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Abstract: To investigate the effect of molybdenum (Mo) addition on microstructure and oxidation resistance of CrN coating, Cr-Mo-

N coatings with different Mo contents were fabricated on silicon wafers and high speed steel by reactive magnetron sputtering and an-

nealed at elevated temperatures from 500 °C to 800 °C in air for 1 h. The coatings before and after annealing were characterized by X-
ray diffraction (XRD), Raman spectroscopy and scanning electron microscope (SEM). The results show that the as-deposited CrN and
Cr-Mo-N coatings all exhibit B1 face-centered cubic (fcc) phase based on the CrN lattice. Mo ions substitute for Cr ions in Cr-N lat-
tice, forming the solid solution Cr-Mo-N coatings. At 600 °C, XRD and Raman spectra show that the MoO, phase forms in Cr-Mo-N
coatings with higher Mo contents, indicating a coarser surface with higher oxygen content. At 700 °C, the cross sectional morphology
of the CrN coating exhibits loose columnar grains with some porous regions due to the internal stress while the Cr-Mo-N coating

shows the dense columnar structure. This study reveals that the Cr-Mo-N coatings with lower Mo contents (<17at%) have better oxi-

dation resistance than the CrN coating does.
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Transition metal nitride coatings are widely used in cutting
tools in order to reduce the tool cost and extend the tool life
for past decades!™. It is generally known that the coated tools
not only exhibit extreme mechanical properties, but also with-
stand potentially aggressive operating environments. For ex-
ample, the temperature at cutting edge can reach as high as
700~900 °C during dry or high speed machining™®. Recently,
the interest of green manufacturing has promoted the develop-
ment of coatings for dry machining”\. As the friction coeffi-
cient of coating in the cutting process decreases, the friction
heat, as the kinetic energy for high temperatures, decreases,
and then the use of lubricant reduces along with power re-
19, Therefore, the coatings with lower friction coef-
ficient is a developing direction of green manufacturing tech-

quirements

niques.

CrN coating is a promising hard coating material due to its
high hardness, excellent wear and oxidation resistance at
about 700 °C!""".. The friction properties of metal nitride coat-
ings improve by incorporating elements which form the high

gli+17

temperature lubricious oxide 1. Such lubricious oxides, of-
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ten referred as “Magnéli phase”, form by friction and/or ther-
mal oxidation of Mo,N coatings"*'"”. Accordingly, ternary Cr-
Mo-N coatings can have superior properties through optimal
combinations of CrN and Mo-NP*#1 The hardness value of
the Cr-Mo-N coatings after doping 21at% molybdenum by hy-
brid arc ion plating-direct current (AIP-DC) sputtering increas-
es from 18 GPa (pure CrN) to about 34 GPa, and the corre-
sponding friction coefficient decreases from 0.49 for pure CrN
to 0.37 for Cr-Mo-N coating with 30.4at% molybdenum®.
However, little information presents the oxidation resistance
of the Cr-Mo-N coatings.

The purposes of this research are to synthesize Cr-Mo-N
coatings and show the influence of molybdenum addition on
the structure and oxidation resistance of CrN films at high
temperature.

1 Experiment

Cr-Mo-N coatings were deposited on the polished high
speed steel (HSS) substrates and silicon wafers by reactive
magnetron sputtering in a mixture atmosphere of argon and ni-
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trogen with the purity of 99.999% for both gases. Details of
the deposition apparatus were presented in the previous
work?". The HSS substrates were ground and polished by dia-
mond paste of 1 um in size, and then ultrasonically cleaned in
acetone for 15 min and ethanol for 15 min before deposition.
Pure Cr (diameter of 60 mm, thickness of 5 mm, purity of
99.9%) and Mo (diameter of 60 mm, thickness of 5 mm, puri-
ty of 99.9%) were attached to the sputter sources. Both the tar-
gets were pre-sputtered for 15 min to remove the surface ox-
ides and contaminants after the base pressure of the chamber
was less than 5x107 Pa. During the coating deposition, the to-
tal working pressure was maintained at 0.50 Pa and the Ar and
N, flow rates were sustained at 30 cm*/min. The substrate tem-
perature was kept at 200 °C. Mo content of the Cr-Mo-N coat-
ings was controlled by varying two target currents. Firstly, the
target current of Cr was kept at 0.4 A, and the target current of
Mo was adjusted at 0, 0.2, 0.3 and 0.4 A, separately. The samples
under each condition were marked as CrN, Cr-Mo-N-1, Cr-Mo-

N-2, Cr-Mo-N-3 respectively. Then, the target current of Mo
was kept at 0.4 A, and the target current of Cr was adjusted at 0.3
and 0.2 A, separately. The samples under each condition were
marked as Cr-Mo-N-4 and Cr-Mo-N-5, respectively. The oxida-
tion was carried out in air between 500 and 800 °C for 1 h with a
heating rate of 10 °C/min. After the increase of oxidation time,
the furnace was cooled to ambient temperature slowly.

Crystal structure of the Cr-Mo-N coatings before and after
oxidation was characterized by X-ray diffraction (XRD, D/
MAX-RA of Rigaku, Japan) with monochromatic Cu Ka (1=
0.154 056 nm). Table 1 shows the composition of different
samples and their grain size calculated from the width of XRD
peaks by Debye-Scherrer equation. Scanning electron micro-
scope (SEM, S-3400N, Hitachi, Japan) was used to observe
the surface and cross-sectional morphologies and obtain struc-
ture and thickness information of the coatings. Energy disper-
sive spectroscope (EDS) coupled with the SEM was used to
analyze the chemical composition of coatings. The formed ox-

Table 1 Chemical composition, grain size and deposition rate of Cr-Mo-N coatings

Chemical composition/at%

Sample Grain size/nm Deposition rate/nm-s!
Cr Mo
CrN 51.03 0 48.97 13.8 0.35
Cr-Mo-N-1 35.75 9.63 54.62 16.6 0.23
Cr-Mo-N-2 30.20 13.58 56.22 14.4 0.25
Cr-Mo-N-3 27.86 17.36 54.78 13.6 0.27
Cr-Mo-N-4 24.17 21.13 54.70 17.2 0.22
Cr-Mo-N-5 22.03 23.67 54.30 22.7 0.20
ides were investigated by Raman spectroscopy using a Jobin-
Yvon Raman spectrometer. The excitation source was a 532 30000F ¢ fcc = 1a = ~
nm laser (50 mW power). 20000 v-cr S l@ a8 o
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tial growth along (200). Oh et al™ pointed out that the pre- s o -,
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ferred orientation of (200) appears as the surface energy domi-
nates and the preferred orientation of (111) appears as the
strain energy dominates. Therefore, the conclusion is that the
surface energy plays an important role during the deposition
of Cr-Mo-N coatings. It can be seen that the lower the deposi-
tion rate, the better the crystallinity (Table 1). High deposition
rate stops grain growth and stimulates the renucleation of

Fig.1 XRD patterns of as-deposited CrN and Cr-Mo-N coatings

with different Mo contents
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grains, resulting in the smaller grain size”. Furthermore, with
increasing the Mo content, the diffraction peaks also shift to
lower diffraction angles, thereby implying an increase in lat-
tice parameters, which is a sign of the formation of solid solu-
tion CrMoN and the substitution of Cr atoms by Mo atoms.
This structure evolution of the coatings is similar to the results
about Cr-Mo-N and Mo-W-N coatings™**",

The SEM images of the cross-sectional morphologies of Cr-
Mo-N coatings with different Mo contents are shown in Fig.2.
The Cr-Mo-N-1, Cr-Mo-N-4 and Cr-Mo-N-5 coatings with the
lower deposition rate show a typical columnar structure. The
CrN, Cr-Mo-N-2 and Cr-Mo-N-3 coatings with a higher depo-
sition rate exhibit a fine-grained and dense morphology. More
sputtered atoms reach the surface of the substrate per unit time
due to the higher deposition rate. Accordingly, more heteroge-
neous nucleation sites are offered, which results in the grain
refinement.

2.2 Influence of molybdenum addition on oxidation resis-
tance of CrN coatings at high temperature

Fig.3 illustrates the XRD patterns of the Cr-Mo-N coatings
with different Mo contents after annealing at 600 °C in air for

1 h. The JCPDS cards used in this study are 85-1336 (Cr), 76-
2494 (CrN), 38-1479 (Cr,0,) and 35-0609 (MoO,). It can be
seen that the diffraction peaks of fcc structure are well main-
tained in the Cr-Mo-N coatings with different Mo contents
(Fig. 3a). Besides, the weak (012) and (104) peaks of Cr,0O,
can be identified in the CrN coating and the weak MoOj; peaks
can be detected in the Cr-Mo-N-5 coating (Fig.3b). The reason
for the appearance of MoO, phase is that a small amount of
Mo,N phases form in the Cr-Mo-N coatings with higher Mo
contents, which are easily oxidized. The diffraction peaks of

Cr-Mo-N-4

molybdenum or chromium oxides cannot be found in XRD
patterns of other Cr-Mo-N coatings with lower molybdenum
contents, indicating that their oxidation resistance is better
than that of CrN and Cr-Mo-N coatings with higher molybde-
num contents at 600 °C.

The structure of oxides is often analyzed by Raman spec-
troscopy. Fig.4 presents Raman spectra of the Cr-Mo-N coat-
ings after annealing at 600 °C in air for 1 h. The Raman spec-
tra of the Cr-Mo-N-4 and Cr-Mo-N-5 coatings exhibit typical
peaks centered at 905 and 773 cm™, respectively, correspond-
ing to the #-MoO,”. The Raman spectrum of CrN coating
shows a peak of Cr,0, at 554 cm™' ™. The oxides cannot be
identified through Raman spectra for Cr-Mo-N-1, Cr-Mo-N-2
and Cr-Mo-N-3 coatings, implying that these coatings have
better oxidation resistance.

Oxygen content of the Cr-Mo-N coatings with different Mo
contents (measured by EDS) is shown in Fig.5. The oxygen
content of Cr-Mo-N coatings with lower Mo contents is
around 10at%. The oxygen content of the Cr-Mo-N coatings
increases sharply with increasing the Mo contents. These re-
sults show that the addition of low Mo contents improves the
oxidation resistance of the CrN coatings, while the high Mo
contents obviously weakens the coating oxidation resistance.

Fig. 6 displays the surface morphologies of the Cr-Mo-N
coatings with different Mo contents after annealing at 600 °C
in air for 1 h. The Cr-Mo-N-1, Cr-Mo-N-2 and Cr-Mo-N-3
coatings exhibit a smoother fine-grained morphology. The ox-
ide particles with granular and faceted structure on the top of
the oxidized CrN coating were observed. The Cr-Mo-N-4 and
Cr-Mo-N-5 coatings show a rougher surface of oxide scale
with bigger grains and cavities or pores. The generation and
release of N, during oxidation result in the formation of cavi-

b | Cr-Mo-N-2

Fig.2 Cross-sectional morphologies of Cr-Mo-N coatings with different Mo contents: (a) CrN, (b) Cr-Mo-N-1, (¢) Cr-Mo-N-2, (d) Cr-Mo-

N-3, (e) Cr-Mo-N-4, and (f) Cr-Mo-N-5
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Fig.3 XRD patterns of Cr-Mo-N coatings with different Mo contents after annealing at 600 °C in air for 1 h:

(a) 260: 20°~80° and (b) 26: 20°~35°
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Fig4 Raman spectra of Cr-Mo-N coatings with different Mo con-
tents after annealing at 600 °C in air for 1 h

ties or porest™.

2.3 Oxidation resistance of CrN and Cr-Mo-N-3 coatings

at elevated temperatures

The XRD patterns of the CrN coatings before and after an-
nealing from 500 °C to 800 °C are presented in Fig.7. C-CrN
(111), (200) and (220) peaks are thermally stable at 600 °C.
The diffraction peaks of the as-deposited CrN coating located
at 36.81°, 43.11° and 62.53° are CrN (111), CrN (200) and
CrN (220), respectively, which shift toward lower angles ac-
cording to JCPDF No.76-2494. The reason for the peak shift
is the residual compressive stress in the as-deposited CrN coat-
ing. The diffraction peaks shift to higher angles with the in-
crease of annealing temperature, which implies the stress re-
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Fig.5 Oxygen content of Cr-Mo-N coatings with different Mo con-

tents after annealing at 600 °C in air for 1 h

laxation for the CrN coating during heat treatment®. When
the samples are heated at 700 °C, XRD analysis of CrN coat-
ings shows the CrN phase with a very small fractions of
Cr,0,. After heat treatment at 800 °C for 1 h, only the matrix
peaks are detected, suggesting that the coating basically exfoli-

ates.

For Cr-Mo-N-3 coating, fcc phases are well maintained at
700 °C, as shown in Fig.8. With the increase of annealing tem-
perature, the (111) peak intensity increases while the (200)
peak intensity decreases and the diffraction peaks shift to high-
er angles. The variation of the diffraction peak is attributed to
the stress relaxation. At 800 °C, (012), (104) and (024) peaks
of Cr,0, appear in the Cr-Mo-N-3 coating.
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Fig.6 SEM images of surface morphology of Cr-Mo-N coatings on HSS with different Mo contents after annealing at 600 °C in air for 1 h:
(a) CrN, (b) Cr-Mo-N-1, (¢) Cr-Mo-N-2, (d) Cr-Mo-N-3, (e) Cr-Mo-N-4, and (f) Cr-Mo-N-5
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Fig.7 XRD spectra of CrN coatings on Si substrates before and after

annealing in air at different temperatures for 1 h

The Mo-oxides are not observed in the XRD patterns at test
temperatures for the following reasons: (1) Cr,0;-based oxide
containing molybdenum forms; (2) even if a small amount of
Mo-oxides form, the volatilization reaction rate is higher than

the oxidation reaction rate above 550 °CF2.
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Fig.8 XRD spectra of Cr-Mo-N-3 coatings on Si substrates before

and after annealing in air at different temperatures for 1 h

Table 2 lists the chemical composition of as-deposited and
air-annealed CrN and Cr-Mo-N-3 coatings on Si substrates.
With increasing the annealing temperature to 700 °C, the oxy-
gen content of CrN and Cr-Mo-N-3 coatings increases to
28.35at% and 24.45at%, respectively. Only a small amount of
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Table 2 Chemical composition of as-deposited and annealed CrN and Cr-Mo-N-3 coatings on Si substrates

Element content/at%

Sample Temperature/°C Mo/Cr
N (0] Cr Mo
As-deposited 51.23 0 48.77 - -
500 44.56 11.97 43.47 - -
CrN 600 42.39 15.45 42.16 - -
700 38.45 28.35 33.20 - -
800 - 7.05 6.62 - -
As-deposited 55.21 0 26.47 18.32 0.69
500 51.71 7.30 24.45 16.54 0.67
Cr-Mo-N-3 600 48.52 13.50 23.62 14.36 0.61
700 41.33 24.45 22.82 11.40 0.50
800 17.94 55.26 19.56 7.24 0.37

chromium and oxygen is detected in the CrN coating after an-
nealing at 800 °C and most of the rest is the matrix component,
suggesting that the coating basically exfoliates. The oxygen con-
tent of Cr-Mo-N-3 coating annealed at 800 °C is 55.26at% and
the nitrogen content is 17.94at%, indicating that the some coat-
ings are oxidized, and some initial coatings remain. The atom-
ic ratio of Mo/Cr in Cr-Mo-N-3 coating decreases from 0.69
to 0.37, which means that a small amount of volatile molybde-
num oxides form and more molybdenum oxides volatilize
with the increase of annealing temperature!"**>,

The SEM images of surface and cross-section morphologies
of CrN coatings on Si substrates before and after annealing in

As-deposited

Surface

500 nm

As-deposited

Cross-section

air at different temperatures for 1 h are demonstrated in Fig.9.
The microstructure of CrN coating annealed at 700 and 800 °C
in air for 1 h exhibits an appreciable change compared with
the microstructure of as-deposited coating. After annealing at
700 °C in air for 1 h, the surface morphology displays the gra-
nular and faceted structure and the cross sectional morphology
exhibits loose columnar grains with some porous regions in
the Cr interlayer. The formation of the porous oxide regions is
attributed to the formation of a large number of internal cracks
due to the internal stress, which is caused by the difference of
the thermal expansion coefficient between the substrates and
coatings during the annealing process®***. At 800 °C, the coat-

1 @1

Fig.9 SEM images of surface (a~c) and cross-section (d~f) morphologies of CrN coatings on Si substrates before and after annealing in air at dif-
ferent temperatures for 1 h: (a, d) as-deposited, (b, ) 700 °C, and (c, f) 800 °C
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Fig.10 SEM images of surface (a~c) and cross-section (d~f) morphologies of Cr-Mo-N-3 coatings on Si substrates before and after annealing in
air at different temperatures for 1 h: (a, d) as-deposited, (b, e) 700 °C, and (c, f) 800 °C

ing completely fails. There are few oxide particles on the sur-
face of the matrix, and many areas are exposed. Nevertheless,
for the Cr-Mo-N-3 coating annealed at 700 °C in air for 1 h,
the surface morphology still shows a fine-grained and dense
structure compared with that of the as-deposited coating
(Fig.10). The cross-sectional morphology reveals a dense co-
lumnar structure. The surface of the Cr-Mo-N-3 coating an-
nealed at 800 °C becomes rough and porous and the columnar
structure disappears. The above results indicate that the Cr-
Mo-N-3 coating shows a better oxidation resistance than the
CrN coating does on Si substrates.

3 Conclusions

1) The as-deposited CrN and Cr-Mo-N coatings all show a
single phase fcc structure with a preferential growth along
(200). The coatings with the lower deposition rate show a typi-
cal columnar structure.

2) After annealing at 600 °C in air for 1 h, the XRD and Ra-
man results illustrate that Cr,0, and MoO; phases appear in
CrN and CrMoN coatings with high Mo content. The CrMoN
coatings with relatively low Mo contents exhibit a smoother
fine-grained morphology. The CrMoN coatings with relatively
high Mo contents show a coarser surface with higher oxygen
content.

3) After annealing at 700 °C in air for 1 h, the cross section-
al morphology of the CrN coating exhibits loose columnar
grains with some porous regions due to the internal stress,
while the CrMoN coating shows dense columnar structure. Af-
ter annealing at 800 °C in air for 1 h, the CrN coating basical-
ly exfoliates while some of the initial CrMoN coating remains.

4) The CrMoN coatings with lower molybdenum contents

(<17at%) show better oxidation resistance than the CrN coat-
ing does. However, over doping of Mo has a detrimental effect
on oxidation resistance of the coatings.
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