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A B S T R A C T   

In this research, reactive pulsed dc magnetron sputtering with different Ar/N2 gas flow ratios was used to deposit 
CrN films with three growth structures on Si substrates. The phase structure, morphology, mechanical properties, 
thermal fracture properties, and oxidation behavior of films were studied. The surface roughness, residual stress, 
preferred orientation, and hardness were affected by the gas flow ratio. The film with (200) preferred orientation 
and zone II structure performed the best. The surface roughness increased to 6 nm with time when the films 
fractured at 500 ◦C. The Cr interlayer oxidation caused by oxygen diffusion through grain boundaries and 
fracture accelerated degradation of CrN films at higher temperatures. A dense microstructure is favorable for 
preventing coating oxidation.   

1. Introduction 

Transition metal nitride films have been extensively studied in the 
last decade due to their excellent abrasive resistance, high hardness, and 
oxidation resistance, resulting in their use in automotive, aviation, and 
other applications [1–3]. CrN protective films have low residual stress, a 
low deposition temperature of 250 ◦C, and a wide thickness range from a 
few to dozens of microns, making them suitable for various applications 
[4,5]. Alloying of anti-oxidation elements into CrN films and the 
multilayer structures, such as CrN/TiAlN and TiN/CrN, would improve 
performance compared with single layer nitride [6–9]. A single layer 
CrN film is still important in the large-scale modern manufacturing in
dustry due to the low cost, simple preparation process and adequate 
wear resistance [10]. However, the oxidation and thermal failures, such 
as thermal cracking and delamination would significantly deteriorate 
the properties of nitride films [11]. 

The generation of thermal failure is usually ascribed to alternate 
expansion and contraction of the surface layers of the substrate caused 
by low thermal conductivity of materials during the cutting or heating 
process [12–15], which was connected with annihilation of point defects 
[16]. The large thermal stress and local stress concentration result in 

crack initiation, where the defects are the preferential sites for crack 
nucleation, such as the interface between transition layer and substrate 
[17]. Meanwhile, during the oxidation or high speed dry grinding pro
cess in practical application, the atomic transport consists of outward 
metal diffusion and inward oxygen diffusion through grain boundaries 
and film cracks, voids and oxide would form at the interface of film 
[18–20]. Researchers have reported that CrN and TiN were highly 
oxidized on the surface and underneath of crack caused by change of 
residual stress during thermal cycle [12,14,21]. Besides, the cracks were 
initiated and propagated along the oxide layers in the grain boundaries, 
suggesting that the oxidation-induced thermal failure cracks [22]. 
Therefore, oxidation has a negative impact on the thermal failure per
formance, and the two promote each other and jointly play a role in film 
failure [23–25]. 

Hence, alloying with antioxidant elements [26] and multilayer films 
can inhibit the propagation of developed cracks by altering residual 
stress of films [27,28]. Furthermore, the residual stress and orientation 
[29] of TiAlN film would affect the origin and extension of film thermal 
cracking influenced by microstructure with different processing pa
rameters [30–32].The location, propagation and morphology of thermal 
cracking was influenced by nanocrystal structure and the change of 
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residual stress [13,33,34]. However, limited studies aimed at the rela
tionship between microstructure, residual stress and anti-thermal failure 
for CrN film at high temperature, which is the purpose in this paper. 

In this paper, CrN films were prepared by reactive pulsed dc 
magnetron sputtering on Si (111) substrates by coordinating the duty 
cycle, power and pulse frequency. Three types of films with diverse 
microstructures were prepared by altering the Ar and N2 flow ratio. This 
research aimed to study the thermal failure, and oxidation resistance of 
CrN film with diverse microstructures and residual stress. Different 
thermal behavior was detected during the heating process. These results 
provide some scientific proof for the application of nitride films at high 
temperature. 

2. Experimental details 

The CrN films were deposited on polished Si (111) substrates with 
original SiO2 layer by reactive pulsed dc magnetron sputtering (76% 
duty cycle, frequency of 40 kHz). The purity and diameter of the Cr 
target were 99.99 wt% and 76.2 mm, and the rotating speed of the 

sample holder was kept at 20 rpm for the homogeneity of the films. The 
distance between target and substrate was 7 cm. The Si substrates were 
cleaned with alcohol for 10 min and then dried. The base pressure was 
9.5 × 10− 4 Pa, then the polished Si was etched by Ar+ ions with a bias 
voltage of − 900 V DC for 13 min to clear the surface, and the Cr target 
was back-sputtered by pulsed DC power of 150 W for 5 min before 
deposition. A thin Cr transition layer about 110 nm thick was deposited 
on Si substrate to reduce the residual stress and improve the adhesion 
between CrN film and Si substrate [35]. The deposition pressure kept at 
0.30–0.35Pa. The total deposition time was 3.5 h. The Ar gas flow was 
fixed at 20sccm, while the N2 gas flow was 6sccm, 8sccm and 10sccm. 
The samples are named as sample (RN = 30%), sample (RN = 40%) and 
sample (RN = 50%) respectively, where the RN was defined as the gas 
flow ratio of N2/Ar. 

The surface and cross-section morphology and the CrN film were 
obtained by scanning electron microscopy (SEM, ZeissEVO-18, ZEISS, 
Germany). The chemical composition of the surface and cross-section 
was measured by energy disperse spectroscopy (EDS). The X-ray 
diffraction (XRD) employing the cos2α sin2ψ method may not be 

Table 1 
Chemical composition and mechanical properties of as-deposited CrN films.  

Sample Thickness μm ratio of chemical component Residual stress GPa Surface roughness Ra, nm Hardness GPa Elastic modulus GPa 

RN = 30% 1.5 CrN0.91 0.21 2.09 21.1 ± 2.4 254.1 ± 11.8 
RN = 40% 1.5 CrN0.94 − 0.03 0.31 25.5 ± 0.9 272.7 ± 2.5 
RN = 50% 1.3 CrN1.03 − 0.37 7.96 17.7 ± 0.4 207.1 ± 2.5  

Fig. 1. Cross-section and surface SEM images, and AFM images of CrN films: (a–c) sample (RN = 30%), (d–f) sample (RN = 40%), (g–i) sample (RN = 50%).  
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Fig. 2. The xrd scan of samples carry out in (a) GIXRD and (b) Bragg-Brentano setup with different Ar/N2 flow ratios.  

Fig. 3. SEM micrographs of surface changes during oxidation at 500 ◦C: (a–d) sample (RN = 30%), (e–h) sample (RN = 40%), (i–l) sample (RN = 40%).  
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appropriate due to the highly textured films [36]. Hence, the change of 
residual stress, σr, of the as-deposited film, was calculated qualitatively 
from the wafer curvature measurements using Stoney’s equation [37]: 

σr =
Es

6(1 − νs)

ts

tf

(
1
Rf

−
1
Rs

)

(1) 

Here, Esνs, ts, and tf are Young’s modulus (130 GPa), Poisson’s ratio 
(0.27), the thickness of the substrate, and the CrN films, respectively. Rf 

and Rs are the radii of the substrate curvature before and after film 
deposition measured by a profilometer (Dektak, Veeco, USA). 

The crystal texture of the CrN films was obtained by grazing inci
dence X-ray diffraction (XRD, Bruker D8 Advance, Germany) using Cu- 
Kα irradiation of 40 kV/40 mA. It has been reported that there is a 
difference between Bragg-Brentano setup and GIXRD setup from the 
position and intensity of orientation peak [38]. The phase structures of 
samples after oxidation were measured by GIXRD at an incident angle of 
2◦ to avoid the influence of the substrate while the scan angle range was 
10–90◦ [39]. 

Cr 2p, N 1s, O 1s, and C 1s core-level XPS spectra were measured by 
X-ray photoelectron spectroscopy (XPS, Thermofisher ESCALAB 250Xi, 
USA), using monochromatic Al-Kα radiation with 150 W and 15 kV. To 
ensure the accuracy of experimental data, the C 1s band energy of 284.8 
eV was chosen for charge corrections. The analyzed area was 2.5 × 2.5 
mm2, and the etching depth was based on the SiO2 thin film reference 
calibration with 1.1 nm/min etching rate, which was measured using 
the same etching parameters. 

The surface topography and roughness of films were measured by 
atomic force microscopy (AFM, Dimension Nanoscope V, Veeco In
struments Inc, USA), using NanoScope Analysis software for data pro
cessing. A region with 1 μm × 1 μm size was selected for 
characterization. The background signal was removed to obtain surface 
roughness and top layer profiles. 

The muffle furnace was used for oxidation tests and the oxidation 

temperature of 500 ◦C was kept for 1–20 h, reached at a 10 ◦C/min 
heating rate. Other oxidation tests at 650 ◦C, 800 ◦C and 900 ◦C were 
conducted for 1 h, and the samples were air-cooled. 

The hardness and reduced elastic modulus were measured by the 
nanomechanical test system (TI-900 TriboIndenter, Hysitron, USA) with 
a Berkovich diamond tip at a constant load of 5 mN. The depth of 
indentation was less than 10% of the film thickness to minimize the 
substrate effects. 

3. Results and discussion 

3.1. Microstructure and chemical composition of as-deposited films 

Table 1 lists the chemical composition obtained from EDS, and me
chanical properties of as-deposited CrN films. Sample (RN = 50%) has 
excessive N content, and the atomic ratio of N/Cr is 1.03, while for other 
samples, N/Cr＜1. Samples (RN = 30%), (RN = 40%), and (RN = 50%) 
have residual stresses of 0.21 GPa, − 0.03 GPa, and − 0.37 GPa, respec
tively. Sample (RN = 40%) exhibited the highest hardness of 25.5 ± 0.9 
GPa and the lowest surface roughness, with the overall film thickness 
ranging from 1.3 μm to 1.5 μm. The oxygen concentrations for films 
were kept at 2–3 at% caused by base pressure [40], which has only 
marginal effect for the purpose of this paper due to the lower concen
tration [41]. 

Fig. 1 shows SEM images of the cross-section and surface film 
microstructure, where all films have a columnar structure. The fine Cr 
interlayer is about 110 nm thick. Each sample exhibited a unique growth 
structure model of zones T, I, and II for the top CrN film, respectively. 
This change was related to the melting point ratio (T/Tm) and deposi
tion parameters [42]. The V-type microstructure of sample (RN = 50%) 
seems to be more closely related to “Zone T′′ structure, which the for
mation was attributed to the competitive growth caused by the differ
ences in surface reactivity and diffusivity on differently oriented 

Fig. 4. AMF images of (a–d) sample (RN = 30%), (e–h) sample (RN = 40%) and (i–l) sample (RN = 50%) after oxidation at 500 ◦C for 1, 5, 10 and 20 h respectively.  
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surfaces structures [43]. There is a visible difference between the sam
ples, where sample (RN = 40%) has the lowest surface roughness of 0.3 
nm and the surface of sample (RN = 30%) is not flat-like with the Ra of 2 
nm, while the morphology of sample (RN = 50%)is similar to a fish scale. 
Thus, the CrN films are more compact and thicker under lower N2 gas 
flow, as shown in the cross-section images. Sample (RN = 40%) 
exhibited a stair-step fracture, whereas others resembled a steep cliff. 
The film thickness reduced from 1.5 μm to 1.3 μm when the N2 flow was 
increased to 10 sccm, attributed to decreased metal adatoms mobility 
caused by the high nitrogen atom/ion flux [44]. 

Fig. 2 depicts the grazing incidence X-ray diffraction (GIXRD) pat
terns of the as-deposited films with different N2 gas flow. All the curves 
show a polycrystalline B1–NaCl cubic phase structure, matching the 
JCPDS card #11–0065 for CrN. The films exhibit (200) preferential 
orientation under low N2 gas flow, and there is a shift from (200) to 
(111) orientation with increased N2 flow, along with lower (220) and 
(311) reflections intensity for GIXRD set up. The films exhibit (220) 
preferential orientation for sample (RN = 30% and 40%) with Bragg- 
Brentano setup, which was caused by the difference of test principle 

between GIXRD and Bragg-Brentano set up [38] and the orientation 
transition during film growth process [30]. The sample (RN = 50%) 
exhibits (111) preferential orientation in both models. The grain size 
was calculated using Debye-Scherrer’s formula D = Kλ

βCOSθ, where D is the 
grain diameter, β is the full width at half maximum (FWHM), λ is the 
wavelength of the incident radiation (Cu Kα = 0.154 nm), θ is the 
diffraction angle of the CrN (111) reflection. These three films have a 
similar grain size of 15–19 nm. 

The preferred orientation of nitride films is closely related to the 
microstructure and surface topography. During reactive sputtering, the 
(111) grain growth orientation is more favored, and the (200) and (200) 
planes have the lower surface energy [30]. The energy and competitive 
growth theories have been widely accepted to describe thin film growth. 
The (200) planes have the lowest surface energy, thus, the texture 
changes from the initial (200) to (111) as a result of the surface and 
strain energy competition during growth by GIXRD set up. Researchers 
have already indicated that the change in orientation is due to the 
competitive growth theory. Ge et al. proposed the orientation transition 
induced by the migration of Zr adatoms in ZrN films [45]. As the 

Fig. 5. GIXRD pattern spectra for CrN films after oxidation at different time and temperature: (a) sample (RN = 30%), (b) sample (RN = 40%), (c) sample (RN = 50%).  
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intensity of (111) orientation gradually decreases by changing N2 flow 
due to change in N vacancies formation energy, the ZrN films become 
more compact and have lower surface roughness [46,47]. Also, tem
perature and bias voltage control the kinetic energy of the impinging 
ions. 3D kinetic Monte Carlo modeling of stoichiometric TiN indicates 
the predominance of thermally activated surface diffusion events, 
structure, and surface roughness controlled by altering the collision 
parameter/interaction distance based on the modified sputtering model 
[48]. Furthermore, the formation of mounded surfaces and roughness in 
epitaxial growth is closely related to the Ehrlich-Schwoebel barriers 

affected by temperature [49]. Nitride films, specifically 4–6 groups ni
trides, such as CrN and VN, have a complex structure caused by the 
metal/N atomic ratio, where point defects affect the texture, mechanical 
and thermal properties [50]. Calamba et al. indicated that the N vacancy 
would increase the strain and defects with the nitrogen tendency to stick 
to Al, finally distorting the growth process of TiAlNy films [51]. 
Furthermore, le Febvrier et al. have reported a p-type conduction of 
nitrogen-rich CrN combined with aluminum doping, where the film 
exhibited excellent thermoelectric properties [52]. In the complex 
magnetron sputtering process, the energy or competitive growth 

Fig. 6. (a) XPS narrow scan spectra of sample (RN = 50%) after oxidation at 500 ◦C for 1 h subjected to various etching time, (b) Atomic percentage of various 
elements as a function of etching time. 

Fig. 7. Cross-section SEM images of: (a) sample (RN = 30%), (b) sample (RN = 40%) and (c) sample (RN = 50%) after oxidation at 500 ◦C for 20 h.  

Fig. 8. Cross-section SEM images of: (a) sample (RN = 50%), (b) sample (RN = 40%) and (b) sample (RN = 50%) oxidized at 650 ◦C for 1 h.  
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theories could not explain these phenomena thoroughly. 
Table 1 lists the residual stress of as-deposited films, where sample 

(RN = 30%) has tensile stress (0.21 GPa), while samples (RN = 40%) and 
(RN = 50%) have compressive stress. However, residual stress changes 
from compressive to tensile stress with film thickness [53]. Jamnig et al. 
observed that compressive stress was suppressed by a faster deposition 
rate [54]. In this case, residual stress in films primarily consisted of the 
inherent stress caused by defects, lattice distortions and the thermal 
stress caused by the difference in thermal expansion coefficients be
tween the film and substrate, which depend on temperature [55,56]. 
However, the difference in thermal stress is insignificant, as all the films 
are deposited at the same temperature. Nitrogen and metal vacancies 
caused by different Ar/N2 flow ratio were found in the 
sub-stoichiometric sample (RN = 30% and 40%) and over-stoichiometric 
sample (RN = 50%) films. Hence, the residual stress was significantly 
influenced due to the change of volume fraction of grain boundaries and 
film texture caused by varying intensity and energy of the incident 
particle flux [50]. Furthermore, the difference of residual stress between 

sample (RN = 40%) and sample (RN = 40%) was attributed to the 
gradient columnar structure [30]. 

3.2. Oxidation behavior under various conditions 

Figs. 3–4 present the surface changes of three different CrN films 
after 1–20 h of oxidation at 500 ◦C. Cracks appear on all film surfaces at 
different times, with samples C and B being the first and last ones to 
fracture, respectively. Surface roughness increased with time for sam
ples shown in Fig. 4. The roughness was about 6 nm when the first cracks 
appeared in all films. Cracks and film fractures are inevitable during the 
heating process, as the residual stress transformed from compressive to 
tensile state [34,55,57]. 

Fig. 5 depicts GIXRD patterns of films oxidized at various time and 
temperature. Diffraction reflections from different orientations of the 
CrN phase are retained for samples (RN = 30%) and (RN = 40%) with 
ense columnar structure (Fig. 5(a, b)). After oxidation at 500 ◦C for 20 h 
and 650 ◦C for 1 h, diffraction reflections associated with the Cr2O3 

Fig. 9. Optical microscope surface images of (a,c,e) sample (RN = 30%,40%,50%, respectively) oxidation at 800 for 1 h; (b, d, f) sample (RN = 30%,40%,50%, 
respectively) oxidation at 900 for 1 h. 
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phase (JCPDS 38–1479) are observed, while those are weaker for sample 
(RN = 50%). However, the Cr2N and Cr reflections are not distinct here 
due to the low temperature and short oxidation time. The Cr2O3 
diffraction reflections are present at 800 ◦C and 900 ◦C. 

Fig. 6 presents the Cr 2P core level spectra obtained from the sample 

(RN = 50%) oxidized at 500 ◦C for 1 h, as a function of sputtering time to 
obtain more accurate information regarding the phase changes in the 
film during oxidation. Before etching, the peak at ~576 eV can be 
deconvoluted into two peaks related to the Cr 2p3/2 electrons: nitride at 
~575.5 eV and oxide at ~577 eV in the 570–592.5 eV binding energy 

Fig. 10. Cross-section SEM images of (a, d) sample (RN = 30%), (b, e) sample (RN = 40%) and (c, f) sample (RN = 50%) after oxidation at (a, b, c) 800 ◦C and (d, e, f) 
900 ◦C for 1 h. 

Fig. 11. Cross section scanning maps of samples oxidation at 900 ◦C for 1 h, (a) sample (RN = 30%), (b) sample (RN = 40%) and (c) sample (RN = 50%).  

Table 2 
Chemical composition of CrN films after oxidation at various temperatures.  

Oxidation temperature ◦C Atomic percentage of elements, % 

Sample (RN = 30%) Sample (RN = 40%) Sample (RN = 50%) 

Cr N O Cr N O Cr N O 

650 50 36 14 50 36 14 50 39 11 
800 47 26 27 47 23 30 46 22 32 
900 44 7 49 45 12 43 45 15 40  
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range of Cr 2p 3/2 spin-split components in the Cr 2p spectra. Then the 
Cr peak shifts to 574.4 eV for Cr–Cr after etching for 5 min [58]. Cor
tazar-Martínez et al. found that the metallic state coexists with the oxide 
states along the probing depth of XPS, including the top surface during 
chromium oxidation [59]. The Cr–Cr bond appeared afterward and 
continued until the end of the sputtering process, with the atomic per
centages of the profile shown in Fig. 6(b). The decomposition of nitride 
films into Cr and Cr2N is slow but inevitable at 650 ◦C due to the lower 
mobility of O atoms at lower temperatures, which is generally drastic 
over 900 ◦C [57]. Hence, after oxidation at 500 ◦C, the possible reactions 
for CrN are [20]:  

4CrN → 2Cr2N + N2                                                                     (1a)  

4CrN+3O2 →2Cr2O3+N2                                                                 (2)  

2Cr2N →4Cr + N2                                                                           (3)  

2Cr2N+3O2→2Cr2O3+N2                                                                 (4)  

4Cr+3O2 →2Cr2O3                                                                          (5) 

For TiN, Ti out-diffusion during oxidation leads to a collapse of the 
nitrogen octahedron, making neighboring Ti bonds weaker and allowing 
these Ti atoms to diffuse out. N atoms would form N2 stored in the film, 
thus, the pressure caused by N2 would eventually cause TiO2 surface 
rupture [60]. Oxidation of Cr leads to a large volume expansion, and the 
adhesion between the Cr2O3 and unoxidized film is insufficient to keep 
the oxide layer intact [18]. Fig. 6 showed that the oxide was about few 
nanometers thick, and since the impact of oxide layer on thermal failure 
can be negligible, the relaxation of residual stress during high temper
ature was the main reason for the film with zone T [17]. Furthermore, 
the oxidation rate is not uniform as surface undulations would promote 
local stress concentrations and fracture the film [56]. The mechanical 
cracks of the oxide layer were closed related to the change of stress 
during oxide growth process. Stress accumulation during thin film zir
conium oxide growth was observed, which would promote local stress 
concentrations and fracture the oxide film [61]. Thus, the film with zone 
II would form a dense protective oxide layer and have higher resistance 
to cracks due to the gradient structure with lower residual stress and 
surface roughness. Therefore, the lower surface roughness reduces the 
occurrence of regions with concentrated local stress in the early oxida
tion stage that corresponds with Fig. 4 [18]. 

In Fig. 3 cracks appear at different times during the oxidation pro
cess, particularly in samples (RN = 40%) and (RN = 50%) with a 
disparate growth model. Fig. 7 shows a cross-section SEM image of 
sample (RN = 40%) after oxidation at 500 ◦C for 20 h. Fig. 7(b) presents 
dense columnar crystals below the subsurface, while the columnar 
structure near the surface becomes indistinct. In contrast, the interface 
between the Cr layer and nitride has some changes in sample (RN =

50%) compared with the as-deposited film. 
In order to explore the influence caused by cracks, the films were 

heated to 650 ◦C, 800 ◦C and 900 ◦C for 1 h to accelerate the oxidation 

Fig. 12. Hardness of the samples subjected to various oxidation conditions.  

Fig. 13. Schematic of the oxidation process: (a) as-deposited film growth model, (b–d) oxidation process with the increase of time/temperature.  
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process. The film is fractured, as shown in Fig. 8(a–c); however, no 
obvious separation between the film and the substrate was detected at 
650 ◦C, although some particles were distributed on the grain bound
aries in sample (RN = 30%). The breakage and desquamation were 
obviously detected by optical microscope for sample (RN = 50%) in 
Fig. 9. At 800 ◦C, the Cr layer in samples (RN = 30%) and (RN = 50%) 
disappeared instead of forming particles and voids. For sample (RN =

30%), oxidation at grain boundaries was more serious, as shown in 
Fig. 10 and the difference in the TEC between the oxide and nitride 
promoted cracking and oxidation [55]. The Cr layer is still closely in
tegrated with nitride and substrate of sample (RN = 40%). The oxidation 
activation energy for dense coatings is higher than loose columnar 
coatings, which confirms their better protective properties during 
oxidation [62]. The Cr layer was consumed for all films and local 
delamination occurred between Cr layer and nitride for the sample (RN 
= 50%) in Fig. 10, which corresponded to Fig. 9. The oxygen diffused 
from the cracks and further spread along the film-substrate all around 
and subsequently attacked coating materials, which promote the 
oxidation of Cr and the spread of delamination at film-substrate inter
face [63]. Furthermore, the interlayer Cr would further react with Si 
substrate and form granular Chromium-silicon and oxygen compounds 
[64]. With the temperature increase to 900 ◦C, the interface between 
oxide layer and residual nitride film was obvious, as shown in Fig. 11. 

Table 2 lists the chemical composition of films oxidized at different 
conditions. The decomposition of nitride is slow at low temperature, 
whereas oxygen concentration rises rapidly from 13.8% to 49% with 
temperature. Oxygen diffused through the oxide layer and covered the 
film completely, as shown in Fig. 13. 

The hardness of as-deposited films is grouped for nitride films 
deposited by magnetron sputtering, as shown in Fig. 12. The Hall-Petch 
theory could explain the hardness of the original films with compressive 
stress based on the grain size, while dense and tight columns also 
contributed to increased hardness [46,65]. The mechanical properties of 
the group 4–6 nitride films, such as MoN, WNx, are different between 
non-stoichiometric and stoichiometric configurations, usually attributed 
to the higher crystalline quality and/or lower N content [66,67]. San
giovanni et al. indicated that VN0.8 has higher elastic shear stiffness than 
VN, which means that anion vacancies induce hardening demonstrated 
by first-principles calculations. The V0.5Mo0.5Nx film hardness increased 
with nitrogen vacancy concentration, due to a combination of disloca
tion pinning at point defect sites and the strengthening of metal–N, p 
(N)–deg (Me) bonds [68]. The group b-d is the hardness after oxidation 
at 500 ◦C for 1 h and 20 h, and at 650 ◦C for 1 h, respectively. The 
hardness is reduced with time and temperature, however, sample (RN =

40%) has the highest hardness either before or after oxidation, which is 
reduced from 25.5 ± 0.9 GPa (as-deposited) and 17.7 ± 3.7 GPa (500 ◦C, 
20 h) to 16.9 ± 2.5 GPa (650 ◦C, 1 h). This decrease is attributed to fewer 
defects and lattice distortions induced by the sputtering process and 
grain growth. The surface roughness was high in the films oxidized at 
800 ◦C and 900 ◦C. 

The structure affects the fracture resistance and mechanical prop
erties during oxidation at various conditions. As cracks appear, the 
interlayer would oxidize soon before the nitride film, leading to the 
failure of film at 800 ◦C and higher. 

4. Conclusions 

In this research, the CrN films with zones T, I, and II growth were 
obtained by altering the Ar/N2 gas flow ratio. The sputtering gas ratio 
could affect surface morphology, roughness, and deposition rate. The 
film thickness decreased from 1.5 μm to 1.3 μm with increased N2 flow. 
The XRD patterns showed that the preferred orientation had shifted 
from (200) to (111) in the presence of high N2 flow. Meanwhile, the 
residual stress changed from compressive to tensile with film thickness, 
and the CrNx films (x < 1) exhibited higher hardness due to refined 
grains and anion vacancies. 

Cracking is inevitable during the oxidation process, however, CrN 
film with zone II growth has a high resistance to thermal cracking during 
oxidation at 500 ◦C due to lower residual stress, roughness, and dense 
columnar structure, and decreases the rate of oxygen diffusion. These 
films also exhibited higher hardness after oxidation at 500 ◦C or 650 ◦C. 

The oxide layer expanded and fractured faster as the temperature 
was elevated to 800 ◦C and higher. The interface between the film and 
substrate was destroyed due to diffused oxygen along the grain bound
aries and cracked rapidly. The Cr interlayer was almost completely 
exhausted instead of forming voids and oxide particles. The micro
structure of CrN coatings is the key critical characteristic for oxidation, 
the dense coating exhibited excellent oxidation resistance and me
chanical properties. 
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surface energy interactions in the tribological behavior of ALCrN and TIAlN 
coatings, Tribol. Int. 146 (2020), https://doi.org/10.1016/j.triboint.2020.106206. 

[2] A. Singh, S. Ghosh, S. Aravindan, Investigation of oxidation behaviour of AlCrN 
and AlTiN coatings deposited by arc enhanced HIPIMS technique, Appl. Surf. Sci. 
508 (2020), https://doi.org/10.1016/j.apsusc.2019.144812. 

[3] O. Çomakli, Influence of CrN, TiAlN monolayers and TiAlN/CrN multilayer 
ceramic films on structural, mechanical and tribological behavior of β-type Ti45Nb 
alloys, Ceram. Int. 46 (2020) 8185–8191, https://doi.org/10.1016/j. 
ceramint.2019.12.046. 

[4] B. Navinsek, P. Panjan, I. Milosev, Industrial applications of CrN (PVD) coatings, 
deposited at high and low temperatures, Surf. Coating. Technol. 97 (1997) 
182–191, https://doi.org/10.1016/S0257-8972(97)00393-9. 

[5] R. Elo, S. Jacobson, T. Kubart, Tailoring residual stresses in CrNx films on alumina 
and silicon deposited by high-power impulse magnetron sputtering, Surf. Coating. 
Technol. 397 (2020), https://doi.org/10.1016/j.surfcoat.2020.125990. ARTN 
125990. 

[6] O. Comakli, Influence of CrN, TiAlN monolayers and TiAlN/CrN multilayer 
ceramic films on structural, mechanical and tribological behavior of beta-type 
Ti45Nb alloys, Ceram. Int. 46 (2020) 8185–8191, https://doi.org/10.1016/j. 
ceramint.2019.12.046. 

[7] F.L. Ma, J.L. Li, Z.X. Zeng, Y.M. Gao, Structural, mechanical and tribocorrosion 
behaviour in artificial seawater of CrN/AlN nano-multilayer coatings on F690 steel 
substrates, Appl. Surf. Sci. 428 (2018) 404–414, https://doi.org/10.1016/j. 
apsusc.2017.09.166. 

[8] Y.X. Ou, J. Lin, H.L. Che, W.D. Sproul, J.J. Moore, M.K. Lei, Mechanical and 
tribological properties of CrN/TiN multilayer coatings deposited by pulsed dc 
magnetron sputtering, Surf. Coating. Technol. 276 (2015) 152–159, https://doi. 
org/10.1016/j.surfcoat.2015.06.064. 

[9] H.C. Barshilia, M. Ghosh, Shashidhara, R. Ramakrishna, K.S. Rajam, Deposition 
and characterization of TiAlSiN nanocomposite coatings prepared by reactive 
pulsed direct current unbalanced magnetron sputtering, Appl. Surf. Sci. 256 (2010) 
6420–6426, https://doi.org/10.1016/j.apsusc.2010.04.028. 

[10] R. Ferreira, O. Carvalho, L. Sobral, S. Carvalho, F. Silva, Influence of morphology 
and microstructure on the tribological behavior of arc deposited CrN coatings for 
the automotive industry, Surf. Coating. Technol. 397 (2020), https://doi.org/ 
10.1016/j.surfcoat.2020.126047. ARTN 126047. 

[11] T. Guo, J.Y. He, X.L. Pang, A.A. Volinsky, Y.J. Su, L.J. Qiao, High temperature 
brittle film adhesion measured from annealing-induced circular blisters, Acta 
Mater. 138 (2017) 1–9, https://doi.org/10.1016/j.actamat.2017.07.026. 

[12] C. Kirchlechner, K.J. Martinschitz, R. Daniel, M. Klaus, C. Genzel, C. Mitterer, 
J. Keckes, Residual stresses and thermal fatigue in CrN hard coatings characterized 
by high-temperature synchrotron X-ray diffraction, Thin Solid Films 518 (2010) 
2090–2096, https://doi.org/10.1016/j.tsf.2009.08.011. 

[13] S. Jeon, H. Lee, I. Jo, D. Shin, K.S. Lee, Degradation of TiN coatings on inconel 617 
and silicon wafer substrates under pulsed laser ablation, J. Mater. Eng. Perform. 23 
(2014) 1651–1655, https://doi.org/10.1007/s11665-014-0915-x. 

Y. He et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.triboint.2020.106206
https://doi.org/10.1016/j.apsusc.2019.144812
https://doi.org/10.1016/j.ceramint.2019.12.046
https://doi.org/10.1016/j.ceramint.2019.12.046
https://doi.org/10.1016/S0257-8972(97)00393-9
https://doi.org/10.1016/j.surfcoat.2020.125990
https://doi.org/10.1016/j.ceramint.2019.12.046
https://doi.org/10.1016/j.ceramint.2019.12.046
https://doi.org/10.1016/j.apsusc.2017.09.166
https://doi.org/10.1016/j.apsusc.2017.09.166
https://doi.org/10.1016/j.surfcoat.2015.06.064
https://doi.org/10.1016/j.surfcoat.2015.06.064
https://doi.org/10.1016/j.apsusc.2010.04.028
https://doi.org/10.1016/j.surfcoat.2020.126047
https://doi.org/10.1016/j.surfcoat.2020.126047
https://doi.org/10.1016/j.actamat.2017.07.026
https://doi.org/10.1016/j.tsf.2009.08.011
https://doi.org/10.1007/s11665-014-0915-x


Ceramics International 47 (2021) 30729–30740

30739

[14] N. Seo, S. Jeon, Y. Choi, M.S. Jeon, H.G. Shin, H. Lee, Interfacial characteristics of 
TiN coatings on SUS304 and silicon wafer substrates with pulsed laser thermal 
shock, Korean J. Met. Mater 52 (2014) 81–85, https://doi.org/10.3365/ 
Kjmm.2014.52.1.081. 

[15] Y. Birol, D. Isler, Thermal cycling of AlTiN- and AlTiON-coated hot work tool steels 
at elevated temperatures, Mat Sci Eng a-Struct 528 (2011) 4703–4709, https://doi. 
org/10.1016/j.msea.2011.02.076. 

[16] M. Nordin, R. Sundstrom, T.I. Selinder, S. Hogmark, Wear and failure mechanisms 
of multilayered PVD TiN/TaN coated tools when milling austenitic stainless steel, 
Surf. Coating. Technol. 133 (2000) 240–246, https://doi.org/10.1016/S0257-8972 
(00)00933-6. 

[17] X. Chen, H.Q. Gao, Y.Y. Bai, H.S. Yang, Thermal failure mechanism of multilayer 
brittle TiN/CrAlN films, Ceram. Int. 44 (2018) 8138–8144, https://doi.org/ 
10.1016/j.ceramint.2018.01.260. 

[18] Q.S. Chen, C.H. Liu, R.Q. Zhang, H.Y. Yang, T.G. Wei, Y. Wang, Z. Li, L.X. He, 
J. Wang, L. Wang, J.P. Long, H. Chang, Microstructure and high-temperature steam 
oxidation properties of thick Cr coatings prepared by magnetron sputtering for 
accident tolerant fuel claddings: the role of bias in the deposition process, 
Corrosion Sci. 165 (2020), https://doi.org/10.1016/j.corsci.2019.108378. 
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