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a  b  s  t  r  a  c  t

A  direct  link  between  the  microstructure  and  mechanical  properties  of  CrSiN  coatings  with  varying  Si con-
tents  was  established  by  examining  their  microstructural  evolution  and  deformation  behaviour,  enabled
by cross-sectional  transmission  electron  microscopy.  A transformation  from  a  columnar-grained  struc-
ture, in  the  binary  compound,  to a nanocomposite  structure,  consisting  of  CrN  nanocrystallites  embedded
in an  amorphous  matrix,  was  observed  in  the  coating  having  a Si content  of  28.5  at.%.  The  columnar-
structured  coatings  were  observed  to deform  by  grain  boundary  shear  sliding,  whilst  cracks  occurred
in  nanocomposite  coatings.  Moreover,  the  coating  having  a  Si content  of 14.3  at.% exhibited  the  highest
-ray photoelectron spectroscopy (XPS)
eformation structure
oatings
hromium silicon nitride

hardness  as  a result  of  grain  boundary  strengthening  facilitated  by  Si3N4 segregation,  together  with  solid
solution  strengthening  of  Si in  CrN,  the  Hall–Petch  effect  for  the finer  CrN  grains  and  a high compressive
residual  stress.  A further  increase  of Si content  to  28.5  at.% led  to a reduction  in  hardness  due  to  the high
volume  fraction  of  the  amorphous  phase,  together  with the  presence  of  cracks  in the  as-deposited  coat-
ing. The  findings  provide  deeper  insight  into  the  origin  of  the  mechanical  behaviour  of CrSiN  coatings.
. Introduction

Increasing demands on the performance of protective coat-
ngs under harsh conditions such as dry, high speed machining
peration call for high hardness and good oxidation resistance.
hromium nitrides (CrN) have attracted considerable attention
wing to their good combination of mechanical and thermal prop-
rties [1,2] compared to other nitrides of transition metals, such as
iN [3].  More recently, superhardness (hardness >40 GPa) has been
chieved in titanium nitrides by the addition of Si that changes the
icrostructure from closely packed columnar TiN grains into TiN

anocrystals embedded in a Si3N4 amorphous matrix [4,5]. Such
xtremely high hardness is attributed to the combined effects of the
ne grain size together with the strong interfacial bonding between
he TiN nanocrystals and the surrounding amorphous phase. The
ame strategy has been applied to harden CrN coatings. Despite
 similar microstructural evolution through Si additions to CrN,
he hardness of CrSiN coatings obtained ranged from 24 to 32 GPa

∗ Corresponding author. Tel.: +61 2 9385 4425; fax: +61 2 9385 6400.
E-mail address: a.wo@unsw.edu.au (P.C. Wo).
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[2,6–9] and the improvements in hardness are less remarkable than
those observed in the TiSiN system.

For CrSiN coatings with low Si contents (5.4 at.% [6],  ∼3 at.%
[10] and ∼0.7 at.% [7]), the increase in hardness was  attributed to
a solid solution of Si in crystalline CrN. At higher Si concentrations
(up to ∼13 at.%), the increase in hardness is usually attributed to
the size reduction of CrN grains that frequently exhibit a {2 0 0}
preferred orientation [2,6,7,11,12]. CrSiN coatings, exhibiting CrN
grains with a {2 0 0} orientation were shown to be more resistant
to deformation compared to coatings where the grains exhibited a
{1 1 1} preferred orientation [10]. However, the hardness of coat-
ings which exhibit strong textures may  also be lowered by the
presence of localised defects that involve ‘tubes’ of a lower density
material, compared to surrounding phases [10,13]. This is because
such defects tend to be aligned parallel to the film growth direction
and so coatings that exhibit such localised defects may show less
resistance to deformation when it is under a load normal to the
coating surface.

Although a number of studies have examined the influence of Si

on the microstructure and mechanical properties of CrN films, the
factors that control the mechanical properties of the CrSiN coatings
are poorly understood, primarily due to an absence of studies where
the microstructure following deformation has been characterised.

dx.doi.org/10.1016/j.msea.2011.11.072
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:a.wo@unsw.edu.au
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ecent detailed studies on deformation in TiSiN coatings [14,15],
ave provided an understanding of the role of microstructure in
ontrolling the mechanical behaviour of these coatings.

In addition, it is well-known that coatings usually contain high
ompressive residual stresses [16–19].  Residual stress in CrN coat-
ngs has shown to have pronounced influence on both hardness
20] and fatigue strength [19]. However, the influence of Si content
n CrSiN coatings on the magnitude of the residual stress and the
onsequent impact of this stress on mechanical behaviour is not
nown.

In this work, the microstructural changes of CrSiN coatings
hrough the addition of Si were characterised using cross-sectional
ransmission electron microscopy (XTEM). The surface chemical
omposition of the coatings was studied by X-ray photoelectron
pectroscopy (XPS). Then, the hardness, elastic modulus and resid-
al stress of these coatings were determined by nanoindentation.
inally, the role of microstructure in controlling the mechani-
al properties of CrSiN coatings was clarified by examination of
anoindentation-induced subsurface deformation using XTEM.

. Experimental

.1. Deposition of coatings

The CrN and CrSiN coatings were deposited on AISI M2  tool
teel substrates (heat treated to a hardness of HRC of 62) using a
eer UDP 650/4 closed field unbalanced magnetron sputtering sys-
em with a four-target configuration (Teer Coatings Ltd., Droitwich,

orcestershire, UK). The steel substrates were polished to an aver-
ge surface roughness of ∼0.03 �m before being loaded into the
acuum chamber. Prior to film deposition, the polished steel sub-
trates were sputter cleaned with an Ar plasma at a bias voltage
f −500 V for 30 min  to remove oxide layers and other contami-
ants on the substrate surface. High purity Ar gas was pumped into
he chamber at a rate of 50 sccm via a mass flow controller (MFC)
MKS Instruments, Inc., Andover, MA,  USA) and the gas pressure
as maintained at ∼0.17 Pa during sputter cleaning. Before depo-

ition of either CrN or CrSiN, a wetting layer of Cr (∼0.2 �m)  was
eposited by supplying a DC current of 5.0 A to the two Cr targets
or 3 min. This Cr layer serves to improve the adhesion between the
itride coating and the substrate. Throughout the film deposition
rocess, the substrates were maintained at ∼550 ◦C and rotated at

 constant speed of 10 rpm. Two Cr and one Si targets, each having
imensions of about 380 mm × 175 mm × 10 mm,  were used and
he bias voltage was maintained at −80 V. Nitrogen reactive gas
as introduced into the chamber for the formation of nitrides. The
ow rate of N2 gas was maintained by another MFC  at a rate of
0 sccm. Four samples, namely one CrN binary coating and three
rSiN ternary coatings of different Si contents, were prepared. The
hree CrSiN coatings have increasing Si contents and hereafter are
dentified as CrSiN-1, CrSiN-2 and CrSiN-3 (Table 1). Various combi-
ations of currents were supplied to the targets to produce samples
ith different Si contents, as summarised in Table 1. The silicon

ontent in the four coatings was found to increase as either ISi
ncreased or ICr reduced (Table 1). The Si content of the samples was
alculated from an expression Si/(Cr + Si + N) using results obtained
rom XPS (discussed below). Values listed in Table 1 are for refer-
nce only as oxygen was also detected from the near surface region
f the coatings and may  not represent the average Si content across
he thickness of the coatings.
.2. X-ray photoelectron spectroscopy

The composition and chemical bonding state for all four coat-
ngs were investigated by XPS. Before analysis, the samples were
gineering A 534 (2012) 297– 308

ultrasonically cleaned in acetone, alcohol and then distilled water,
respectively, at room temperature. XPS analysis was then per-
formed on the as-deposited samples with a Kratos-Axis Ultra
spectrometer, using Mg  K� X-ray radiation (h� = 1253.6 eV) with a
background pressure of 10−9 Torr. The voltage and emission current
of the X-ray source were maintained at 12 kV and 12 mA, respec-
tively. Samples were mounted with copper tape with the coating
surface normal to the entrance of the hybrid-mode electrostatic
lens through a slot (iris = 0.6 and aperture = 49). A charge neutraliser
was used during data acquisition. Data was calibrated against the
copper Cu 2p peak, at 932.67 eV, the silver Ag 3d peak, at 368.27 eV,
the 1s carbon peak (hydrocarbon) at 284.5 eV and the Au 4f peak at
83.98 eV. In each sample, a survey scan spectrum was  first acquired
with pass energy of 80 eV and 1 eV step size. High resolution core
level XPS spectra for peaks associated with elements Cr, O, N, and
Si were then obtained from each sample using pass energy of 10 eV
and a finer step size of 0.1 eV for detailed analysis on the bond-
ing states of these four elements. Background of the spectra were
subtracted using the Shirley base-line method [21].

2.3. Nanoindentation and microstructural analyses

A nanoindentation workstation (Ultra-Micro Indentation Sys-
tem 2000, CSIRO, Sydney, Australia), equipped with a Berkovich
indenter, was used to measure the hardness and elastic modulus
of the coatings according to the Oliver–Pharr method [22]. Twenty
indentations were performed on each of the four samples at inden-
tation depths smaller than 10% of the coating thickness in order to
avoid any influence from the substrate. For each test, 20 incremen-
tal and 20 decremental steps were taken under load control. Prior
to the nanoindentation tests, the area function of the Berkovich
indenter tip was  calibrated using a standard fused silica specimen.

Nanoindentation was  also carried out using a spherical indenter,
having a radius of 5 �m,  at a maximum load of 500 mN  to intro-
duce contact damage into the coatings. XTEM samples was then
prepared using a focused ion beam (FIB) microscope (FEI XP 200,
FEI, USA) through the middle of the indentations to facilitate exam-
ination of subsurface deformation. Samples were also made from
undeformed locations for comparison.

Microstructural analysis of coatings’ cross-sections was per-
formed using a Philips CM 200 field emission gun TEM operating
at 200 kV. The TEM was equipped with an energy dispersive X-ray
spectroscopy (EDS) system for elemental analysis.

Indentation tests were also performed using the 5 �m radius
spherical indenter at loads between 15 and 30 mN to study the
residual stress in the as-deposited coatings using the methods
developed by Swadener et al. [16].

3. Results

3.1. Microstructure of the CrSiN coatings

Cross-sections obtained from undeformed regions in the four
coatings were used to characterise their as-deposited microstruc-
ture (Fig. 1(a)–(d)). In the binary CrN film, well-defined, closely
packed columnar grains with their longer axis parallel to the film
growth direction were observed. Similar gain structures can also
be seen in the Cr wetting layer (Fig. 1(a)). Such a closely packed
columnar microstructure can still be observed in both CrSiN-1 and
CrSiN-2 (Fig. 1(b) and (c)), but the grains were finer and shorter
than those with higher Si contents. A dramatic change in the

microstructure occurred when the Si content was further increased
to ∼28.5 at.% (CrSiN-3), in which much finer and more equiaxed
grains were found to be distributed uniformly within the matrix
(Fig. 1(d)).
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Fig. 1. Cross-sectional bright field TEM images and the corresponding SAD patterns of (a) the binary CrN coating, (b) CrSiN-1, (c) CrSiN-2 and (d) CrSiN-3. Diffraction rings
for  {1 1 1}, {0 0 2} and {0 2 2} are indexed in the SAD patterns.
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Table  1
Target current and duration for the deposition of the CrN and CrSiN coatings in the four samples. The Si concentration is obtained from XPS measurements.

Sample ID Si/(Cr + Si + N) (at.%) Current to both Cr targets, ICr (A) Current to the Si target, ISi (A) Deposition time (min)

Binary CrN 0.0 5 0 60
CrSiN-1 8.3  5 1 60
CrSiN-2 14.3 5 5 40
CrSiN-3  28.5 2 5 65

Table 2
Thickness of the CrSiN and Cr wetting layer in coatings measured from XTEM images obtained non-deformed areas.

Total thickness (�m) Thickness of CrSiN layer only (�m) Thickness of Cr layer only (total-CrSiN layer) (�m)

Binary CrN (0 at.% Si) 1.004 ± 0.052 0.848 ± 0.042 0.155
CrSiN-1 (8.3 at.% Si) 1.170 ± 0.013 0.984 ± 0.010 0.186
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CrSiN coatings a Si peak was  also observed. The concentration of
each of these elements was obtained from the spectra, treated by
Shirley background subtraction, using the Vision Processing soft-
ware of the Kratos instrument and the results are listed in Table 3.

Table 3
Chemical composition at the near surface region of the as-deposited CrSiN coatings
derived from XPS analysis.

Samples Cr (at.%) Si (at.%) N (at.%) O (at.%)
CrSiN-2 (14.5 at.% Si) 1.061 ± 0.022 0.917 ± 0.0
CrSiN-3 (28.3 at.% Si) 0.641 ± 0.019 0.495 ± 0.0

Corresponding selected area diffraction (SAD) patterns of the
our coatings are also shown in Fig. 1(a)–(d). Data from the Cr
etting layer and the protective Pt layer, which was deposited
uring XTEM preparation, were excluded when obtaining the SAD
atterns. Discrete diffraction reflections can be seen in the SAD
atterns of the CrN coating (Fig. 1(a)) and CrSiN-1 (Fig. 1(b)). Near-
ontinuous segments of diffraction rings can be seen in the SAD
attern obtained from CrSiN-2 (Fig. 1(c)). In CrSiN-3, the diffrac-
ion rings are uniform and continuous (Fig. 1(d)). These continuous
ings comprise a large number of reflections, suggesting that this
oating is polycrystalline with a very fine grain size. The uniformity
f the rings suggests that these grains are randomly oriented with-
ut any strong preference in orientation. In contrast, diffraction
atterns showing discontinue diffraction ‘rings’ or spots suggest

arger grains in some specific orientations. However, no obvious
exture is apparent in the coatings with the lower silicon contents.
he transition in the SAD patterns obtained from these four sam-
les is consistent with the observations from the bright field TEM

mages that size of the grains in the CrSiN coatings reduces as the
i content increases.

Analysis of the diffraction patterns revealed that the rings
btained from all four samples corresponded to the Bragg reflec-
ions for fcc-structured CrN. Lattice parameters measured from the
rst three diffraction rings (indexed in the SAD patterns in Fig. 1)
btained in the binary CrN, CrSiN-1, CrSiN-2 and CrSiN-3 are 4.22
±0.21), 3.98 (±0.07), 4.29 (±0.11) and 4.05 (±0.14) Å, respectively.
he values in the brackets are the error estimated from the varia-
ions of the mean values calculated from d(1 1 1), d(0 0 2) and d(0 2 2)
ue to the uncertainty in measuring the diameters of the diffrac-
ion rings. The reported value for the lattice parameter of fcc CrN
s 4.14 Å (JCPDS 11-0065) that lies within the range of the lattice
arameters measured from all the samples. Notably, the lattice
arameter of CrSiN-1 is slightly lower than the value for the binary
ompound. As the Si content increased to ∼14.3 at.% (CrSiN-2), the
easured lattice parameter is slightly higher than the value for

he binary compound. A reduction of lattice parameter was  also
bserved in other CrSiN coatings having low to medium Si con-
entration that were deposited by a hybrid arc ion plating and
agnetron sputtering process, presumably caused by replacement

f smaller Si atoms into Cr sites[12]. When the Si content was
urther increased, the Si may  corporate into the lattice intersti-
ial positions which causes expansion of the lattice and so a larger
attice parameter was observed in CrSiN-2 [10,23].  Both substitu-
ional and interstitial of non-stoichiometric Si atoms in the CrN
attice suggests solid solution of Si in CrN. It is possible that the

hange in the microstructure may  lead to a reduction of solu-
ility limit of Si in CrN, and so the lattice parameter is restored
o a value closer to the reported value for the binary compound
12].
0.144
0.146

Thickness measurements, from TEM micrographs of the four
coatings, are shown in Table 2. The mean values of each sample
were obtained from averaging >10 measurements. It can be seen
that the binary CrN, CrSiN-1 and CrSiN-2 coatings have a similar
thickness of ∼1 �m,  but CrSiN-3 is only ∼0.6 �m thick. Clearly, the
thickness of the CrSiN layer in CrSiN-3 is significantly less than
that in the other samples. This is presumably because of the slower
deposition rate due to the lower Cr target current used to deposit
CrSiN-3 (see Table 1). In addition, for coating deposition in a con-
stant nitrogen flow rate environment, as is the case in this study, a
smaller Cr target current is more vulnerable to the so-called target
“poisoning effect” [24], which refers to the formation of a com-
pound film on the target surface that leads to a significant reduction
in the deposition rate [25].

A high density of elongated fine cracks that are aligned parallel
to the film growth direction can be observed in CrSiN-3 (Fig. 1(d)).
Such cracks are not observed in the other coatings. Wang et al. [12]
observed similar cracks in cross-sections of CrSiN coatings having
Si contents between ∼15 and 22 at.%. However, these authors did
not discuss this particular feature in their coatings.

A thin layer between 12 and 15 nm in width can be identified at
the outmost surface of all four coatings (indicated in Fig. 1(a)–(d)).
This layer may  be an artefact due to interaction of the specimens
with either Pt or Ga ions during the XTEM sample preparation in the
FIB. It may  also be an oxide layer that formed on the coating surface
as it was exposed to air after deposition [26,27]. Unambiguous anal-
ysis of this layer could not be achieved using TEM. Thus, XPS was
carried out on the as-deposited coatings to investigate the nature
of this layer.

3.2. Composition and bonding structure of the near surface
region of the coatings

Cr, N and O on the coating surfaces were identified from the sur-
vey scan XPS spectra obtained from all four samples. For the three
Binary CrN 33.2 0 34.9 31.9
CrSiN-1 22.2 5.0 33 39.3
CrSiN-2 18.3 8.3 31.6 41.2
CrSiN-3 15.1 18.5 31.2 35.2
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ig. 2. High resolution (a) Cr 2p, (b) N 1s, (c) O 1s and (d) Si 2p XPS spectra for the fo
s  shown as grey dotted lines. Results of quantitative analysis of the deconvolution 

The curve-fitted high resolution XPS spectra of these four ele-
ents for all four coatings are shown in Fig. 2. The Cr 2p spectra of

ll the coatings (Fig. 2(a)) consisted of two peaks specifically for Cr

p 3/2 and Cr 2p 1/2. The deconvoluted Cr 2p 3/2 peak was  com-
osed of two phases, namely CrN (575.2 eV) and Cr2O3 (576.7 eV).
his indicates that some Cr was bonded to oxygen in the surface
egion across all the samples.
ples. The black solid lines are the experimental results. Deconvolution of the peaks
own in Table 4.

The N 1s spectrum for CrN (0 at.% Si) consisted of a principal
peak from CrN (396.8 eV) and a weaker peak from Cr O N bond-
ing (398.9 eV) (Fig. 2(b)). The presence of Cr O N bond might be

ascribed to surface oxidation [28]. In addition to these two peaks,
a component centred at 397.4 eV, which is most probably due to
Si3N4 [29,30], was also deconvoluted in the N 1s spectra of all the
CrSiN coatings (Fig. 2(b)). Since no well-defined diffraction ring



302 P.C. Wo  et al. / Materials Science and Engineering A 534 (2012) 297– 308

Table  4
Concentration of components observed from XPS results in the four CrSiN coatings.

Elements Peaks indicated in Fig. 2 Possible bonding state Percentage of the corresponding possible bonding state in each sample

Binary CrN (0 at.% Si) CrSiN-1 (8.3 at.% Si) CrSiN-2 (14.3 at.% Si) CrSiN-3 (28.5 at.% Si)

N 1s I CrN 87.1 79.3 53.6 48.5
II  Si3N4 – 11.1 31.7 43.2
III Cr O N 12.9 9.6 14.7 8.3

Cr  2p 3/2 I CrN 51.0 50.8 60.4 67.3
II Cr2O3 49.0 49.2 39.6 32.7

Si  2p I SiOx – – 32.6 49.1
II  Si3N4 – 100.0 67.4 50.9
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the highest E (E = 397 ± 21 GPa), whereas the coating having the
highest Si content (CrSiN-3) exhibited the lowest modulus (E =
347 ± 31 GPa).
O1s I Cr2O3 27.7 

II SiOx –
III H2O, OH 72.3 

orresponding to Si3N4 was found in the SAD patterns
Fig. 1(b)–(d)), the Si3N4 phase in these three coatings is
resumably amorphous in nature.

XPS spectra near the O 1s region obtained from the four sam-
les are shown in Fig. 2(c). Only one peak appeared in this region.
or the binary CrN coating, this peak was deconvoluted to a com-
ination of Cr2O3 (530.9 eV) and OH− (532.4 eV) phases. For all the
ther coatings, the O 1s peak shifted to a slightly higher binding
nergy level and an additional component at 534.4 eV, referring to
he presence of SiOx, was identified.

Analysis of the Si 2p spectra indicated that only Si N bonds were
resent in CrSiN-1 (Fig. 2(d)). At higher Si contents (CrSiN-2 and
rSiN-3), this peak became broader and shifted to a lower binding
nergy level and can be fitted to a combination of SiOx (101.6 eV)
nd Si3N4 (102.4 eV) phases (Fig. 2(d)).

Quantification of the components derived from deconvolution
f the N 1s, Cr 2p, Si 2p and O 1s peaks observed from high-
esolution XPS spectra of the four samples (Fig. 2) discussed above
as carried out using the Casa XPS (V.2.3.15) software. The atomic

oncentration of all the components observed is listed in Table 4.
ccording to the results obtained from the N 1s peak, the con-

ent of Si3N4 increased with Si content. In CrSiN-3, all the nitrogen
as almost equally shared between bonding to Cr, forming CrN,

nd bonding to Si, forming Si3N4. This is in agreement with the
EM observations (Fig. 1(d)) in which a large number of CrN crys-
allites were embedded in the matrix, presumably Si3N4 in the
ase of CrSiN-3. In the CrSiN samples having lower Si contents,
lthough most of the nitrogen is bonded to Cr, a considerable per-
entage of N in CrSiN-1 (11.1%) and in CrSiN-2 (31.7%) formed
i3N4. However, a second phase, besides CrN, is not observable in
he TEM micrographs obtained from these two samples (Fig. 1(b)
nd (c)).

It was also observed in the binary CrN and CrSiN-1 coatings that
r is almost equally bonded to O and N, whereas at higher Si con-
ents, most of the Cr contributed to the formation of CrN. Table 4
lso shows that most of the oxygen is identified as OH bond, which
s likely due to moisture in the ambient environment. Oxides in the
orm of Cr2O3 and SiOx were also observed to be present.

.3. Mechanical characterisation

Nanoindentation hardness, H, and elastic modulus, E, of
he four coatings measured as a function of indentation
ontact depth are shown in Fig. 3(a) and (b), respectively.
he H and E values were obtained from a narrow range
f indentation depths between 0.08 and 0.11 �m,  so that

anoindentation depth was <10% of the thickness of the
oatings, where influence from the substrate is negligible. In con-
rast, by avoiding indentation at depths less than 0.08 �m the

easurements are less likely to be subjected to the influences of
31.4 16.1 17.3
9.5 10.0 4.6

59.15 78.9 78.1

instrumental error, surface roughness of the coating, surface con-
tamination and the observed surface oxide film [31]. It was  found
that CrSiN-2 exhibited the highest H value of 35.8 ± 3.2 GPa.

From Fig. 3(b), it is observed that E of the binary CrN
coating and CrSiN-1 are very similar, i.e. E = 364 ± 21 GPa  for
binary CrN and E = 368 ± 21 GPa for CrSiN-1. CrSiN-2 exhibits
Fig. 3. Results obtained from nanoindentation tests for the four samples: (a) hard-
ness and (b) elastic modulus as a function of indentation contact depth.
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Fig. 4. (a) A plot of hf/hmax versus E*a/R�y for the four samples showing the influ-
ence of residual stress in the coatings on the relative amount of elastic and plastic
deformation in the samples hf/hmax as a function of indentation size (a). The dotted
P.C. Wo  et al. / Materials Science a

.4. Residual stress in the coatings

The residual stress in the coatings was measured by nanoin-
entation. During indentation using a spherical indenter with a
adius R, the mean contact pressure, Pm, in the elastically deforming
aterial is given by:

m = 4E∗a

3�R
(1)

here a is the contact radius. The effective elastic modulus, E*,  rep-
esents the elastic properties measured from the nanoindentation
ests that involves the elastic properties of both the testing material
nd the indenter and is expressed as

∗ =
(

1 − v2
indenter

Eindenter
+

1 − v2
sample

Esample

)−1

,

here � is the Poisson ratio and E is the elastic modulus.
Taljai and Pharr [32] showed that when yielding occurs below

he indenter along the indentation axis, Pm in the testing material
s related to its biaxial residual stress �R and yield stress �y as:

m = 1.07(�y − �R) (2)

ombining Eqs. (1) and (2) and rearranging, �R can be written as
16]:

�R

�y
= 1 − 1.25

�

(
E∗a0

�yR

)
, (3)

here a0 is the contact radius at the onset of yielding.
Swandener et al. [16] observed that the influence of residual

tress on indentation measurement may  be represented by plotting
 graph of hf/hmax against E*a/R�y. The term E*a/R�y is a con-
tant for a single material using a particular spherical indenter.
he parameter hf is the final indentation depth after load removal
nd hmax is the maximum indentation depth. The ratio hf/hmax rep-
esents the relative amount of elastic and plastic deformation in
he material. At the onset of plastic deformation, hf/hmax = 0 and
o the X-intercept of the curve would give the value of a0 that is
equired to calculate �R using Eq. (3). To obtain this data, inden-
ation tests were carried out at each of the four loads of 15, 20, 25
nd 30 mN on all four coatings; more than 15 tests were carried out
t each load. The values of a0 for the samples were then obtained
rom extrapolating the experimental data to hf/hmax = 0 as shown in
ig. 4(a).

The value of �y, roughly equals H/3 [33], which can be obtained
rom another set of nanoindentation data shown in Fig. 3(a). Simi-
arly, value of E* for the samples were obtained from Fig. 3(b).

Using the above results in Eq. (3),  the residual stresses in all four
amples was calculated and are shown in Fig. 4(b) with negative
alues representing compressive stress. In the binary CrN coating,
R = −2.5 GPa. The compressive stress increased with increasing Si
ontent and reached a maximum value of −3.6 GPa in CrSiN-2. The
ompressive stress in the coating having the highest Si content
CrSiN-3) was reduced to −2.5 GPa.

.5. Deformation microstructure of CrN and CrSiN coatings

Cross-sectional TEM micrographs of samples deformed by
ndentation using a spherical indenter at a load of 500 mN for
ll four samples are shown in Fig. 5. Different deformation
icrostructures can be seen in each of the samples, suggest-

ng that deformation mechanism may  vary with silicon content.

ine intercolumnar cracks, as a result of intercolumnar shear
liding, were observed in the binary CrN, CrSiN-1 and CrSiN-2
oatings (Fig. 5(a)–(c)), which all exhibit columnar grain struc-
ures. The density and locations of these intercolumnar cracks
lines are least squares regression curve fits of the experimental data (solid symbols)
to  the form hf/hmax = A + B · ln(E*a/R�y) where A and B are curve fitting constants; (b)
residual stress in the four CrSiN coatings as a function of Si content.

in these three samples are, however, slightly different. For the
binary CrN coating, cracks are observed only at the edge of
the indenter-sample contact and are relatively short (indicated
as ‘a’ and ‘b’ in Fig. 5(a)). These cracks, shown at higher mag-
nifications in Fig. 6, are between 130 and 240 nm long and
occurred mostly along grain boundaries, but did not propagate
to the bottom of this coating. A higher density of intercolum-
nar cracks that spread across the indented area can be observed
in CrSiN-1 (Fig. 5(b)) and most of them are continuous across
the thickness of the CrSiN layer (Fig. 7). Some of these through-
thickness cracks even extend into the Cr wetting layer (Fig. 7(b)).
In these cases, a ‘step’ at the Cr–substrate interface can be
observed (Fig. 7(b)). Through-thickness intercolumnar cracks and
shear steps were also observed in CrSiN-2 (Figs. 5(c) and 8(a)).
Radial cracks, that appear to have initiated from the interface
between the CrSiN coating and the Cr buffer layer, can also be
identified propagating towards the middle of the indent in this
sample (Fig. 8(b)). In addition, the dislocation density in the Cr
buffer layer, where radial cracks occurred, appears to be much

higher than that in the neighbouring undeformed area (Fig. 8(b)).
In the sample with highest Si content (CrSiN-3), a large num-
ber of through-thickness cracks can be seen (Fig. 5(d)). These
cracks are much wider compared to those observed in the other
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ig. 5. Montages of TEM micrographs showing cross-sections of spherical indents
rSiN-2 and (d) CrSiN-3.
amples. The cracks, towards the middle of the indent, are paral-
el to the film growth direction, whereas those near the edge are
tep-like (Fig. 9(a) and (b)). These two types of cracks are identified
o be radial and edge (or inclined) cracks, respectively, which are

ig. 6. Cross-sectional bright field TEM images showing intercolumnar cracks near the s
ndicated as ‘a’ and ‘b’ in Fig. 5(a).
 with a load of 500 mN obtained from (a) the binary CrN coating, (b) CrSiN-1, (c)
commonly observed in hard coatings following nanoindentation
[14,31,34]. Almost all the cracks in this sample were arrested at the
Cr buffer layer and shear steps were not observed in this sample
(Fig. 9(b)).

urface of the indented binary CrN coating. (a) and (b) correspond to the locations
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ig. 7. Cross-sectional bright field TEM images showing through thickness intercolu
ndentation. (a) and (b) correspond to the locations indicated as ‘a’ and ‘b’ in Fig. 5(b

In addition to the formation of cracks, a significant reduction
n the thickness of the films can be observed all four sam-
les following nanoindentation (Table 5), suggesting considerable
lastic deformation occurred in both the CrSiN layer and the
r wetting layer of the coatings to accommodate the applied
tress.

. Discussion

As expected, the addition of Si to CrN exhibits an influence on
he microstructure of the coatings studied here, including a signif-
cant reduction of grain size of CrN (Fig. 1), the formation of Si3N4
nd an increase in the volume fraction of Si3N4 (Fig. 2 and Table 4)
he overall microstructure changed from columnar grains in CrN
nto a structure having nanocrystals of CrN embedded in an amor-
hous Si3N4 matrix, at the highest silicon content. Although not
bvious from the TEM results, a considerable volume of Si3N4 was
etected using XPS in CrSiN-1 and CrSiN-2 (Table 4). Since crys-
als other than CrN were not identified from the corresponding
iffraction patterns obtained from the TEM (Fig. 1(b) and (c)) the
i3N4 observed from XPS is likely to be amorphous in nature. It
s believed that the Si3N4 may  be segregated to the boundaries
s a thin layer between the columnar CrN grains in these sam-
les.

A similar evolutionary change in microstructure due to the
ncrease in Si content in CrSiN coatings has been reported else-

here [2,6,9,12].  Such microstructural changes are expected to

mpose influences on the residual stress and deformation mech-
nisms in the coatings, which may  explain the dependence of
echanical behaviour (here we focused on hardness) on the coating
icrostructure in the samples.

able 5
hickness of the CrSiN and Cr wetting layer in coatings measured from XTEM images at t

Total thickness CrSiN layer only 

Binary CrN (0 at.% Si) 0.863 ± 0.069 0.755 ± 0.054 

CrSiN-1 (8.3 at.% Si) 1.082 ± 0.037 0.925 ± 0.030 

CrSiN-2 (14.5 at.%Si) 0.998 ± 0.038 0.867 ± 0.038 

CrSiN-3 (28.3 at.% Si) 0.615 ± 0.020 0.478 ± 0.011 

a Thickness of the Cr layer is calculated from total thickness − thickness of CrSiN layer.
 cracks and shear step near the edge of the indenter-sample contact in CrSiN-1 after

4.1. Effect of Si content on residual stress in the coatings

Residual stress increased from −2.5 GPa in the binary coating
to −3.6 GPa in CrSiN-2. The higher residual stress in CrSiN-1 and
CrSiN-2 may  be explained by the presence of Si3N4 (Table 4) in
these two  samples. The mismatch of the coefficient of thermal
expansion between Si3N4 and CrN may  generate additional ther-
mal  stresses that increase the residual stress in these coatings. In
addition, a solid solution of Si in the CrN lattice was observed in
these two samples, that may  further increase the internal stress
caused by lattice distortion [9].  It is also known that the intake
of non-stoichiometric atoms in nitride films of transition metals
is grain orientation dependent [23]. It was shown from the TEM
diffraction patterns that CrSiN-2 exhibits smaller grains in a more
random orientation compared to the sample having a lower Si con-
tent (CrSiN-1). The larger number of grains in the sample with
the higher Si content would thus experience a larger degree of
non-uniform lattice distortion and this would lead to higher strain
within this sample. Because of this, the compressive stress in the
coating reached a maximum of −3.6 GPa in CrSiN-2. Compressive
stress in the coating reduced to a level similar to that measured in
the CrN coating (−2.5 GPa) as the Si content (CrSiN-3) was further
increased to the highest level. Despite the present of Si3N4 in this
sample, the dramatic reduction of crystal size (Fig. 1(d)) may  reduce
the distortion from the thermal mismatch between Si3N4 and CrN
and so lead to a lower residual stress. In addition, according to both
TEM (Fig. 1(d)) and XPS (Table 4) analysis, this coating had a very
high volume fraction of amorphous Si3N4, which exhibits a dis-

ordered structure with low density that could not sustain a high
residual stress, resulting in the formation of the fine cracks that
were observed only in this sample (Fig. 1(d)). These cracks may
become visible in the XTEM images as the result of relaxation from

he indents (Fig. 5).

Cr layer onlya Percentage thickness reduction (compare to
measurements in Table 2)

Total Fraction from CrSiN layer

0.108 14.0% 70.2%
0.157 7.5% 67.0%
0.131 6.5% 72.5%
0.137 4.1% 65.3%
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Fig. 8. Cross-sectional bright field TEM images showing (a) through thickness inter-
columnar cracks and shear step near the edge of the indenter-sample contact and
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b)  radial cracks and high density of dislocations near the centre of the indent in the
eformed coating of CrSiN-2. (a) and (b) correspond to the locations indicated as ‘a’
nd ‘b’ in Fig. 5(c).

he residual stresses in the coating during the XTEM sample prepa-
ation [35]. Although a similar, or higher, level of compressive stress
as also observed in the coatings with lower Si contents, most of

he internal stress may  be accommodated by formation of crystal
efects, e.g. dislocations in CrN grains in samples with lower Si con-
ents. In CrSiN-3, the CrN crystals are too small to accommodate the
igh stress by formation of defects and this leads to the generation
f cracks in the brittle Si3N4 matrix instead.

.2. Deformation mechanisms of the coatings

Three major deformation mechanisms following indentation
ere observed in the four coatings: plastic deformation, inter-

olumnar shearing and crack formation. Plastic deformation
bserved in all four samples is expressed by reduction in coating
hickness (Table 5). Considerable thickness reduction (14% reduc-
ion in total thickness, in which a fraction of 70.2% was due to the
hickness reduction of the CrN layer) was observed in the binary
rN coating and the percentage of thickness reduction in the CrSiN
oatings reduced as the Si content in the coating increased. The
eduction in degree of plastic deformation in the coating having
igh Si contents is possibly due to the increase in the volume of the

tiffer Si3N4 phase.

Intercolumnar shear occurred in the binary CrN, CrSiN-1 and
rSiN-2 coatings to differing extents, since intercolumnar cracks
nd shear steps at coating–substrate interface can be observed
Fig. 9. Cross-sectional bright field TEM images of edge cracks observed in the
indentedCrSiN-3 coating. (a) and (b) correspond to the locations indicated as ‘a’
and  ‘b’ in Fig. 5(d).

in these three samples. Through thickness cracks were observed
in the deformed CrSiN-1 coating, but most of the intercolumnar
cracks in the binary sample were arrested in the middle of the film
(Fig. 6). This may be related to the high compressive residual stress
(Fig. 4(b)) [35] and large amount of plastic deformation (Table 5)
in this coating. Despite the slightly higher residual stress, through-
thickness cracks were observed in CrSiN-1. This may be because
although the grains in this sample remain columnar, they tend to
align in a parallel manner, which provide an easy pathway for the
propagation of intercolumnar cracks.

Intercolumnar shear was  also observed in CrSiN-2, but no sig-
nificant shear steps can be seen. This is probably because of the
increase in volume of Si3N4 (Table 4) between the CrN grains that
restrain the shear between grain boundaries. At the same time, the
formation of radial and edge cracks are observed, possibly due to
the brittleness arising from the higher volume of Si3N4.
In the sample having the highest Si content (CrSiN-3), the vol-
ume of the Si3N4 phase was similar to that of the CrN phase. The
CrN crystals were ∼20 nm in diameter, which may  not be deformed
easily by formation and movement of dislocations. Therefore, most



nd En

d
a

4

d
n
b
p
p
m
r
t
c
c
t
m
i

i
(
b
h
fi
a
i
r
h

e
b
c
e
d
I
o
i
n
c
l
t

4

s
o
t
o
y
l
o
t
r
a
w
o
o
t
a

4

t

P.C. Wo  et al. / Materials Science a

eformation occurred in the amorphous Si3N4 matrix that showed
 brittle type of deformation, including edge and radial cracks.

.3. Hardening due to Si addition in CrN

It is known that the hardness of a material depends on the
eformation mechanisms that are in operation. In addition, hard-
ess measured by nanoindentation is also known to be influenced
y residual stress in the testing materials. Materials exhibit com-
ressive residual stress showed higher hardness according to the
rinciple of plasticity [16]. Provided that the samples have similar
icrostructures and thickness, those having higher compressive

esidual stress are expected to show higher hardness. In this study,
he binary CrN and CrSiN-1 coatings deformed primarily by inter-
olumnar shearing. Although the propagation of intercolumnar
racks in CrSiN-1 appears easier than in the binary CrN sample,
hese two samples showed similar hardness values (Fig. 3(a)). This

ay  be because of the slightly higher compressive residual stress
n CrSiN-1.

In this study, CrSiN-2 exhibits the highest hardness. Since
ntercolumnar shear was observed in the indented sample
Figs. 5(c) and 8(a)), the high hardness is possibly due to the com-
ined effect of grain boundary strengthening by Si3N4 segregation,
ardening due to Si as a solid solution strengthener in CrN and the
ner grain size compared to the binary CrN coating and CrSiN-1. In
ddition, both the solid solution of Si and the fine grain structure
n this sample may  also contribute to a relatively high compressive
esidual stress that inhibits intercolumnar shear and so leads to a
igher hardness.

The sample having the highest Si content (CrSiN-3) does not
xhibit columnar grains and so the hardness is primarily governed
y the Hall–Petch relationship. The hardness is reduced as the Si
ontent in the coating was increased to 28.5 at.%, despite the appar-
ntly smaller grain size in this sample (Fig. 1(d)). This is likely to be
ue to the high volume fraction of Si3N4 in this sample (Table 4).

n addition to the intrinsic brittleness of Si3N4, due to its relatively
pen structure, the high density of fine through-thickness cracks
n the as-deposited coating may  also contribute to the lower hard-
ess when the indentation is made near some of these pre-existing
racks even at low indentation depth (<10% of film thickness). The
ow value of elastic modulus of this coating (Fig. 3(b)) is also likely
o be related to the presence of these pre-existing cracks.

.4. Oxide layer on the surface

A high oxygen content (>30 at.%) was observed from the near
urface region of the as-deposited coatings (Table 3). Since XPS can
nly detect signal from the outer ∼10 nm from the surface region,
he thin layer observed from XTEM in all samples is likely a native
xide, similar to that observed in other CrN coatings [26,27]. Anal-
sis of the XPS spectrum near the O 1s peak confirmed that this
ayer is mainly composed of Cr O N and Cr2O3, consistent with
ther studies [36,37,26].  Some OH bonding, likely to be due to
he adsorption and decomposition of water from the ambient envi-
onment (air) [37,26],  was also detected in all the coatings with,
nd without, Si additions. For samples having Si contents, some O
as bonded to Si to form SiOx. Molecular N, which had been also

bserved in some CrN coatings in the literature [36,38] was not
bserved in the samples here, suggesting that the oxide layer in
he current coatings is likely to be stable and formed very soon
fter deposition [26].
.5. Strengthening by addition of Si in CrN compare to TiSiN

Comparing the hardness of the four samples used in this study,
here was only a small increase in hardness by ∼6 GPa due to the
gineering A 534 (2012) 297– 308 307

addition of Si. Although a nanocomposite microstructure was  suc-
cessfully attained by the addition of Si content to a higher level,
the hardness of the coating with the highest Si content (CrSiN-3)
was lower than that of the coating having 14.3 at.% Si in CrSiN-2
(Fig. 3(a)).

In the literature, there have been a number of suggestions to
explain the lower hardness in CrSiN compared to TiSiN [3,7,8].
Firstly, binary CrN is not as hard as TiN [8].  Observations in this
study showed significant thickness reduction in both the CrSiN
layer and the Cr wetting layer following indentation of all four coat-
ings (Table 5), suggesting that plastic deformation occurred in both
CrN columnar grains and Cr grains in the wetting layer. By com-
parison such plastic deformation is usually not observed in TiSiN
coatings [15,39]. It has also been suggested that the covalent bond-
ing between nanocrystals of CrN and the amorphous Si3N4 phase
is much weaker than that between TiN and Si3N4 [3].  As discussed
above, the Si3N4 phase detected in CrSiN-1 and CrSiN-2 in this study
is likely to be located between CrN grains. Thus, a weaker bound-
ary between Si3N4 and CrN would lead to easier intercolumnar
shearing and so lower hardness.

Further, extreme purity of the coating is required to achieve
superhardness in TiSiN [40,41]. It was  found that a traces of oxy-
gen of only 0.1 at.% may lead to a dramatic drop of hardness from
∼80 GPa to ∼30 GPa [40]. In the samples studied here, oxidation
occurred at least on the surface layer. Since indentation for hard-
ness measurement is mostly concentrated at the surface, the oxide
layer apparently reduce the measured hardness. Also, it is very
likely that the oxygen content in the near surface region may  be
significant and so may  lower the hardness.

5. Conclusion

The microstructure, residual stress and hardness of CrSiN
coatings with differing Si contents deposited in a closed field unbal-
anced magnetron sputtering system were studied. It was found that
as the Si content increased, the grain size of the CrN reduced and a
nanocomposite structure consisting of nanocrystals of CrN embed-
ded in an amorphous matrix was achieved when the Si content was
28.5 at.%. TEM examination of the microstructure of the indented
samples showed that samples that exhibited columnar grain struc-
tures primarily deformed by intercolumnar shear. Whereas the
sample showing the nanocomposite-like structure deformed by
formation of radial and edge cracks due to the high volume frac-
tion of amorphous phase, assisted by the dense fine cracks that
probably due to high residual stress in this film. In this study, the
highest hardness was achieved when the Si content in the film
was ∼14.3 at.%, which is likely to be a combined hardening effect
due to grain boundary strengthening by Si3N4 segregation, small
grain size, solid solution of Si in CrN and high residual stress in this
sample.
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