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A series of CrSiCN coatingswith various Si concentrationswere deposited on Si(100) wafers, and the influence of
Si content on the microstructure, mechanical property and crack resistance of the coatings was investigated by
XRD, Raman spectroscopy and nanoindentation. After introducing (CH3)3SiH into precursor from 5 sccm to
30 sccm, the Si concentration increased from 0.97 at.% to 7.00 at.% with gradually increasing formation of
amorphous SiCx and SiNx. Under low Si concentration (0.97–3.40 at.%) condition, solid solution effect and
formation of nc-Cr(C,N)/a-SiNx(a-SiCx) architecture caused an increase in hardness from 18.1 GPa to
21.3 GPa. In contrast, at high Si concentration (5.35–7.00 at.%), larger grain separation, which resulted
from the increase of a-SiNx(a-SiCx), led to a drop of hardness to a low range of 13.0–13.6 GPa and a decrease
in compressive stress from 4.74 GPa to 2.78 GPa. As a result, superior elasticity and high compressive stress
prevented the CrSiCN (Si b 3.40 at.%) coatings from radial crack, whereas the CrSiCN (Si≥ 3.40 at.%) coatings
confronted. However, after unloading, unbalance of high compressive stress (4.74 and 4.83 GPa) in CrCN
and CrSiCN (0.97 at.%) coatings initiated cracks parallel to the indenter edge. On account of favorable H/E,
H3/E2 and compressive stress, the CrSiCN coating with 2.05 at.% Si presented the best mechanical
property and crack resistance.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

CrN coatings have superior mechanical and corrosion-proof proper-
ties, and are regarded as potential substitutes for TiN coatings, which
have been successfully employed to protect cutting tools and molding
dies [1–6]. However, low hardness of CrN coatings stands in its way of
wide application, especially in tribology, where hardness is a crucial
parameter [7,8].Many researchers have attempted to enhance the hard-
ness of CrN coatings by introducingmetal (Ti, Al,W) [9–11] or nonmetal
(Si, C, B) elements [12–14]. Among these elements, carbon has been
adopted frequently due to its excellent self-lubrication ability. Hu et al.
[15] revealed that carbon incorporation (46.43 at.%) could raise the
hardness of CrCN coatings to 2300Hv. Likewise, by 20.00 at.% carbon ad-
dition, an increase of 6 GPa in hardness was reported in Ref. [16].
Accordingly, these CrCN coatings perform more preferable tribology
than binary CrN coatings [15–17]. Nonetheless, Fuentes et al. [18] and
Warcholinski's group [19–22] pointed out that, even though the hard-
ness of CrCN coatings increased, their residual stress also rose to a
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certain extent. Subsequently, higher residual stress led to poor adhe-
sion to substrate, and deteriorated the tribology of CrCN coatings
[19–21]. On the other hand, compared with CrN coatings, CrCN coat-
ings present higher surface roughness due to higher microparticle
density [23]. Thus, it is of paramount importance to restrain residual
stress and refine grain size of CrCN coatings. So far, surface refine-
ment of CrCN coatings by doping Si has been demonstrated in Refs.
[24,25], while the adhesive strength of CrSiCN coatings can reach
up to 42–45 N in Refs. [26,27]. In addition, Jeon et al. [28] reported
a reduction of friction coefficient for CrCN coatings via Si alloying.
However, previous investigations either studied corrosion behavior
alone [24,25], or just focused on a singular Si concentration [26,27].
No attention has been paid on the residual stress and crack resistance
of CrSiCN coatings, especially the influence of Si concentration on the
grain size, residual stress, mechanical property and crack resistance
of the coatings.

In this study, the effect of Si concentration onmicrostructure, surface
roughness, residual stress, elasticity and crack resistance of CrSiCN coat-
ings was investigated by using XRD, Raman spectroscopy, white-light
interferometer, nanoindentation and Field-Emission Scanning Electron
Microscope (FE-SEM).Moreover, the correlation amongmicrostructure,
mechanical property and crack resistance was elucidated.
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Fig. 1. Cross-sectional contour of Si wafer before and after coating.
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2. Experimental details

2.1. Fabrication of coatings

After ultrasonic bath in ethanol and deionized water, monocrystal
Si(100) wafer (H= 12.4 GPa, E = 198 GPa, ts = 525 ± 20 μm)was at-
tached on the turntable in vacuum chamber of Closed-Field Unbalanced
Magnetron Sputtering system (UDP-650, Teer Coatings Limited, UK).
Prior to coating fabrication, a 30min. lasting bombardment of Ar+ plas-
ma at bias voltage of −450 V was carried out for intensively cleaning
and activating Si(100) wafer. Subsequently, in pure Ar atmosphere, a
pure Cr adhesive layer (0.4 μm)was deposited firstly, and then, coupled
with sputtering Cr and C targets at 1 A and 4 A, a series of CrSiCN
coatings were deposited in compound precursor of Ar, N2 and
trimethylsilane (known as TMS) gases under constant pressure of
0.23 Pa. The bias voltage and rotating speed of holder were set as
−60 V and 10 rpm, respectively. Through adjusting flow of TMS, Si con-
centration in coatings was controlled, and CrCN, CrSiCN(5), CrSiCN(10),
CrSiCN(15), CrSiCN(20), CrSiCN(25), and CrSiCN(30) would be used to
symbolize as coatings synthesized with TMS at 0 sccm, 5 sccm,
10 sccm, 15 sccm, 20 sccm, 25 sccm, and 30 sccm in the following
main text.

2.2. Microstructure and residual stress of coatings

The crystal orientation of coatings was detected via X-ray diffraction
(Ultima IV, Japan) at 40 kV and 40mA. 2θ datawas recorded from 20° to
80° with sampling pitch of 0.01 and scan rate of 5°/min. The amorphous
feature of coatings was analyzed by Raman spectroscopy (NRS-3100,
JASCOCo. Ltd., Japan). Moreover, the thickness and composition of coat-
ings were observed and quantified by Field-Emission Scanning Electron
Microscope (JEOL-JSM-7001F) with additional EDS (Inca Energy 350,
Oxford, UK), and relevant results are listed in Table 1.

As seen in Fig. 1, the contours of Si wafers before and after coating
weremeasured by non-contactwhite-light interferometer (CCI 3D, Tay-
lor Hobson Ltd. UK), and the upward bending phenomenon is a typical
result caused by compressive stress after coating. The individual width
(a) and height (h) of each contour were measured, and then individual
radius of curvature (R) can be obtained via R = a2 + h2 / 2 h. Subse-
quently, according to Stoney's formula (1), the compressive stress of
coatings (σc) can be calculated [29–31]:

σ c ¼
1
6

Est
2
s

1−νsð Þtc
1
R2

− 1
R1

� �
ð1Þ

where Es, νs and ts are the elastic modulus, Poisson ratio (0.27) and
thickness of silicon wafer, while tc is the thickness of coatings. In addi-
tion, R1 and R2 are the radiuses of curvature before and after coatings
deposition.

2.3. Mechanical properties of coatings

The hardness (H) and elastic modulus (E) of coatings were mea-
sured by nanoindentation (ENT-1100a, Elionix Co. Ltd.) with Berkovich
Table 1
Thickness and element concentration of CrSiCN coatings at different TMS flows via SEM
and EDS.

Coatings Thickness (μm) Sa (nm) Cr (at.%) Si (at.%) C (at.%) N (at.%)

CrCN 2.00 4.33 48.75 0 8.72 42.53
CrSiCN(5) 1.84 4.72 44.81 0.97 9.25 44.98
CrSiCN(10) 1.96 4.31 42.48 2.05 13.47 42.00
CrSiCN(15) 1.93 4.55 50.49 3.40 16.15 29.96
CrSiCN(20) 1.84 3.15 52.33 5.35 25.30 17.02
CrSiCN(25) 1.99 3.28 55.57 6.20 29.50 8.74
CrSiCN(30) 1.97 3.16 53.49 7.00 33.44 6.07
indenter made of single crystal diamond. Tests were performed at
constant penetration depth of 100 nm to minimize substrate effect,
and 36 nanoindentations were conducted at room temperature to
ensure reliability of data. After nanoindentation tests, individual H/E,
H3/E2 and average elastic recovery were calculated. At last, 1000 mN
was loaded on each sample via nanoindentation, and corresponding
morphology of impression was observed via Field-Emission Scanning
Electron Microscope (FEI-SIRION 200, Netherland) to analyze the
crack phenomena of coatings.

3. Results and discussion

3.1. Composition and microstructure of coatings

Obviously, increasing flow of TMS in precursor promotes Si concen-
tration from 0.97 at.% to 7.00 at.% as well as C concentration from
8.72 at.% to 33.44 at.%. On the contrary, concentration of N declines
from 44.98 at.% to 6.07 at.% (Table 1). Even with different compositions,
deposition rate is almost identical according to similar thickness around
1.9 μm under the same deposition time. The crystal orientation of
CrSiCN coatings as a function of Si concentration is illustrated in Fig. 2.
Besides Cr(210) adhesive layer and Cr23C6(511) peak at about 44°, all
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Fig. 2. X-ray diffraction of CrSiCN coatings at different flows of TMS.
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samples exhibit F.C.C. crystal structure (JCPDS 11-0065, JCPDS 19-0323
and JCPDS 35-0783). As Si content increases to 2.05 at.% and 5.35 at.%,
the (111) and (220) orientations of CrN disappear in CrSiCN(10) and
CrSiCN(20) coatings, respectively. When Si content varies in the range
of 6.20 at.% to 7.00 at.%, only one peak related to CrN(200), Cr(210)
and Cr23C6(511) exhibits in XRD of CrSiCN(25) and CrSiCN(30) coat-
ings. It is indicated that the incorporation of Si can promote growth of
CrN(200) preferred orientation. On the other hand, there is no crystal
peak of SiC(Si3N4), which implies that Simay exist in the forms of amor-
phous SiCx and SiNx.

In order to prove the above deduction, Raman spectra of the coatings
are illustrated in Fig. 3. Overall, spectra of all the samples exhibit broad
peaks with extremely low intensity, which indicates the amorphous
feature of coatings. Without Si doping, the Raman spectrum of CrCN
coating exhibits D peak (disorder) at 1445 cm−1, G peak (graphitic) at
1570 cm−1, and a shoulder peak around 570 cm−1, which is attributed
to overlap of Cr2O3 at 547 cm−1 and 609 cm−1 [32–35]. After alloying Si
with 0.97 at.%, a portion of C bonds with Si, and hence the intensities of
D and G peaks become weaker. With increasing Si concentration from
2.05 at.% to 5.35 at.%, the summit of shoulder peak shifts from
570 cm−1 to 535 cm−1 gradually. In the meantime, D and G peaks dis-
appear. It is implied that carbon is prone to bond with Si rather than
abundant to form amorphous carbon, and the shoulder peak around
535 cm−1 is ascribed to overlap of a-SiCx (521 cm−1) and Cr2O3

(547 cm−1). In addition, alloying Si also reacts with N to form a-SiNx

at 1052 cm−1 [36,37]. Further increasing Si content from 6.20 at.% to
7.00 at.%, as seen in Fig. 4, higher increasing rate of C in CrSiCN(25)
and CrSiCN(30) makes it rich enough to form amorphous carbon, so
that D and G peaks display again in Raman spectra. Moreover, the
broad peaks of a-SiCx at 521 cm−1 and a-SiNx at 1052 cm−1 still exist
[38,39]. Thus, taking XRD and Raman spectra into account, it is
confirmed that Si exists in CrSiCN coatings in the forms of a-SiCx or a-
SiNx, and the content of a-SiCx or a-SiNx increases gradually as a function
of Si concentration.

3.2. Mechanical properties of coatings

Themechanical properties of coatings are strongly dependent on in-
dividual microstructure. After alloying 0.97 at.% and 2.05 at.% Si, the
hardness of CrSiCN(5) and CrSiCN(10) coatings raises gradually to
21.3 GPa from 18.1 GPa (Table 2). Generally, under low element doping
condition, the insertion of atom prefers to seize the interstitial or
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Fig. 3. Raman spectra of CrSiCN coatings at different flows of TMS.
substitutional position of matrix atom, and then suppresses the motion
of dislocation [40,41]. Thus, the enhancement of hardness for
CrSiCN(5) coating is attributed to this solid solution effect. Regarding
the CrSiCN(10) coating, due to formation of a-SiNx, the composite
structure of nc-Cr(C,N)/a-SiNx contributes to the increase of hardness
[42]. When Si doping concentration reaches to 3.40 at.%, more a-
SiCx(a-SiNx) enlarges the separation of grain, and hence the hardness
of CrSiCN(15) drops sightly to 19.4 GPa. What is worse, much more Si
alloying (5.35–7.00 at.%) i.e. much more a-SiCx(a-SiNx) expands grain
separation continuously, and leads to sharp decline of hardness to
13.0–13.6 GPa for CrSiCN(20), CrSiCN(25) and CrSiCN(30) coatings.
Taking elastic modulus into account, H/E and H3/E2 are listed in
Table 2, and present the same variation trend as hardness. As it is
known, H/E reflects elastic strain to failure while H3/E2 is proportional
to plastic deformation resistance in one sense [43]. Thereby, the
CrSiCN(5) and CrSiCN(10) coatings with higher H/E and H3/E2 may be
of better elasticity than the rest. By contrast, CrSiCN(20), CrSiCN(25)
and CrSiCN(30) coatings may exhibit worse elastic abilities due to
lower H/E and H3/E2. It is worth noting that, as compared with high
Si-containing coatings, CrSiCN(5) and CrSiCN(10) coatings present
higher elastic recovery too.

As the above mentioned, more formations of a-SiCx and a-SiNx fill
into the separation of grain as ‘amorphous glue’, and so as to make
CrSiCN coatings become more firm [44]. For this reason, three-
dimensional arithmetic average deviation (Sa) decreases as Si concen-
tration increases (Table 1). On the other hand, this firmness feature
can be indirectly proved by standard deviation of hardness in Table 2,
which declines gradually.
3.3. Morphologies of nanoindentation impressions by SEM

The SEM images of indentation impressions under 1000 mN are
illustrated in Figs. 5 and 6. It is obvious that the impression marks of
CrCN and CrSiCN(5) coatings exhibit several cracks paralleled to
impression edges, as well as some shear faults on sidewalls. However,
as doping Si increases to 2.05 at.%, there is no any crack on impression
mark of CrSiCN(10) coating except some shear faults.When the concen-
tration of Si raises continuously to 3.40 at.%, it is worth noting that a
short and radial crack appears on indentation mark of CrSiCN(15) coat-
ing, accompanyingwith two cracks along impression edge. Subsequent-
ly, under higher Si content conditions (5.35–7.00 at.%), there are no
signs of shear fault and paralleled crack, but only longer radial cracks
present along the mark corners of CrSiCN(20), CrSiCN(25) and
CrSiCN(30) coatings.



Table 2
Mechanical properties of CrSiCN coatings at different flows of TMS via nanoindentation.

Coatings Hardness (GPa) Standard deviation (GPa) Elastic modulus (GPa) Ec/Es H3/E2 (GPa) Elastic recovery (%) Compressive stress (GPa)

CrCN 18.1 1.32 293 1.48 0.069 54.70 4.74
CrSiCN(5) 19.6 1.10 282 1.42 0.095 58.74 4.83
CrSiCN(10) 21.3 1.19 300 1.52 0.107 59.70 3.59
CrSiCN(15) 19.4 0.81 306 1.55 0.078 55.59 3.97
CrSiCN(20) 13.6 0.77 245 1.24 0.042 48.89 3.94
CrSiCN(25) 13.2 0.33 236 1.19 0.041 49.19 3.50
CrSiCN(30) 13.0 0.26 234 1.18 0.040 49.89 2.78
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Overall, the formation and propagation of crack are a highly compli-
cated process and closely related to three aspects: (1)mechanical prop-
erty of the substrate; (2) microstructure, H, E, compactness of coatings;
and (3) residual stress (σc) during coating fabrication [45,46]. In this
case, because of identical substrate, the effect stemmed from mechani-
cal property of Si(100) can be ignored. But the Ref. [46] made reference
to ratio of elastic modulus of coatings (Ec) to substrate (Es), and drew
conclusion that the necessary condition to avoid film cracking is of a lit-
tle bit higher ratio (Ec/Es ≥ 1.3). Thus, according to values of Ec/Es in
Table 2, CrCN, CrSiCN(5) and CrSiCN(10) coatings suppress occurrence
Fig. 5. Impressions of (a) CrCN, (b) Area A of CrCN, (c) CrSiCN(5), (d) CrSiCN
of radial crack, whereas CrSiCN(20), CrSiCN(25) and CrSiCN(30) coat-
ings suffer it. With regard to the second aspect, due to higher H/E
(≥0.062), H3/E2 (≥0.069) and elastic recovery, CrCN, CrSiCN(5) and
CrSiCN(10) coatings possess adequate elastic abilities to restrain radial
cracks. The similar phenomena of Al–O–N and Zr–Al–O coatings were
reported in Refs. [47,48], in which the critical value of H/E was around
0.1. By contrast, for CrSiCN(20), CrSiCN(25) and CrSiCN(30) coatings,
the relatively inferior elastic abilities lead to confrontation of radial
cracks. Moreover, with increasing Si content, CrSiCN(20), CrSiCN(25)
and CrSiCN(30) coatings contain higher Cr and C contents in the
(10), (e) CrSiCN(15) and (f) Area B of CrSiCN(15) coatings at 1000 mN.
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Fig. 6. Impressions of (a) CrSiCN(20), (b) AreaA of CrSiCN(20), (c) CrSiCN(25), (d) Area B of CrSiCN(25), (e) CrSiCN(30) coatings at 1000mN and (f) scanning route of laser for indentation
contour and stretch by compressive stress after unloading.
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meantime (Table 1). It is deduced that the content of brittle carbides
such as a-SiC and Cr23C6 increase gradually. Dai et al. [49] and Han
et al. [50] reported that brittle carbide phase like chromium carbides
would reduce toughness and elastic recovery of films. Thus, at higher
Si content, CrSiCN(20), CrSiCN(25) and CrSiCN(30) coatings exhibit rel-
atively lower elastic recovery. In the same manner, the more brittle
phases such as a-SiCx and a-SiNx in CrSiCN(20), CrSiCN(25) and
CrSiCN(30) coatings deteriorate their crack resistance.

Although no radial crack forms on impression marks of CrCN and
CrSiCN(5) coatings, the cracks paralleled to impression edge are quite
special, which are attributed to two reasons. In terms of Stoney's formu-
la, the residual stress of individual coating, compressive stress exactly,
was calculated and is listed in Table 2. As the doping concentration of
Si increases to 2.05 at.%, the compressive stress of CrSiCN coatings de-
clines gradually from 4.74 GPa to 3.59 GPa. Then, the compressive stress
increases slightly to 3.94 GPa in the Si concentration range of 3.40 to
5.35 at.%, while a sharp drop to 2.78 GPawhen Si concentration reaches
to 7.00 at.%.Musil's group [51,52] and Jungk et al. [53] reported that ten-
sile stress of coatings promoted formation and propagation of radial
crack, as opposed to compressive stress which could inhibit or shorten
length of radial crack. Thus, higher compressive stress (≥4.74 GPa) of

Image of Fig. 7


Fig. 8. Cross-section morphologies of (a) CrSiCN(5) and (b) CrSiCN(25) coatings.
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CrCN and CrSiCN(5) coating prevents the formation of radial cracks,
whereas CrSiCN(15), CrSiCN(20), CrSiCN(25) and CrSiCN(30) coatings
with lower compressive stress confront radial cracks easier. However,
with favorable H/E (0.063), H3/E2 (0.078) and elastic recovery (55.59
%), the length of radial crack for CrSiCN(15) coating is much shorter
than those of the rest. In addition, similar H3/E2 between CrCN and
CrSiCN(15) coatings implies equivalent elastic strain to failure, and
therefore, paralleled crack appears again on impression mark of
CrSiCN(15) coating. As seen in Fig. 7, only one of the three contours is
shown, with scanning route passing through one corner and the
midpoint of the opposite edge (Fig. 6f). It is obvious that all of the coat-
ings exhibit pile-up rather than sink-in, and hence the paralleled cracks
of CrCN and CrSiCN(5) coatings are impossible to be induced from sink-
in directly. On the contrary, after unloading, the unbalance of compres-
sive stress along impression edge prefers to stretch the coatings toward
impression center (Fig. 6f). Hence, the paralleled cracks present on
impression marks of CrCN and CrSiCN(5) coatings because of higher
compressive stress (around 4.74 GPa). Moreover, the incompact
nature deduced from cross-section morphologies in Fig. 8 makes
CrSiCN(5) coating easier to be peeled off when stretch force exists. On
the contrary, a-SiNx(a-SiCx) as glue makes CrSiCN(25) coating become
denser, and prevents peeling offwhen the balance of compressive stress
is broken after unloading. Above all, on account of the highest H/E
(0.071), H3/E2 (0.107), the best elastic recovery (59.70%), promising
compressive stress (3.59 GPa) and modest Ec/Es (1.52), the CrSiCN(10)
coating with 2.05 at.% Si exhibits excellent resistance to crack whatever
the type is.

4. Conclusions

The microstructure, mechanical properties and crack resistance of
quaternary CrSiCN coatings were elucidated in this study. The conclu-
sions are drawn as follows:

(1) As the concentration of Si increases gradually from 0.97 at.% to
7.00 at.%, amorphous SiCx and SiNx form in CrSiCN coatings,
and its content increases correspondingly.

(2) The solid solution and composite architecture of nc-Cr(C,N)/a-
SiNx contribute to the enhancement of hardness (18.1 GPa to
21.3 GPa) for low Si coatings (0.97 at.% and 2.05 at.%).

(3) The favorable H/E, H3/E2, elastic recovery and compressive
stress endow CrCN, CrSiCN(5) (0.97 at.%) and CrSiCN(10)
(2.05 at.%) coatings potential to inhibit radial crack, as op-
posed to CrSiCN coatings with Si concentration of 3.40 at.%
to 7.00 at.%.

(4) The high compressive stress and incompact nature of CrCN and
CrSiCN(5) (0.97 at.%) coatings lead to peeling off after unloading.

(5) The best elastic ability, modest compressive stress and compact-
ness allow CrSiCN(10) (2.05 at.%) coating to resist radial cracks
and peeling off along impression edge.
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