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Mechanical and Tribological Properties 
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Abstract: Three CrN coatings were deposited on the Inconel X750 through the metal vapor vacuum arc 
ion implantation and the magnetic filtered cathodic vacuum arc deposition system (MEVVA-FCVA) with the 
N2 flow rates of 10, 50, and 100 sccm, respectively. The surface morphologies and cross-section morphologies 
of the CrN coatings were obtained through scanning electron microscopy (SEM) and an optical profilometer. 
The microstructures of the coatings were characterized through X-ray diffraction (XRD). The hardness and 
the elastic modulus of the coatings were tested by a nano-hardness tester. The adhesion strength and friction 
coefficients were investigated through scratch tests and ball-on-disk tests and the wear tracks were tested by 
the optical profilometer. The experimental results indicate that the CrN coating deposited on the Inconel X750 
substrate displays a uniform thickness and a smooth surface. The mechanical properties behaves well as the N2 
flow rate varies. The CrN coating significantly reduces the friction coefficient fluctuation and improves the anti-
adhesion and anti-wear properties of the Inconel X750.
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1 Introduction

The Inconel X750 is a well-behaved nickel-based 
alloy steel material. The Inconel X750 foil is often 
used in certain extreme harsh working environments, 
such as high temperature and corrosive environment[1]. 
This material is ideal for air foil bearings[2-4], turbine 
blades[5] and springs[6]. However, the Inconel X750 foil 
suffers from the friction and wear, chemical corrosion 
and high temperature oxidation during the practical 
utilization which leads to the early failure of parts and 
fails to meet the relevant service life requirements. The 
CrN coatings have been widely utilized in industrial 
field, due to the corresponding excellent oxidation 
resistance[7-9], corrosion resistance[10-15], low friction 
coefficient and anti-wear properties[16-23]. Therefore, the 

deposition of the CrN coating on the Inconel X750 foil 
improves the adaptability of the working environment 
which is important for the working life extension of the 
components.

The mechanical and tribological properties of CrN 
coatings were investigated in some works[24-26].  Table 1 
shows the relevant studies focused on mechanical and 
tribological properties of CrN coatings. It is particular-
ly noteworthy that by changing the relative N2 and Ar 
flow rates, all crystalline phases could be observed[27]. 
These crystalline phases included the Cr, Cr+N, 
Cr+CrNx, Cr+CrN, and the Cr2N phases. Similarly, 
Subramanian, et al[31] proved that the different N2 flow 
rates deposition process could produce a wide range 
of phases, such as Cr, Cr2N, and CrN. The grain size 
increased as the N2 flow rate increased[32]. Apparently, 
the microstructural changes might have a direct effect 
on the hardness, adhesion, friction efficient and wear 
rate[33], For different substrates, these effects might be 
different. Therefore, the effects of different N2 flow 
rates in the microstructure, the mechanical behavior 
and the tribological performance of the CrN coatings 
on the Inconel X750 is needed to be investigated.

In this paper, a CrN coating was deposited on the 
Inconel X-750 through the metal vapor vacuum arc ion 
implantation and the magnetic filtered cathodic vacuum 
arc deposition system (MEVVA-FCVA). The surface 
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morphologies, the cross-section morphologies, the mi-
crostructure and the mechanical properties at different 
N2 flow rates were studied. In addition, the tribological 
properties of the CrN coating and the Inconel X-750 
substrate against the SiC ball were compared.

2 Experimental 

2.1 Specimen preparation 
In order to observe the mechanical and tribologi-

cal performance of the CrN coated Inconel X-750, the 
Inconel X-750 foil with 0.16 mm thickness was select-
ed as the substrate. The preparation process was as fol-
lows. 

Blanking. The diameter of the ASTM 1045 steel 
was selected at 70 mm according to the installation re-
quirements of the universal material tester (UMT). The 
plate was processed on the numerical control machine 
and the corresponding surface roughness was approxi-
mately 0.4 μm, as well as the thickness of 6.7 mm. The 
Inconel X-750 foil was cut with a diamond cutter to the 
size of 80 mm×80 mm.

Cleaning. To guarantee the cleanliness of the foil 
and the plate, both were cleaned by a detergent at first, 
and subsequently both were ultrasonically cleaned for 1 
hour followed by a thorough drying.

Assembling. Two foils were placed on both the 
upper and lower surfaces of the plate, which could be 

utilized to conduct experiments and guarantee the stress 
uniformity on these two surfaces during welding.

Diffusion welding. The vacuum bonding tech-
nology was adopted to ensure the surface smoothness 
of the specimen for welding. The welding temperature 
and loading pressure, which were critical to control pa-
rameters of the welding process, were set at 980 ℃ and 
1 MPa, respectively.

Grinding. Following welding, the specimen was 
grinded on a cast iron plate through corundum powder 
addition with different sizes to ensure that the surface 
roughness of the specimen could reach 0.1 μm approxi-
mately.

Polishing. The 1/0.5 W diamond polishing paste 
was utilized to polish the specimen, where the surface 
roughness of the specimen could reach (0.04±0.02) μm 
approximately.

The CrN coating preparation was conducted by 
the MEVVA-FCVA composite systems. The deposition 
process is presented in Table 2.
2.2 Coating characterization

The cross-section morphologies of the CrN 
coating was measured by the S-4800 field emission 
scanning electron microscope (FE-SEM). The phase 
identifications was conducted through the X’ Pert PRO 
MPD X-ray diffractometer (XRD) with a Cu Ka line. 
A nano-hardness tester (NHT2) was utilized to evaluate 
the hardness and the elastic modulus of the CrN coat-

Table 1 Mechanical and tribological properties of CrN coatings in previous literature

References Method Substrate
Counterpart 

(ball)
Hardness/

GPa
Load 

/N
Velocity
/(m•s-1)

Friction 
coefficient

Wear rate/
(mm3•N-1•m-1)

Forniés, et al[27] DC planar magnetron sputtering
Singlecrystal 

Si wafers
Wc-Wo 18 3 0.03 -

2×10-6 
(Bias=-100V, 

fN2
=40%)

Polcar, et al[7] Low arc deposition technology Hardened steel Si3N4/Al2O3 17 5 0.04 0.8/0.5 3×10-6/1×10-6

Warcholiński,
et al[28] Cathodic arc-evaporation

HS6-5-2 
tool steel

Alumina 32 10 0.06 0.54 0.65×10-6

Zhou, et al[29] Arc ion plating 2024 Al allay Si3N4 25 10 0.15 0.68 48×10-6

Cai, et al[30] Plasma enhanced 
magnetron sputtering

17-4PH steel Wc-Co 19.9 2 0.2 0.81 1.89×10-6

Aissani, et al[21] RF magnetron sputtering XC100 steel 100Cr6 steel 19.53 5 0.5 0.55 -

Jin, et al[26] Closed-field unbalanced 
magnetron sputtering ion plating

Ti6Al4V alloy Wc-Co 12.14 5 1.25 0.52 1.5×10-6

Table 2 Deposition process parameters for CrN coating deposition

Deposition Steps Vacuity/Pa Arc current/A Negative bias/V
Substrate heating 
Temperature/℃

Deposition time/min N2 flow rate/sccm

Cr deposition 2.5×10-3 100 200 200 5 0
CrN deposition 2.5×10-3 100 200 200 30 10/50/100
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Fig.2  Surface morphologies of specimens

Fig.1  SEM images of cross-sections of CrN coatings with different N2 flow rates

ing and the substrate. A load of 20 mN was applied. 
The loading and unloading rates were 40 mN/min and 
the pressure holding duration was 5 s. The adhesion of 
the coatings was assessed through scratch testing by 
a reciprocating module of the UMT. The parameters 
were: cone angle of 120°, die diameter of 0.2 mm, load 
range of 1.5 N to 15 N, loading duration of 35 s and re-
ciprocating module mobility of approximately 0.34 m/s. 
The UMT rotating module was utilized in the ball-on-
disk tests for the tribological properties investigation 
of the Inconel X-750 foil against the SiC and the CrN 
coating against the SiC. The SiC ball diameter was 3.94 
mm. The parameters in the test were: friction roller ra-
dius of 10 mm, rotation speed of 500 r/min, load of 5 N 
and duration of 30 min. The surface morphologies, the 
scratch tracks and the wear tracks were characterized 
by the NanoMap-D profilometer.

3 Results and discussion

3.1 Morphologies and microstructure
The SEM images of the cross-sections of the CrN 

coatings with different N2 flow rates are presented in 

Fig.1. It can be observed that the CrN coating thickness 
is uniform. The CrN coating thicknesses at the N2 flow 
rates of 10, 50, and 100 sccm are 1.83, 2.14, and 2.38 
μm, respectively. The thickness of the CrN coating 
increases with the increased N2 flow rate, indicating 
that a higher amount of N2 is ionized and a higher 
amount of CrN is formed during the same deposition 
duration. It also demonstrates that increasing the N2 
flow rate will increase the deposition rate of the CrN 
coating. Fig.2 presents the surface morphologies of 
the Inconel X750 substrate and the CrN coating with 
different N2 flow rates. The results demonstrate that the 
surface roughness of the substrate increases with the 
CrN coating deposition[31]. As the N2 flow rate increas-
es, the surface roughness are 0.05±0.02 μm, 0.07±0.03 
μm, and 0.15±0.05 μm, respectively. Also, the number 
and depth of micropores formed during the deposition 
increases. This might be due to the accumulation of 
ions during the CrN coating deposition, which leads to 
an increase in the deposition rate. It could be observed 
from Fig.1 and Fig.2 that the CrN coated Inconel X750 
exhibits good deposition results.

Fig.3 presents the XRD patterns of the CrN coat-
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ings at various N2 flow rates. The results demonstrate 
that the Cr (JCPDS 06-0694), CrN (JCPDS 11-0065), 
and Cr2N (JCPDS 27-0127) phases can be formed 
through various N2 contents during the deposition[27,32]. 
The strong peaks appears nearly at 43.7°, 44.4°, 62.6°, 
64.5°, 74.8°, and 81.7° and the corresponding crystal 
planes are CrN(200), Cr(110), Cr2N(211), Cr (200), 
CrN(113), and the Cr(211). As the N2 flow rate increas-
es, Cr2N (211) and Cr2N (113) increases gradually, and 
Cr (200) is weakened. This indicates that as the N2 
flow rate increases, the nitrogen content increases. The 
Cr2N phase is therefore enhanced and the Cr phase is 
weakened. This indicates  that higher amounts of Cr 
and N is combined to form a Cr-N phase, leading to an 
increased amount of CrN formation simultaneously[34]. 
This results are consistent with the observed results 
from SEM. The changes in these microstructures might 
have an effect on the mechanical properties of the CrN 
coatings.

3.2 Mechanical properties
Fig.4 presents the loading-unloading curves of 

one indentation on the CrN coating and the Inconel 
X750 substrate during the nanoindentation test. The 
Poisson ratios of the CrN coating and the substrate 
were 0.23 and 0.3[35,36], respectively. The elastic modu-
lus defined as the Ref.[37]:

22
i

r i

11 1
E E E

νν −−
= −                         (1)

where, Er is the reduced elastic modulus of the contact, 
E and v are the elastic modulus and poisson’s ratio of 
the sample, Ei and vi are the elastic modulus and pois-
son’s ratio of the indenter, respectively.

According to the Eq.(1) and relevant equa-
tions[37,38], the average hardness and elastic modulus 
of the four indentations on the CrN coating and sub-
strate were obtained. The relative results are presented 
in Table 3. As can be seen from Table 3, the average 

hardness of the substrate and the CrN coating deposited 
substrates with the various N2 flow rates of 10 sccm, 
50 sccm, and 100 sccm are 8.31, 16.45, 23.79, and 
23.72 GPa, respectively, indicating that the hardness 
of the deposited coating surface highly improves. The 
hardness of the CrN coating is almost the same when 
the N2 flow rates are 50 sccm and 100 sccm which are 
significantly higher than that of N2 flow rate 10 sccm. 
This is because the CrN (200) phase is formed for the 
preferred orientation, where the grain size is relative-
ly high which can enhance the hardness. The average 
elastic modulus of the substrate and the CrN coating 
are 259.65, 261.75, 232.64, and 235.70 GPa with the 
N2 flow rates of 10 sccm, 50 sccm and 100 sccm, re-
spectively. The maximum reduced elastic modulus is 
222.65 GPa with the N2 flow rate of 50 sccm, which 
leads to the maximum elastic modulus. 

Table 3 Nanoindentation test parameters of substrate/CrN 
coatings with different N2 flow rates

Parameters Substrate
N2 flow rate/sccm

10 50 100

Average hardness, H/GPa 8.31 16.45 23.79 23.72

Average elastic modulus, E/GPa 259.65 261.75 232.64 235.70
Average reduced elastic 

modulus, Er/GPa
221.21 222.65 202.28 204.48

Unloading curve slope, 
S/(mN•nm-1)

0.387 0.294 0.219 0.218

Maximum pressing 
depth, hmax/nm

328.31 248.36 232.39 232.68

Fig.3  XRD pattern of CrN coating with different N2 flow rates

Fig.4  Load-unload curves

Fig.5  Friction coefficient measured during scratch testing
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The adhesion strength of the CrN coating could 
be analyzed by scratch testing[39,40]. The friction coeffi-
cients measured during scratch testing are presented in 
Fig.5. As presented in the figure, the friction coefficient 
at 50 sccm is relatively stable and a minimum value is 
apparent. This occurs mainly due to the higher hardness 
of the CrN coating. For the N2 flow rate of 50 sccm, 
the tangential force during scratch testing is lower than 
that of N2 flow rate of 10 sccm. However, for N2 flow 
rate 100 sccm, due to the slight delamination of the 
CrN coating from substrate, the friction coefficient is 
bigger with the strong fluctuation. Fig.6 presents that 
the scratch morphologies of the CrN coating with dif-
ferent N2 flow rates occurs at approximately 15 N. It 
is confirmed that the CrN coating is remained near the 
scratch tracks, as the corresponding friction coefficient 
appeared without any sudden change in Fig.5. This 
indicates the excellent adhesion of the CrN coating 

onto the Inconel X 750 substrate with different N2 flow 
rates. Fig.7 presents the section morphologies at x=0 in 
Fig.6. From the Fig.7, it can be apparently found that 
the deepest section morphology is about 5 μm with the 
N2 flow rate of 10 sccm. This is because the CrN coat-
ing hardness is relatively low and the adhesive strength 
improves. As a result, the pressure head is easy to press 
the substrate. Also, when the N2 flow rate is 100 sccm, 
the section morphology became quite wide. The width 
is up to 0.111 mm. This might be due to the increase 
in the number of micropores in the CrN coating, along 
with the increase in the width and depth of the micro-
pores, resulting in a relatively severe removal of the 
coating during the scratch tests.
3.3 Tribological properties

Fig.8 presents the friction coefficients of CrN 
coating against the SiC and the Inconel X750 against 
the SiC with different N2 flow rates. From Fig.8 it can 
be observed that the friction coefficient variation gen-
erally experiences three stages, the rapidly increase, 
decrease and stabilization of the phases. In the first 600 
s, the process can be considered in the run-in period. 
When the Inconel X750 substrate is tested against the 
SiC ball, the friction coefficient curve displays high 
fluctuation. This occurred due to the adhesive effect 
between the Inconel X 750 substrate and the SiC ball. 
When the N2 flow rate is 10 sccm, it can be discovered 
that the stable friction coefficient reaches approximate-
ly 0.2, where the lower friction coefficient is observed. 
In contrast, a high number of peaks appeared on the 
friction coefficient curve. This might be related to the 
adhesion and material transfer of the secondary mate-
rial during friction. Under the N2 flow rate of 50 sccm 
it can be discovered that the friction coefficient is the 
most stable, and the stability value was approximately 
0.7. When the N2 flow rate is 100 sccm, the friction 
coefficient curve fluctuation is quite apparent. This is 
due to the reduction of the atomic percentage of Cr in 

Fig.6 Scratch morphologies of from different N2 flow rates of 
CrN coating near 15 N

Fig.7  Section morphologies at x=0 in Fig.6

Fig.8  Friction coefficient in tribological tests
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the CrN coating and the corresponding wear mecha-
nism has changed. Under the low N2 flow rate, the CrN 
coating is mainly composed of a metal phase, and the 
corresponding wear mechanism is mainly adhesive 
wear. The CrN coating is mainly a ceramic phase under 
a high N2 flow rate, and the wear mechanism is mainly 
the abrasive wear. From the aforementioned results, the 
N2 flow rate has significant effect on the friction coeffi-
cient.

In Fig.9, the micrographs of the wear tracks and 
wear tracks profiles following the tribological tests are 
presented. It can be observed that in the substrate the 
wear track shape is significantly apparent. The rough-
ness on the wear track is also observed at the N2 flow 
rate of 10 sccm, whereas the abrasion is significantly 
low at the N2 flow rates of 50 sccm and 100 sccm. This 

demonstrates that the anti-wear properties of the Inc-
onel X750 are significantly enhanced when the CrN 
coating is deposited, especially at the N2 flow rates of 
50 sccm and 100 sccm, which is due to the higher hard-
ness at that time frame.

4 Conclusions

a) The CrN coating has uniform thickness and 
smooth surface. As the N2 flow rate increases, the sur-
face roughness of the CrN coating increases. Also, the 
number and depth of micropores during deposition in-
creases. 

b) The N2 flow rate has a significant effect on 
the CrN coating hardness and the maximum hardness 
is 23.79 GPa at the N2 flow rate of 50 sccm. Through 

Fig.9  Micrographs of wear tracks and wear track profiles: (a) (b) substrate; (c) (d) 10 sccm; (e) (f) 50 sccm; (g) (h): 100 sccm
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scratch testing, the coating remains near the scratch 
tracks, but the width of the scratch tracks increases 
from 0.071 mm to 0.111 mm along with the increasing 
N2 flow rate. 

c) During the ball-on-disk experiments, the re-
sults indicate that the CrN coating effectively reduces 
the friction coefficient fluctuation, and improves the 
anti-adhesion and anti-wear properties of the Inconel 
X750 significantly. In order to obtain a stable and low 
friction coefficient, the optimum N2 flow rate for the 
CrN coating should be between 10-50 sccm. 
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