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a b s t r a c t

Good oxidation and corrosion resistance are required for cutting tools and other industrial components
used in high temperature applications. The highest operational temperature of CrN is normally about
500 �C. A denser CreN coating prepared by high power pulsed magnetron sputtering e plasma im-
mersion ion implantation & deposition shows oxidation resistance up to 800 �C compare with those
prepared by conventional magnetron sputtering. The hardness and corrosion resistance are shown and
discussed. The enhanced performance can be attributed to a phase transition from CrN to Cr2N during
annealing and there is no obvious oxide formation on the coatings.

© 2014 Elsevier Ltd. All rights reserved.
Good thermal oxidation resistance and corrosion resistance are
needed for high-speed cutting tools and industrial components
used in harsh environments, for instance, pipelines, boilers, etc.
[1e3] and a feasible method to protect the components from high
temperature oxidation and corrosion is to apply a surface coatings.
However, there are normally oxidation and corrosion channels in
coatings prepared by conventional PVD methods such as cathodic
arc deposition and magnetron sputtering because cavities induced
by the “macro-particles” and low energetic deposition, respectively
[4,5].

High power pulsed magnetron sputtering e plasma immersion
ion implantation & deposition (HPPMS-PIII&D) is a relatively new
hybrid technology [6,7] combining high plasma ionization of high
power pulsed magnetron sputtering (HPPMS) and consequent high
energetic ion acceleration of plasma immersion ion implantation &
deposition (PIII&D). By combining the high ionization efficiency in
HPPMS and energetic ion bombardment and implantation
rendered by PIII&D, an extra dense coatings with better oxidation
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and corrosion resistance can be prepared [8,9]. CrN is commonly
applied as a coating due to its excellent oxidation and corrosion
resistance but CrN coatings prepared by conventional PVDmethods
resist oxidation and degradation of mechanical properties only up
to about 500 �C [10,11] which is insufficient in many demanding
applications.

In this work, CreN coatings are prepared by HPPMS-PIII&D and
the oxidation and corrosion resistance of the CreN coatings is
studied after annealing at different temperatures. The performance
of these coatings is compared to that produced by conventional
direct-current magnetron sputtering (DCMS) and high power
pulsed magnetron sputtering (HPPMS) with �100 V DC bias. The
CreN coatings prepared by the HPPMS-PIII&D deliver outstanding
protection even after the annealing at a temperature as high as
800 �C.

Deposition was performed in a vacuum chamber (40 cm in
diameter and 80 cm in height) evacuated by a turbo-molecular
pump and it was carried out in three stages. Firstly, a Cr layer
was produced on Si (100) (for SEM and TEM observation) and
SU201 stainless steel (for other tests) substrates by HPPMS-PIII&D
at 780 V, 50 Hz and 200 ms in an inert atmosphere. The high-voltage
pulses applied to the substrates had amplitudes
of �8 kV, �12 kV, �16 kV, and �20 kV and the same frequency and
width as those of the HPPMS pulses. The high voltage and HPPMS
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pulses were synchronized by a matching circuit [6]. The working
pressure was kept 1.0 Pa for 5 min. The substrates were placed at a
distance of 16 cm from the target and not treated during deposition.
In the second stage, N2 was introduced into the vacuum chamber
gradually until the flow rate ratio of Ar to N2 was 5:3. CreN thin
films with a thickness of 1.5 mm were deposited in this mixed at-
mosphere. Finally, cool down in the vacuum chamber for 30 min.
For comparison, conventional DCMS and HPPMSwere conducted to
deposit CreN at a DC bias of �100 V and the same power as that in
HPPMS-PIII&D. The thickness and Cr/N ratio of the materials pre-
pared by DCMS and HPPMS are similar to those prepared by
HPPMS-PIII&D at �12 kV, which is about 1:1.

After deposition, the samples were annealed in an oven for 1 h
at 200 �C, 400 �C, 600 �C, or 800 �C. The microstructure and
thickness of the coatings were evaluated by scanning electron mi-
croscopy (SEM) on a 30 kV Hitachi S4800 instrument. The cross
sections and interfaces were examined by high-resolution trans-
mission electron microscopy (FE-TEM, FEI-TECNAIG2-F30, USA). X-
ray diffraction (XRD) was performed to investigate the phase
composition of the films using the BraggeBrentano geometry. A Cu
Ka radiation source was used (40 kV, 40 mA). An MTS nano-
indenter XPII equipped with a Berkovich diamond indenter was
used to measure the hardness and Young's modulus of the samples
and the corrosion behaviors of the samples were studied by elec-
trochemical methods. A computer-assisted electrochemical appa-
ratus was used to obtain the potentialecurrent curves. The
polarization plots were acquired in a 3.5% NaCl solution at a scan-
ning rate of 5 mV/s.

Fig. 1 depicts the SEM cross-sectional micrographs of the CreN
films fabricated by DCMS and HPPMS with DC bias of �100 V and
HPPMS-PIII&D with pulsed bias of �12 kV. The DCMS sample ex-
hibits a loosely packed columnar structure (Fig. 1a) and most of
columnar grains are continuous from the substrate to the coating
surface. A columnar structure typically forms during low-energy
deposition due to low adatom mobility [12]. A well-defined
boundary and abrupt interface appear between the substrate and
CreN film indicative of potentially bad film adhesion. The HPPMS
sample shows a dense granular nano-crystalline structure and
clean interface are observed [13]. In comparison, the HPPMS-PIII&D
Fig. 1. Cross-sectional SEM morphology of the CreN coatings fabricated by (a) DCMS at �10
(d) Cross-sectional TEM morphology of CreN columns in the HPPMS-PIII&D sample and (e
sample shows a most densely packed columnar structure (Fig. 1b)
and most of the columns are discontinuous. The top columns seem
to form on the broken columns quickly due to re-nucleation [14].
An extra dense structure without any cavities can be observed
between the CreN columnar crystals (Fig. 1c). The interface pro-
vides a direct contact between the dense granular nano-crystalline
Cr interlayer and substrate thus promoting the formation of
metallic, covalent, or ionic bonds as opposed to the significantly
weaker van der Waals bonds (Fig. 1d). Formation of the dense
coating and compact interface arises from the relatively high en-
ergy of about 12 keV and consequent thermal diffusion [15].

Fig. 2 displays the XRD spectra acquired from the as-prepared
CreN films fabricated by DCMS and HPPMS at a DC bias
of �100 V and HPPMS-PIII&D at pulsed biases
of �8 kV, �12 kV, �16 kV, and �20 kV. For the DCMS and HPPMS
samples, the CrN(200), Cr2N(113) peak and some peaks stemming
from the substrate can be observed. The intensity of the peaks is
low and some peaks are broad suggesting the existence of amor-
phous or nano-crystals in the films. A large difference can be
observed from the HPPMS-PIII&D samples which show a highly
preferential orientation of CrN(200) and some weaker peaks
introduced by the stainless steel substrate. With increasing pulsed
biases, the intensity of the CrN(200) peak decreases and the
Cr2N(111) peak appears when the pulsed bias is larger than�16 kV.
The phase evolution may depend on the N contents in the CreN
coatings which decrease because more Cr ions are attracted to the
substrate while the Ar/N ratio in the ambient is kept constant.

Fig. 3 shows the XRD spectra of the CreN films fabricated by
DCMS and HPPMS at �100 V and HPPMS-PIII&D at �12 kV after
annealing at different temperature from room temperature to
800 �C. When the annealing temperature is below 600 �C, there are
nearly no peak changes in all the CreN coatings. prepared by DCMS
and HPPMS. However, many new peaks such as CrN(110),
Cr2N(302), Cr2N(111), Cr2N(221), Cr2O3(104), Cr2O3(300), and
Cr2O3(210) emerge on the CreN coatings prepared by DCMS and
HPPMS after annealing at 600 �C and they increase further after
annealing at 800 �C (Fig. 3a). The peak intensity of the DCMS
sample increases with annealing temperature, indicating contin-
uous oxidation and also re-crystallization [16]. The oxidation of the
0 V DC bias, (b) HPPMS at �100 V DC bias and (c) HPPMS-PIII&D at �12 kV pulsed bias;
) Interface between the CreN coating and substrate of the HPPMS-PIII&D sample.



Fig. 3. XRD spectra of the CreN coatings fabricated by DCMS and HPPMS at �100 V DC
bias and HPPMS-PIII&D at �12 kV pulsed bias after annealing at different temperature.

Fig. 2. XRD spectra of the as-prepared CreN coatings fabricated by DCMS and HPPMS
at �100 V DC bias and HPPMS-PIII&D at pulsed biases of �8 kV, �12 kV, �16 kV,
and �20 kV.
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HPPMS sample is similar but a little weaker than that of the DCMS
sample. With regard to the HPPMS-PIII&D samples (Fig. 3b), the
intensity of the CrN(200) peak decreases with annealing temper-
ature. Cr2N(111) also appears and its intensity increases gradually
becoming the dominant one after annealing at 800 �C. However, no
obvious oxidation peaks can be observed thus indicating excellent
oxidation resistance albeit the high temperature.

The trend of CrN being replaced by Cr2N and Cr2O3 gradually can
be observed from all the samples prepared by the different tech-
niques as the annealing temperature goes up. The increase in the O
and decrease of the N contents are consistent with those reported
previously and mainly due to the low oxidation energy potential of
Cr [17]. Formation of Cr2N may be the consequence of incomplete
denitrification or the reaction between denitrided Cr and N2 in the
air [18].

Generally, the oxidation temperature of CrN coatings is about
500 �C [10,11], as corroborated by our DCMS and HPPMS sample. In
contrast, no obvious oxidation peaks can be found from the HPPMS-
PIII&D samples, suggesting amuch higher oxidation temperature of
up to 800 �C. The high resistance can be attributed to energetic ion
bombardment which improves the density of the CrN coatings, as
shown in the Fig. 1c. Furthermore, the dense films inhibit diffusion
of O resulting in excellent oxidation resistance up to 800 �C.

Fig. 4 shows the hardness and elastic module of the CreN films
fabricated by DCMS and HPPMS at �100 V DC bias and HPPMS-
PIII&D at �12 kV pulsed bias after annealing at different temper-
ature up to 800 �C. Before annealing, all the samples have high
hardness of about 25 Gpa and retain the high hardness up to 600 �C.
The hardness of the DCMS and HPPMS samples drop sharply if the
annealing temperature is higher than 600 �C, especially for the
DCMS sample, dropping to 6.5 GPa after annealing at 800 �C. In
comparison, the sample prepared by HPPMS-PIII&D shows much
less decrease in the hardness which is 18 GPa even after annealing
at 800 �C. The trend displayed by the elastic module is similar.



Fig. 4. Hardness (columns) and elastic modulus (lines) of CreN films fabricated by
DCMS and HPPMS at �100 V DC bias and HPPMS-PIII&D at �12 kV pulsed bias after
annealing at different temperature.

Fig. 5. Polarization curves of the CreN films fabricated by DCMS and HPPMS at �100 V
DC bias and HPPMS-PIII&D at �12 kV pulsed bias after annealing at different
temperature.
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The hardness decrease observed from the DCMS and HPPMS
sample is more significant than that of the HPPMS-PIII&D sample.
The reasons for the different trends in the hardness versus
annealing temperature are studied based on the XRD data. For the
DCMS and HPPMS sample, the large drop in the hardness after
annealing at 600 �C stems from oxidation but on the other hand, no
obvious oxidation appears from the HPPMS-PIII&D samples, while
the co-existence of CrN and Cr2N formed during annealing may
reduce the hardness [19].

Fig. 5 displays the polarization curves of CreN films fabricated
by DCMS and HPPMS at �100 V DC bias and HPPMS-PIII&D
at �12 kV pulsed bias after annealing. All samples exhibit a high
corrosion potential before annealing. Higher corrosion potentials
are observed from the HPPMS-PIII&D samples than the DCMS and
HPPMS one, suggesting improved corrosion resistance. After
annealing, the corrosion resistance of the three samples de-
teriorates. In particular, the corrosion potentials of the DCMS
samples decrease sharply to about �0.6 V after annealing at
400 �C�800 �C (Fig. 5a). In comparison, the degradation observed
from the HPPMS-PIII&D samples is less and the largest decrease is
to �0.552 V which happens only in the sample after annealing at
600 �C. The polarization curves acquired from the samples after
high temperature annealing are almost the same with that of the
pristine sample prepared by HPPMS-PII&D at �12 kV.

The corrosion resistance of the coatings depends on the surface
morphology and structure such as density and adhesion between
coatings and substrates. Formation of channels for oxidation and
corrosion is more difficult in a coating with a smooth surface, dense
structure, and mixed interface [20]. As aforementioned, serious
oxidation occurs in the loosely packaged columns and clean inter-
face of the DCMS and HPPMS sample, giving rise to coating exfo-
liation and emergence of corrosion spots. Comparatively, the super
dense structure formed HPPMS-PIII&D retards oxidation and
corrosion channels cannot be readily formed in the films. Hence, at
higher temperature tolerance is achieved from the HPPMS-PIII&D
sample.

In conclusion, the densest CreN coatings are prepared by
HPPMS-PIII&D at different bias voltages and high thermal oxidation
resistance is observed at up to 800 �C compared to the normal
oxidation temperature of about 500 �C reported in the literature.
Both the hardness and thermal corrosion resistance of the HPPMS-
PIII&D samples are improved significantly compared to the con-
ventional DCMS and HPPMS sample. The excellent properties can
be attributed to the dense structure, excellent adhesion, and phase
transition from CrN to the Cr2N without obvious oxidation. Our
results suggest that the combination of high ionization and high
energy in HPPMS-PIID leads to the formation of super dense and
adhesive CreN coatings which offer good oxidation and corrosion
protection to up to 800 �C.
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