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A B S T R A C T

Chromium nitride films, deposited using reactive magnetron sputtering, were optimised for wear resistance. The
performance was measured by scratch resistance and optimised by tailoring the residual stresses. The depositions
were carried out with either direct current magnetron sputtering (DCMS) or high-power impulse magnetron
sputtering (HiPIMS), and with varying substrate bias and nitrogen gas flow. With DCMS, all films remained
under tensile stresses and exhibited poor performance in scratch testing. Although the tensile stresses could be
reduced by increasing the nitrogen flow, compressive stresses could only be induced when employing HiPIMS.
Substrate bias had a strong effect in HiPIMS in contrast to the DCMS. The effect of the substrate bias in HiPIMS
can be explained by the high ionisation of the flux of film forming species. In all cases, increased nitrogen flow
favoured formation of CrN over Cr2N. All films showed signs of limited adhesion, which was improved using a
titanium interlayer. Cracking across the scratch could be completely avoided for films with lower tensile or
compressive stresses, the latter also exhibiting the highest critical load. The results show that it is possible to
increase the scratch resistance by tailoring the residual stresses, for which HiPIMS proved a very useful tool.

1. Introduction

Chromium nitride (CrNx) is one of the most common ceramic
coating materials. It has been used as a hard coating since the early
1980's and is well suited to be deposited by reactive sputtering [1].
Advantageous properties of CrN include relatively high wear resistance
and high coefficient of friction (CoF) against steel and ceramics [2–4].
This combination is beneficial when a high grip in a contact is desired
to avoid sliding, and the wear rate must be kept low.

CrN coatings might be beneficial also on hard ceramic materials,
such as alumina. Although alumina is chemically inert and hard, self-
mated alumina surfaces are sensitive to variations in humidity, which
lead to variations in CoF and wear [5]. Coating one of the surfaces in an
alumina/alumina couple with CrN may therefore make the CoF more
stable, and the CoF against alumina has been reported to be relatively
high [2,3].

Residual stresses are very important for the performance of coatings
as the adhesion is of utmost importance. There is no single answer on
how to optimise the adhesion; it is a combined product of interface
strength, residual stresses, surface topography, and loads in the me-
chanical contact. In the case of CrN, the residual stresses are of extra
interest since the film composition and sputtering conditions can
heavily alter the stress level from high tensile to high compressive in

the coating [6,7]. In magnetron sputtering, variation of the substrate
bias is typically used to adjust the residual stresses. Higher substrate
bias results in higher energy of the ions impinging on the substrate,
which leads to ion implantation and thus generation of higher com-
pressive stresses [8,9].

High-power impulse magnetron sputtering (HiPIMS) has been
proven very useful for stress engineering in thin film technologies
[10,11]. In this variant of magnetron sputtering, a standard magnetron
sputtering cathode is operated in a pulsed mode at a low duty cycle and
at a low frequency, to achieve a very high peak power. Thus, peak
power densities of about 0.5–10 kW/cm2 are achieved, which is two
orders of magnitude higher than in standard sputtering [12]. This leads
to significantly enhanced ionisation of the sputtered species, with
beneficial consequences in the form of increased density, enhanced
adhesion, or improved microstructure of the deposited coatings
[13,14]. Another advantage of the HiPIMS technique is its compatibility
with standard direct current magnetron sputtering (DCMS) hardware –
the average discharge power is kept at values comparable to DCMS.

HiPIMS deposition of CrN has been investigated in a number of
reports. In an early publication, Mayrhofer et al. [7] demonstrated hard
CrN films and the effect of the ion to atom flux ratio on the film mi-
crostructure. Ehiasarian et al. [15] showed that the ion assistance in
HiPIMS leads to a dense microstructure and thus improved corrosion
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resistance. The HiPIMS process offers means to tune the residual
stresses in the film, although the deposition rate is typically lower than
in DCMS [16,17]. Other studies analysed the relation between the
processing conditions in different variants of HiPIMS and film micro-
structure [18–20]. Despite the intense research effort, the benefits of
HiPIMS for material synthesis are still debated and the industrial uptake
of HiPIMS is relatively slow. In this work, we show the impact of Hi-
PIMS on the scratch resistance of CrN coatings deposited on alumina
substrates. HiPIMS and DCMS reactive deposition of CrNx is analysed
and the relation between processing conditions, residual stresses, and
the scratch behaviour is discussed.

2. Method and materials

Chromium nitride (CrNx) was deposited using reactive magnetron
sputtering on alumina and silicon substrates. All depositions were car-
ried out in a Lesker CMS-18 ultra-high vacuum deposition system with a
base pressure below 10−5 Pa. The system was equipped with four
magnetron sputtering sources tilted with an angle of 16° in a co-sput-
tering configuration. The target-to-substrate distance was approxi-
mately 180 mm. For the experiments, two magnetron sources Torus
4 HV were used with planar circular targets, with a thickness of 6 mm
and a diameter of 101 mm. Metal Ti (99.7% purity) and Cr (99.95%)
targets were used. The depositions were performed in a mixture of Ar
(99.9995%) and N2 (99.9995%) at a constant deposition pressure of
0.5 Pa. The mass flow of Ar was kept constant at 50 sccm (standard
cubic centimetre per minute) while the N2 flow was either 20 or 30
sccm. The substrates were placed on a rotating substrate holder and
biased during the deposition. The depositions were carried out in DCMS
and HiPIMS modes of sputtering without intentional substrate heating.
In both cases, the average discharge power was kept at 500 W. The
HiPIMS sputtering power was delivered by a Melec SIPP 1000 pulsing
unit supplied by an Advanced Energy Pinnacle DC generator. The
average power was calculated from the instantaneous power, mon-
itored using current and voltage transducers. A pulse on-time of 100 μs
and a frequency of 500 Hz were used. The pulse power Pp is calculated
from the energy per pulse as:
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where Ton is the pulse on-time. DCMS depositions were carried out
using an Advanced Energy Pinnacle+ power supply, operated in pulsed
DC mode at a frequency of 50 kHz. In biased depositions, a pulsed bi-
polar DC bias (frequency of 250 kHz, 1.6 μs off time) was applied by
another Pinnacle+ generator to the substrate.

Process parameters were varied to optimise the scratch resistance,
specifically by tailoring the phases in and residual stress of the films.
The variations in deposition conditions are summarised in Table 1.
Metallic interlayers are often used as a mean to increase the adhesion to
the substrate [3,21,22]. Preliminary results indicated that a Ti inter-
layer performed best, hence about 50 nm of Ti was used in all experi-
ments.

The deposited films with a total thickness of about 800 nm were
characterized with respect to structure, residual stress, and scratch re-
sistance. The film thickness was controlled by deposition time and
measured on cleaved cross sections by electron microscopy.

The film stresses were determined from the curvature they caused

on the coated Si wafers. The Si substrates were 200 μm thick, with a size
of about 20 by 20 mm. The curvature was measured by coherent
scanning interferometry (CSI), using coherence of two light paths to
find the local height of the surface. First, the whole surface was mea-
sured to find the centre of the curvature and then the central 6 by 6 mm
area was analysed. The horizontal and vertical curvatures were used to
estimate the film stresses in two directions, using Stoney's equation
[23,24]. The presented value is the average of these:
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where σf is the calculated film stress, Es is the elastic modulus of the
substrate (130 GPa for Si), νs is the Poisson's ratio of the substrate (0.28
for Si), ds and df are the thickness of the substrate and film (200 and
0.8 μm respectively), and R is the radius of the measured curvature.

X-Ray Diffraction (XRD) patterns were obtained using CuKα radia-
tion in θ-2θ mode with a parallel beam set up (Siemens D5000). The
patterns were recorded with 2θ ranging from 30 to 50°, with a step size
of 0.03°, and 2 s/step acquisition time. The structure of the films was
quantified by calculating the texture coefficient Tc, defined as:
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where I(hkl) are the intensities from the films, Ir(hkl) are the intensities of
the reference and n is the number of diffraction peaks considered [25].

To facilitate the phase identification, elemental composition of the
films was characterized by energy dispersive X-ray spectroscopy (EDS),
using 3 kV acceleration voltage. The Cr Lα (0.573 keV) and N Kα
(0.392 keV) lines were used. For the EDS, a Zeiss Merlin with AZtec EDS
was employed, equipped with a Schottky FEG and X-Max 80 mm2

Silicon Drift Detector.
The adhesion and scratch resistance of the coatings were in-

vestigated on coated alumina rods. The rods were lapped before de-
position, resulting in a smooth surface with randomly distributed pits
(Sa value about 20–30 nm and pits up to tens of μm wide and 2–4 μm
deep). The surface characteristics remained within these numbers after
the deposition.

The films were scratched with a Rockwell C diamond indenter with
200 μm radius, three scratches per sample. The load was increased from
1 to 51 N over 5 mm (10 N/mm) and the scratch speed was 10 mm/min,
resulting in a test time of 30 s per scratch. All scratches were in-
vestigated with light optical microscopy (LOM) to find the critical load
of film failure. A representative selection of the scratches was analysed
with scanning electron microscopy (SEM – Zeiss Merlin with Schottky
FEG) to identify the failure mechanisms. During the scratching, the
normal force, friction force, and acoustic emission were monitored.

3. Results and discussion

3.1. Stresses

It was found that increasing the N2 flow reduces the tensile stresses
for both unbiased and −100 V biased DCMS depositions, see Fig. 1.
Further, it was found that higher substrate bias does not affect the stress
level in the DCMS while in the HiPIMS depositions, the stresses gra-
dually change from tensile to compressive.

All films deposited using DCMS exhibited tensile stresses. The
stresses were as high as 400 MPa, when deposited with low N2 flow and
without substrate bias. By increasing the flow of N2, the stresses were
reduced to less than half of the initial value for both biased and un-
biased depositions, Fig. 1a. Changes in the substrate bias had very weak
effect on the stress level in the DCMS mode especially with low N2 flow,
Fig. 1b. The effect of bias was, however, very strong for HiPIMS. Here,
higher bias resulted in very high compressive residual stresses. In fact,
coatings deposited by HiPIMS with −100 and −250 V bias

Table 1
Varied parameters in reactive sputtering.

Parameter Variation

N2 flow 20; 30 sccm
Bias voltage in DCMS 0; −100; −250 V
Bias voltage in HiPIMS 0; −30; −40; −50; −100; −250 V
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spontaneously delaminated from most substrates, when removed from
the deposition chamber. Therefore, no stress measurements could be
made on thin silicon wafers. However, for HiPIMS films deposited with
−100 V bias, the stresses were estimated from measurement on a

500 μm thick silicon wafer.
In the absence of thermal stresses, the stress in CrN have been

shown to result from two mechanisms, tensile stress generated at the
grain boundaries and compressive stress due to ion peening [26]. The
observed results for the coatings deposited by DCMS could be explained
by a large number of grain boundaries expected for coatings deposited
at a low deposition temperature and a lack of ion bombardment. That is
consistent with the effect—or rather the lack thereof—of the substrate
bias in DCMS. Because of the balanced magnetron source and a long
target-to-substrate distance, the ion flux to the substrate is negligible. In
the HiPIMS process, on the other hand, the effect of the substrate bias is
very strong. This is because a large fraction of the sputtered Cr is io-
nized and thus accelerated by the applied substrate bias. Very high
compressive stresses (reaching −4 GPa) are induced in the film,
Fig. 1b. Even moderate substrate bias has a strong influence. It should
be noted that the substrate bias was not synchronized with the HiPIMS
pulses in this work and therefore implantation of Ar+ in the afterglow is
also expected. This may further increase the compressive stresses [27].
Although the ionized metal flux fraction was not measured in this work,
the decreased deposition rate (1.8 times lower in HiPIMS than DCMS) is
an indication of Cr ionisation. A large fraction of the created ions is
attracted back to the sputtering target and the resulting deposition rate

Fig. 1. Residual stresses in the films, calculated from the curvature of the coated thin Si wafers. a) As function of the N2 flow. b) As function of the DC bias. The film
stress of HiPIMS with −100 V bias is calculated from curvature of a thicker Si wafer. Error of the measurement is estimated from the variation in the curvature
measured along different axes.

Fig. 2. X-Ray Diffraction results, shift corrected to substrate peaks outside of shown angular range and with intensity range equalised. a) All films have a peak close to
CrN (111) and this is more shifted towards higher angles with lower N2 – corresponding well with the higher tensile stresses in these films. With higher N2 flow, this
peak is the only one remaining and it shifts closer to the reference position. b) The films deposited with HiPIMS all have two peaks close to CrN (111) and CrN (200)
and these peaks are shifted towards lower angles for the HiPIMS −50 V film, with the highest compressive stresses.

Fig. 3. Elemental composition measured using EDS. The films deposited with
low N2 flow have a lower N content, closer to Cr2N, compared to the ones
deposited with high N2 flow, closer to CrN.
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is thus reduced [28].

3.2. Structure

The XRD results, Fig. 2, confirmed the influence of the deposition

parameters on the film structure. Exact identification of the phases is
complicated by the close proximity of the reference positions for CrN
(cubic) and Cr2N (hexagonal) from PDF 01-076-2494 and 00-035-0803,
respectively (ICDD, 2019) [29]. The present results can be explained
with the help of literature results using similar deposition conditions.
The peak shifts due to the residual stresses must be taken into account
in such a comparison. In the literature, one of the most substantial ef-
fects is that higher N2 flow favours the formation of CrN over Cr2N
phase [30,31]. Formation of CrN over Cr2N has also been reported to
produce films with lower tensile stresses [6,7]. This agrees well with the
measured decrease in tensile stresses with higher N2 flow, as well as
with measured elemental composition, Fig. 3. The XRD results are
summarised again in Table 2 to present an overview of all process
parameters variations and their effects on the measured residual
stresses. The texture coefficient, Fig. 4, shows that with low N2 flow, the
films grow preferentially in the Cr2N(110) direction. With high N2 flow,
CrN(111) is preferred except for when HiPIMS is employed. Here,
higher bias in HiPIMS favours formation of CrN(200) over CrN(111),
whereas the opposite has previously been reported [17].

The observed texture evolution in the CrN coatings, Fig. 4, is also

Table 2
Interpretation of XRD results from variations together with measured residual stresses.

Constant Variation Phase and Texture Residual stresses [MPa]

Low N2 DCMS: 0 → −250 V Cr2N: (110)&(111) → (110) 380 → 320
High N2 DCMS: 0 → −100 V CrN(111) 160 → 80
DCMS 0 V N2: 20 → 30 sccm Cr2N(110)&(111) → CrN(111) 380 → 160
DCMS −100 V N2: 20 → 30 sccm Cr2N(110) → CrN(111) 340 → 80
High N2 HiPIMS: 0 → −50 V CrN: (111) → (111)&(200) → (200) 130 → −280 → −1170

Fig. 4. Texture coefficient Tc(hkl), for films with a) low N2 flow, and b) high N2 flow. Cr2N grows preferentially in (110) direction while CrN grows in (111) except
when HiPIMS is employed. In the case of HiPIMS, higher bias favours the growth in (200).

Fig. 5. Examples of appearance of full scratches, scale in mm (load 1–51 N). a)
Low N2 flow, unbiased, 380 MPa, b) High N2 flow, unbiased, 160 MPa, c)
HiPIMS, −30 V, −280 MPa, and d) HiPIMS, −50 V, −1170 MPa. All films
were damaged at relatively low loads, resembling recovery spallation. The films
with high tensile stresses also cracked across the scratch width, resembling
tensile cracking.

Fig. 6. SEM images illustrating typical failure mechanisms in scratches a) with, and b) without high tensile stresses. If high tensile stresses are present in the coatings,
tensile cracks crossing the scratch can be seen. Without high tensile stresses, most of the failure occurs at the scratch border or c) just outside the scratch. This
delamination appears to be due to recovery spallation and can be caused by poor adhesion between the coating and the substrate.
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related to the ion bombardment. CrN (200) is thermodynamically fa-
voured over the (111) texture. Under kinetically restricted conditions,
the low diffusivity (111) oriented grains overgrow the (200) grains and
dominate the structure [32]. Due to the low deposition temperature,
CrN (111) dominates the coatings deposited by DCMS. The ion assis-
tance in HiPIMS promotes surface diffusion and increasing incident
energy of bombarding species, the (200) grain is gradually promoted,
Fig. 4b.

3.3. Scratch resistance

The possibility to tune the residual stresses is important in order to
optimise the CrN film performance. Scratch testing showed that the first
damages occurred at relatively low loads for all films, see Fig. 5.
Starting already from relatively low loads, spallation of the entire film
thickness down to the substrate was observed.

However, the failure mechanisms resulting from further increasing
loads were very different. Films with relatively high residual tensile
stresses showed cracking across the width of the scratch track, resem-
bling tensile cracks. The residual stresses combined with the stress from
the indenter cause the films to fail completely.

Films with lower tensile stresses or compressive stresses performed
much better. The spallation was limited to along the edges of the
scratch, resembling recovery spallation [33,34], see Fig. 6. Due to the
early initial and continued spallation for all samples, the acoustic
emission and CoF showed similar results for all tests and was not pos-
sible to use for distinguishing between the samples. The films with low
tensile stresses or compressive stresses did not show any signs of failure
inside the scratch, even at the highest load. Considering the severity of
scratch testing compared to many real applications, this absence of
failure inside of the scratch shows the potential of these films.

The results also indicate the importance of adhesion on the scratch
performance, since poor adhesion can explain the recovery spallation
observed already at low loads. The severity of the damage was reduced
when using Ti interlayer in preliminary tests, which might be explained
by improved adhesion. In this investigation, the adhesive failure occurs
between the interlayer and the substrate. Further optimisation of the
surface finish, cleaning process, or the interlayer deposition is therefore
expected to improve the overall performance. The qualitative influence
of residual stresses, however, will remain the same.

4. Conclusions

We have shown that the residual stresses in CrNx films can be tai-
lored by varying the deposition conditions. In addition to the traditional
parameters, namely substrate bias and N2 gas flow, the effect of ioni-
sation of the sputtered material in HiPIMS has been investigated. Due to
the deposition configuration, the CrN films deposited by DCMC were
under tensile residual stresses. Although it was shown possible to re-
duce the tensile stress magnitude, compressive stresses were achieved
only when ionized deposition by HiPIMS was employed. The strong
effect of the substrate bias was explained by that it caused high ioni-
sation of the flux of film forming species.

Independent of the stresses, all deposited films showed signs of
limited adhesion resulting in recovery spallation right along the scratch
border or just outside of the scratch. The response to increasing the
scratch test load was highly sensitive to the residual stress level. The
films with high tensile stresses cracked across the scratch in a manner
resembling tensile cracking, already at low loads, while the films with
compressive stresses withstood damage within the scratch up to the
highest load.

Even though the loads in scratch testing are high and strongly
concentrated, and by this very different from loading in almost any real
application, the test is useful for initial evaluation of the coating per-
formance. The results clearly show that it is possible to improve the
scratch resistance by tailoring the residual stresses and carefully

selecting the interface material.
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