowth. More specific, the transition is believed to occur at a criti-
al ion-to-atom ratio, because the ion-to-atom ratio influences the
datom mobility during the growth in a positive way [32]. As such,
he transition from the transition from (1 1 1) to (2 0 0) preferred
rientation is believed to occur at a certain N2 partial pressure,

ecause the ion-to-atom ratio increases with increasing N2 partial
ressure [34].

RN also has a strong effect on crystallinity and grain sizes,
s listed in Table 1. When RN increased from 10% to 20%, the
7.86 4.28155

(1 1 1) peak intensity increased sharply, indicating crystallinity
improvement. However, grain sizes significantly decreased. For
(AlCrMoTaTi)N coatings with RN ≥ 30%, the peak intensity gradu-
ally decreased. Grain sizes further decreased with a considerable
increase in RN. As mentioned previously, fewer nitrogen site
vacancies at higher RN contribute to crystalline nitride formation.
However, enhanced energy fluxes may  cause a relatively larger
resputtering effect. Thus, this effect at higher RN significantly dis-
torts the crystal lattice, thereby decreasing both crystallinity and
Fig. 5. AEM images of the (AlCrMoTaTi)N coatings deposited at various RN: (a) 0, (b)
10, (c) 20, (d) 30, (e) 40 and (f) 50%.
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.3. Microstructure

Figs. 4 and 5 show the AFM and SEM images of the (AlCr-
oTaTi)N coatings deposited at various RN values, respectively.

or AlCrMoTaTi alloy coatings, a dense structure with a slightly
rinkled surface and a small roughness of 1.3 nm was observed.

ncreasing RN to 10% resulted in a V-shaped columnar structure
ith a clearly faceted surface and a large roughness of 14.6 nm.  As
N increased to 20%, the size of the columnar structure increased,
nd thus, roughness also rose to 16.2 nm.  However, as RN contin-
ed to increase to 50%, the surface morphology transformed to a

ig. 6. Cross-sectional TEM micrographs of the AlCrMoTaTi alloy coating deposited at RN

c–e)  SAD patterns (indicated by the arrow) with the electron beam parallel to the directi
he  arrow).
cience 282 (2013) 789– 797 793

dome-like structure along with a smaller columnar structure with
a small roughness of 4.1 nm.

Figs. 6–8 demonstrate the TEM images with selected area
diffraction (SAD) patterns of (AlCrMoTaTi)N coatings deposited at
RN = 0%, 20%, and 50%, respectively. Similar to the aforementioned
SEM observations, no visible void existed in the AlCrMoTaTi alloy
coatings. A closely packed equiaxed grain structure with differ-
SAD patterns (Fig. 6c–e) with electron beams parallel to (1 0 0),
(1 1 1), and (1 1 0), alloy coatings have an amorphous and bcc crystal
structure. In general, the sputtered metal coatings usually develop

= 0%. (a) Bright-field image. (b) Dark-field image using the (1 1 0) diffraction rings.
ons of [1 0 0], [1 1 1], and [1 1 0]. (f) High resolution TEM lattice image (indicated by
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 columnar structure with crystal phase, mainly caused by self-
hadowing. In this study, the coating growth significantly deviates
rom the columnar grain growth and forms an equiaxed grain
tructure with different size distributions. The energetic ion bom-
ardment at high substrate bias can eliminate the shadowing effect
nd thus inhibit development of columnar structure. In addition,
he incorporation of amorphous phase to the bcc phase can retard
he columnar growth of bcc phase. As a reference, we determine the
rystallographic orientation of a grain with its direction perpendic-

lar to the substrate (out-of-plane orientation). Based on the high
esolution TEM lattice image of a bcc crystal (Fig. 6f), the interplanar
pacing along the growth direction is about 0.226 nm,  concurrent
ith that of BCC (1 1 0). We  denote the [1 1 0] axis direction to be

ig. 7. Cross-sectional TEM micrographs of the (AlCrMoTaTi)N coating deposited at RN = 20
ings.  (c) SAD patterns of bottom part of the cross-section. (d) SAD patterns of top part
ross-section. (f) High resolution TEM lattice image of top part of the cross-section.
cience 282 (2013) 789– 797

parallel to the normal of the coating plane (the growth direction
of the coating) and the [2 0 0] axis to lie in the plane misaligned by
45◦, indicating that the [1 1 0] out-of-plane preferred orientation
evolved.

When RN was  increased to 20%, the microstructure was trans-
formed into V-shaped columns with pyramid-like and sharp-edged
surface morphologies (Fig. 7a and b). Based on the SAD patterns and
high resolution TEM lattice images, the out-of-plane preferred ori-
entation of the underlayer changed from a random orientation at

the bottom to a strong fcc (1 1 1) at the top (Fig. 7c and d). Grain sizes
increased as the underlayer grew, resulting in a V-shaped colum-
nar structure. This behavior is typical for evolutionary overgrowth
mechanisms. During the early stages of growth, small grains with a

%. (a) Bright-field image. (b) Dark-field image using the (1 1 0) and (2 0 0) diffraction
 of the cross-section. (e) High resolution TEM lattice image of bottom part of the
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andom orientation are formed on the substrate to reduce the sur-
ace energy (Fig. 7e). Adatoms that land on a (2 0 0)-oriented grain,
aving a high mobility, can reach the edge of that particular grain
nd contribute to lateral growth. However, if the (1 1 1)-oriented
rains have low mobilities, perpendicular growth is induced. At
oalescence, the (1 1 1)-oriented grains with the highest perpendic-
lar growth speed overgrow the others (Fig. 7f). With this behavior,
long with the shadowing effect, columnar structures with faceted
ops and open column boundaries develop when the coating thick-

ess increases. The interplanar distance along the growth direction

s approximately 0.247 nm,  which is equal to that of FCC (1 1 1).
As RN continued to increase to 50%, evolutionary overgrowth

as compressed (Fig. 8a and b), indicating that recrystallization

ig. 8. Cross-sectional TEM micrographs of the (AlCrMoTaTi)N coating deposited at RN = 50
ings.  (c) SAD patterns of bottom part of the cross-section. (d) SAD patterns of top part
ross-section. (f) High resolution TEM lattice image of top part of the cross-section.
cience 282 (2013) 789– 797 795

and restructuring took place. Thus, the grains became non-faceted
and [2 0 0] out-of-plane oriented (Fig. 8c–f), corresponding to the
plane of the lowest surface energy. The interplanar distance along
the growth direction is approximately 0.214 nm,  which is equal
to that of FCC (2 0 0). Moreover, considering a slight resputtering
effect, the pores and voids in the coatings could be filled as much
as possible, and consequently, an increase in the entire packed
density of the coatings occurred. Simultaneously, grain refine-
ment also occurred because of the increased renucleation rate

of the growing coatings. This increase was  induced by energetic
bombardment-generated defects. The differences in the coating
microstructure significantly contributed to the resulting coating
properties.

%. (a) Bright-field image. (b) Dark-field image using the (110) and (2 0 0) diffraction
 of the cross-section. (e) High resolution TEM lattice image of bottom part of the
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and smaller columns with a domed surface. The preferred orien-
ig. 9. Hardness and elastic modulus of the (AlCrMoTaTi)N coatings deposited at
arious RN.

.4. Properties

Fig. 9 shows the elastic modulus and hardness of the (AlCrMo-
aTi)N coatings deposited at various RN values. For the AlCrMoTaTi
lloy coatings, the elastic modulus and hardness values are 12.9 GPa
nd 173.7 GPa, respectively, which are relatively superior com-
ared with typical coatings of pure metals and alloys. The high
ardness is believed to be attributed to the considerable solid-
olution strengthening effect caused by the addition of a large
mount of different-sized atoms. At RN = 10%, the hardness signif-
cantly increased to 20.6 GPa. This enhanced hardness was due to
he strong Me–N bonding in the coating. When RN increased to
0%, hardness reached a maximum value of 30.6 GPa. As RN further

ncreased, hardness remained almost constant at 28–29 GPa. Given
his analysis, the preferred orientation, grain size, and densification
f coatings significantly change as RN increases. For fcc nitrides, the
1 1 1) orientations is generally the hardest orientation because of
eometrical strengthening. The hardness of coatings is expected
o increase as the (1 1 1) orientation increases. However, in this
tudy, the coating hardness variation was not consistent with that
f the (1 1 1) orientation. This result indicates that the preferred
rientation of coatings does not account for the change in hard-
ess with RN. Strengthening of polycrystalline materials by grain
ize refinement is technologically attractive. The effect of smaller
rain sizes on hardness is classically described by the Hall–Petch
elationship. This relationship is based on dislocation pile-ups at
rain boundaries. Intrinsic hardness could be approximated from
ulk binary nitride hardness [36] using the mixture rule, obtain-

ng a value of 13.3 GPa. Based on the analysis of (AlCrMoTaTi)N
oatings deposited at RN = 10% and 20%, grain size strengthening
as calculated using the Hall–Petch equation. For the (AlCrMo-

aTi)N coatings deposited at RN = 30%, grain size strengthening was
nly approximately 10.0 GPa. However, their enhanced hardness
eached 17.3 GPa, indicating that grain sizes are not the only dom-
nant factor for the hardness of the present coatings. From the
EM and TEM observations, the microstructures were evidently
onverted from a columnar structure with void boundaries and a
ough-faceted surface to a very dense structure with a smooth-
omed surface. Therefore, coating densification is considered to
e another dominant factor because the voids along the bound-
ries are eliminated when RN increases from 20% to 30%. For the
AlCrMoTaTi)N coatings deposited at RN = 40% and 50%, the effect

f densification was negligible because no voids were detected
long the boundaries. The slight decrease in hardness is inferred
o originate from the reverse Hall–Petch effect, which has been
Fig. 10. Electrical resistivity of the (AlCrMoTaTi)N coatings deposited at various RN.

reported for nanocrystalline materials with sufficiently small grain
sizes (<10 nm)  [37]. Plastic deformation in such a case is no longer
dominated by dislocation motion, but by atomic sliding of grain
boundaries.

Fig. 10 shows the electrical resistivity of the (AlCrMoTaTi)N
coatings deposited at various RN values. These alloy coatings have
a lower electrical resistivity of 151.9 �� cm compared with nitride
coatings because of the difference in nature of the bond charac-
teristics. As RN increased from 10% to 50%, electrical resistivity
also increased from 536 �� cm to 8212 �� cm. Considering this
increasing trend in electrical resistivity, the increased N content
and reduced grain sizes (larger fraction of the grain boundary)
are perceived to have the most effect in this study. According to
the strong metal–non-metal bonding theory [38], metals provide
charges to non-metals to form a metal–non-metal bonding. In
this study, electrons were transferred from metal atoms to nitro-
gen atoms. Thus, the number of conduction electrons decreased,
and electrical resistivity increased. The conductivity of the thin
polycrystalline coatings strongly deviated from the conductivity
of corresponding bulk single-crystalline materials because of the
grain-boundary scattering effect. The grain boundary regions with
disordered atom distributions resulted in severe electron scatter-
ing, thereby lowering the mobility rates of electrons.

4. Conclusion

(AlCrMoTaTi)N coatings were deposited at various RN values
via reactive RF magnetron sputtering. The N content increased
rapidly at lower RN values, and then reached around 50 at.% when
RN reached 50%. Composite equiaxed grain structures with amor-
phous and bcc crystal phases were observed in the alloy coatings.
The composite structure is probably due to the reduced num-
ber of constituents with significant differences in their atomic
size. The equiaxed grain structure is due to the combined con-
tributions of energetic bombardment under bias conditions and
two-phase composite structure. At RN = 10% or 20%, nitride coatings
exhibited a single fcc phase with a V-shaped columnar struc-
ture with faceted tops and open column boundaries, indicating
an evolutionary growth mechanism. Significant decrease in grain
sizes and increase in lattice parameter were observed with the
increase in RN. The microstructure was also converted to denser
tation changed from (1 1 1) to (2 0 0), indicating that evolutionary
overgrowth is compressed, and recrystallization and restructu-
ring started to develop. The nitride coating hardness increased
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ivity of nitride coatings was mainly caused by grain-boundary
cattering.
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