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ARTICLE INFO ABSTRACT

Keywords: In order to control residual stress of CrAIN coatings on Ti substrates, ~70 nm CrAl interlayer was deposited at
CrAlN coatings different temperatures. Residual stress and coatings’ structure were characterized by X-ray diffraction. Residual
Interlayer stress in the coatings was compressive and increased with CrAl interlayer deposition temperature. Residual stress

Crystal microstructure
Residual stress
Mechanical properties

in 1.5 pm, 2 pm and 2.6 pm thick CrAlN films on TC21 with the interlayer deposited at 100 °C (—47.43 MPa,
—25.57 MPa and —855.77 MPa, respectively) was smaller than with the interlayer deposited at 300 °C
(—1.39 GPa, —1.95GPa and —1.62 GPa, respectively). The coatings on the TC4 substrate showed the same
trend (—1.02 GPa, —389.91 MPa and —1.03 GPa for the interlayer deposited at 100 °C, respectively, and
—921.42 MPa, —2.31 GPa and —1.80 GPa for the interlayer deposited at 100 °C, respectively). Changing the
interlayer deposition temperature can influence the coatings’ residual stress and crystal structure, and improve
mechanical properties of the coatings. CrAIN deposition is a convenient and efficient way to improve mechanical

properties of Ti alloys.

1. Introduction

Due to low density, good mechanical properties and biocompat-
ibility, titanium alloys have been widely used in aerospace, military and
medical applications. However, poor wear resistance has been the main
barrier for Ti alloys applications as structural materials [1-3]. Various
efforts have been made to improve tribological properties of Ti alloys
[1,2,4-8]. Surface modification is one of the methods to improve the
surface quality of Ti alloys. Previous reports have shown that surface
treatment, such as plasma nitriding, has positive effects on subsequent
coatings deposition, along with improved wear resistance [9-13]. Far-
okhzadeh and Edrisy studied 600 °C plasma nitriding treatment of the
Ti-6Al-4V alloy, and demonstrated 552 MPa endurance limit, which
was higher compared with conventional 750-1100 °C nitriding [14].
Fan et al. proposed vacuum braze coating process to prepare ultra-hard
thick composite coatings on titanium alloys, and fabricated inter-
metallic composite coating using ceramic additives [15].

Sand blasting and laser shock processing both generate micro plastic
deformation on the surface of materials, which results in compressive
residual stress in the surface and near the surface regions, yielding good
surface mechanical properties. Thin films deposition can also improve
surface properties of Ti alloys, and protect materials from corrosion and
friction wear. Improving the quality of coatings deposited on Ti alloys is
an important research subject. Coatings deposition is one of the pre-
ferred methods to improve Ti alloys tribological properties. Pawlak
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et al. [16] deposited WC; _/C coatings on Ti-6Al-4V titanium alloy by
reactive arc evaporation with the intermediate TiC«Ny, layer providing
good adhesion and significantly increased wear resistance. Yonekura
et al. studied arc ion plated Cr/CrN multilayer coatings with different
number of layers on Ti-6Al-4V alloy substrates [17]. Ezazi et al. pre-
pared Ti/TiN, Cr/CrN and TiCr/TiCrN thin film ceramic coatings on
aerospace AL7075-T6 alloy, and significantly improved wear resistance
and surface hardness of the substrate [18]. CrAIN ternary nitride has
higher hardness, lower friction coefficient and higher thermal stability
compared with CrN [19]. CrAIN coatings also have other excellent
properties, such as hydrophobicity. Yang et al. deposited CrAIN films
with improved performance, including higher contact angle and lower
wear rate [20].

Changing the substrate temperature can affect the structure, re-
sidual stress and mechanical properties of the films [8]. Jeon et al. [21]
studied the substrate temperature effects on residual stress in ZnO thin
films prepared by ion beam deposition. Increasing the substrate tem-
perature could shift the ZnO (002) reflection towards the ideal value,
indicating the decrease of compressive residual stress in the films. The
intermediate layer also plays an important role in the properties of the
coatings [22,23]. Adhesion layer effects on wear properties of CrAIN
coating have been studied, including Cr and TiN adhesion layers, and
contributions to CrAIN coating mechanical properties had been con-
sidered [24-26]. The influence of atomic ratio of Cr and Al in CrAIN
coatings was also investigated. It turns out that when x in the
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Cra —pALN films is between 0.6 and 0.7, the CrAIN coatings have
better performance [27-29].

Also, residual stress in the thin films has a great influence on the full
process of design, fabrication and package of the devices, and thus is an
extremely important parameter in PVD coatings [30]. Huang et al. [31]
explained that compressive stress was expected to blunt crack tips and
inhibit crack propagation, while tensile stresses enlarged crack opening
and facilitated crack propagation. Skordaris et al. [32] indicated that a
certain residual stress level can be considered as optimal. B. Bouaouina
studied the different bi-layer thickness effects on the residual stress,
hardness and elastic modulus of the Mo,N/CrN film [33]. Shot basting,
laser beam heat treatment and ion implantation can generate com-
pressive stress at the material surface, but these methods are not sui-
table for coating materials with the additional need of post-processing
and raise the cost.

In this study, CrAIN coatings with different CrAl interlayer deposi-
tion temperatures were deposited on Ti alloys by radio frequency (RF)
magnetron sputtering to investigate the effects of interlayer deposition
temperature on residual stress, crystal structure and mechanical prop-
erties of the CrAIN coatings. A new method to deposit CrAIN coatings
with relatively high residual stress without other pre- and post-pro-
cessing is presented. This CrAIN deposition method provided a con-
venient and efficient way to deposit CrAIN coatings on Ti alloys with
relatively high compressive residual stress and good mechanical prop-
erties.

2. Materials and experimental procedure
2.1. Film deposition

CrAlN films were deposited on two kinds of Ti-alloys substrates, TC4
and TC21, by RF magnetron sputtering, in order to serve as control
experiments. Composition of the TC4 and TC21 alloys is listed in
Table 1. It is known that Ti alloy is typically a fine-grained a + 3 alloy
with approximately 20-30% primary a in a transformed 3 matrix, de-
pending on the heat-treatment history [34-36]. The substrates dimen-
sions were 20 mm X 10 mm X 3 mm. The surfaces were ground to
5000 grit and mechanically polished to mirror finish. Cr/Al alloy target
with 3:7 Cr:Al atomic ratio was fixed in the cylindrical vacuum
chamber. As shown in Fig. 1, the target was connected to the radio
frequency power source and cooled by circulating water. The substrate
was fixed on the sample holder at the top of the vacuum chamber. The
holder was rotated during the deposition process to achieve uniform
coating. A thermocouple was used to measure the substrate tempera-
ture during deposition. The vacuum chamber was grounded to achieve
electrical neutrality of the system.

The base pressure was 5 X 10~ > Pa before the deposition process.
CrAl interlayer was deposited prior to the CrAIN coating sputtering to
improve its adhesion and control the coating residual stress by changing
deposition temperature. CrAIN coating was deposited at 100 °C, while
the CrAl interlayer deposition temperature was either 100 °C or 300 °C.
The CrAIN deposition time was varied from 180 min to 300 min and the
CrAl interlayer deposition time was 10 min.

Table 1
Composition of the TC4 and TC21 alloys.

Elements, wt% Al \Y Fe C N (0] H Ti
TC4 6.2 41 0.04 0.015 0.018 0.13 0.001 Balance
Elements, wt% Al Sn Zr Mo Cr Nb Si Fe Ti
TC21 6-55 2 2 25-3 1.7 2 0.1 <£0.15 Balance
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Fig. 1. Schematic diagram of the RF magnetron sputtering system.

2.2. Films characterization

The thickness of the coatings was measured by the white inter-
ference 3D microscopy (Bruker Nano GmbH, Bruker, Germany) and the
cross section was observed by FESEM. Residual stress and the coating
structure were characterized by X-ray diffraction (XRD) [37-40] using
the Cu K, line (0.15406 nm). The adhesion was measured by coating
scratch test and the scratch track was observed by FESEM.

3. Results and discussion
3.1. Coating morphology and deposition rate

White interference 3D microscopy was used to obtain the coating
thickness and surface morphology. Fig. 2(a) shows the surface mor-
phology of the deposited coating, where the step in the middle of the
image is represented by the coating red region and the substrate blue
region. As seen in the coating red region, the film has good surface
quality. Fig. 2(b) shows the line profile of the step, and AZ is the dif-
ference between the shadow regions, which represents the film thick-
ness.

The thickness of CrAl interlayer is about 70 nm. The thickness of the
coatings with the interlayer deposited at 100 °C and different CrAIN
layer deposited for 180 min, 240 min, and 300 min is about 1.5 pm,
2 pm and 2.6 pm, respectively. Thus, the deposition rate of the CrAIN
coatings is about 480 nm/h. The results were nearly the same for the
films with the interlayer deposited at 300 °C. Fig. 3 shows cross-sec-
tional micrographs of 2.6 um CrAIN and 70 nm interlayer. The film
structure is columnar with uniform grain size along with the cross
section.

3.2. Crystal structure

Fig. 4 shows the crystal phase structure of the coatings of different
thickness. The notation 300-100 means that the deposition tempera-
tures of the interlayer and CrAIN coating was 300 °C and 100 °C, re-
spectively, and 100-100 means that the deposition temperature of the
interlayer and the CrAlN coating were both 100 °C. XRD patterns show
preferred orientation of the CrAIN coatings with the interlayer de-
posited at different temperatures. The CrAlN film structure is based on
the fce-CrN structure, where the addition of Al in the form of solid
solution has been shown to increase the high temperature oxidation
resistance (700-800 °C) [41,42].

As shown in Fig. 4(a), when the interlayer deposition temperature
was 300 °C, an obvious CrN (222) preferred orientation was observed
and the (111) preferred orientation almost disappeared, compared with
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0.9 Fig. 2. Thickness measurements of the films by white interference
3D microscopy (300 °C adhesion layer deposition temperature,
0.5 180 min CrAlN layer deposition time and 100 °C temperature).
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Fig. 3. FESEM cross-sectional micrographs of CrAIN coatings with deposition time
300 min.

the peaks deposited at 100 °C, for the 1.5 pm thick CrAIN coatings. The
deposition parameters were same expect the interlayer deposition
temperature, so the changes of preferred orientation were directly in-
fluenced by the interlayer deposition temperature. CrN (311) and (222)
preferred orientation was observed when the coating thickness was
2 pm in Fig. 4(b). The preferred orientation changed from CrN (111)
and (222) to (220) and (222) as the film thickness increased to 2.5 pm
in Fig. 4(c) when CrAl interlayer deposition temperature was increased
from 100 °C to 300 °C.

The Bragg reflections corresponding to CrN indicated that the films
were polycrystalline with random texture. Typical phase structure can
be identified from the diffraction peaks CrN (111), CrN (220), CrN
(311) and CrN (222). Ti,N and TiN peaks come from the reaction of the
Ti alloy substrate and N, gas at the initial film deposition stage. After
the CrAl interlayer deposition, the substrate temperature decreased
from 300 °C to 100 °C, and compressive stress occurred in the CrAl layer
because of the substrate shrinkage, thus the strain energy was higher
than the CrAl deposited at 100 °C. According to the theory of energy
minimization [43], the total energy of coating depends on the strain
energy and the surface energy. The close-packed (111) surface energy is
the lowest, so preferred (111) orientation occurred in the CrAlN coat-
ings with CrAl interayer deposited at 100 °C. The strain energy in the
CrAl layer deposited at 300 °C is higher, so the preferred (111)
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orientation disappeared and turned into the orientation with lower
strain energy.

The increase in various peaks intensity with thickness can be at-
tributed to two factors [44], preferential orientation (texture develop-
ment) of a particular plane and the increase in the volume of the dif-
fracting material. When the film thickness increased, the initial increase
of the CrN (311) peak intensity can be attributed to the higher dif-
fraction volume, and the subsequent decrease in the (311) peak in-
tensity can be attributed to the preferential orientation of the CrN (222)
plane. At the same time, the CrN (222) preferred orientation decreased
first and then increased as the film thickness increased, because of the
influence of CrN (311).

3.3. Residual stress

Residual stress of the CrAIN coatings was analyzed using the Rigaku
X-ray diffractometer (Smartlab), and calculations based on the sin? @
method, where W is the angle between the normal to the coating surface
and the diffracting lattice planes. The characteristic peak was CrN
(220). The X-ray diffraction peak position shifts with the W angle, and
dpi has a linear relationship with sin®W. The formula to calculate the
residual stress is:

(dpg — do)/dy = %Sz-c-cos2 aesin? W + %SZOUOSUIZ a + 28 a o)

Here, S, and S; are coating constants related to the Poisson's ratio
(approximately equal to 0.3) and elastic modulus (determined by na-
noindentation, different for the coatings with different thickness, but
approximately equal to 155 GPa). a is the angle related to the 26 dif-
fraction angle and ¥ = 0°, 15°, 20°, 25°, 30°, 35°, 40° and 45°. The CrN
(220) peak positions at different W are shown in Fig. 5. The calculated
residual stress results are shown Fig. 6. Here, the 100-100 TC4 notation
means that the deposition temperature for the CrAl interlayer and the
CrAIN coating are both 100 °C, while the substrate material is TC4.
Other data are named using the same notation.

All measured residual stresses are negative, i.e. compressive, which
is beneficial for the coating mechanical performance. Residual stress in
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Fig. 4. XRD patterns of CrAIN coatings with different thickness: (a) 1.5 um, (b) 2 um and
(c) 2.6 pm.

1.5 pm, 2 pm and 2.6 um thick CrAIN films on TC21 with the interlayer
deposited at 100 °C was —47.43 MPa, —25.57 MPa and —855.77 MPa,
respectively. For the interlayer deposited at 300 °C the residual stress
was —1.39 GPa, —1.95 GPa and —1.62 GPa, respectively. The coat-
ings’ residual stress on the TC4 substrate was —1.02 GPa,
—389.91 MPa and —1.03 GPa for the interlayer deposited at 100 °C,
respectively, and —921.42 MPa, —2.31 GPa and —1.8 GPa for the in-
terlayer deposited at 300 °C, respectively. It's clear that when the de-
position temperature of the CrAl interlayer is 300 °C, the residual stress
in the CrAIN coatings is much higher compared with the CrAl interlayer
deposited at 100 °C. All deposition parameters were fixed, except for
the adhesion layer deposition temperature. Summing up the above
discussion, changing the interlayer deposition temperature influenced
the microstructure of the coatings, as the residual stress changed at the
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Fig. 5. CrN (220) reflections at different W angles (a) and magnified area (b).
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same time.

3.4. Coating scratch test

Scratch tests were performed using the UMT Tribometer with SizNy4
ball with 20 pm radius tip. The load-friction curve is shown in Fig. 7(a).
The coating failure process can be divided into three stages. (1) The
load was relatively small, and the friction changed a little. When the
coating's strength was higher than the indenter pressure, there were
tiny cracks. (2) The load increased, and the friction changed severely.
Cracks appeared until the coating completely failed. This stage started
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Fig. 7. Scratch morphology (b)(c)(d)(e) and friction-load curve (a) of scratch test on
CrAlIN coating, TC4 substrate, CrAl layer deposition temperature 100 °C, CrAIN coating
thickness 2.6 pm.

once the first crack appeared, starting the coating failure. (3) The load
increased to a much higher value, but the friction remained stable. The
coating failed completely, and the indenter scratched on the substrate
directly, so friction changed a little. The load generating the first crack

4657

Ceramics International 44 (2018) 4653-4659

40
o critical load=22.79N
£ 20f
£ critical load=17.15N
‘=
= 10 ——TC4 100-100
——TC4 300-100
0 : . . . . . .
@ "o 10 20 30 20 50 60 70
Load, N
40
30} critical load=23.12N
z
& 20} critical load=9.65N
3
&
B 10r ——TC4 100-100
——TC4 300-100
0 10 20 30 40 50 60 70
(b) Load, N
401
30F critical load=22.68N
Z
g 20} critical load=14.43N
3 \
&
£ 10} ——TC4 100-100
——TC4 300-100
0
(¢) "o 10 20 30 40 50 60 70
Load, N

Fig. 8. Friction-load curves of scratch test on CrAIN coatings, film thickness (a) 1.5 um,
(b) 2 pm and (c) 2.6 pm.

(film crack initiation point) is related to strength and adhesion of the
coatings. Higher load means better adhesion and coating strength.

Fig. 8 shows the friction-load curves of the scratch test performed on
the CrAIN coatings deposited on the TC4 substrate with different CrAIN
coating deposition time and CrAl layer deposition temperature. The
critical load for film crack initiation is 17.15 N, 9.65 N and 14.43 N for
100 °C CrAl layer deposition temperature and CrAIN film thickness of
1.5 um, 2 um and 2.6 pum, respectively. The corresponding critical load
for the 300 °C CrAl layer deposition temperature is 22.79 N, 23.12 N
and 22.68 N, respectively. These results showed that the CrAIN coatings
with the CrAl layer deposited at 300 °C had higher strength and adhe-
sion than at 100 °C. Although the critical load can be affected by both
internal stress and formation of interfacial mixing layer, the residual
stress of the coatings plays a major role. The higher critical load results
can be regarded as the effects of the increasing residual stress in the
CrAlN coatings.

Fig. 9 shows the scratch morphology of the CrAlIN coatings on the
TC4 substrate during stage 2 failure. Failure modes of the CrAIN coat-
ings with different CrAl interlayer deposition temperature were dif-
ferent. There were many tiny cracks along the coating scratch for the
coatings with 300 °C CrAl layer deposition temperature, the failure
mode was film cracking under high applied loading. While the mor-
phology of scratch on the coatings with 100 °C CrAl layer deposition
temperature were featured by flaking, induced by relatively poor ad-
hesion strength. The results declared that the higher adhesion layer
deposition temperature, also led to better adhesion strength of the
coatings.

4. Conclusions

In this study, CrAIN coatings with CrAl interlayer deposited at
100 °C and 300 °C, were prepared on TC4 and TC21 alloys using RF
magnetron sputtering. Changing the interlayer deposition temperature
significantly influenced residual stress and crystal structure of the
coatings. Residual stress in the CrAIN coatings was compressive. The
CrAIN coatings with interlayer deposited at 300 °C had higher residual
stress than at 100 °C.

Compressive residual stress differences between the coatings with
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Fig. 9. Scratch morphology of CrAIN coatings on TC4 substrate, CrAl deposition tem-
perature (a) (b) 100 °C and (c) (d) 300 °C, CrAIN thickness 2.6 um.

adhesion layer deposition temperature of 300 °C and 100 °C for dif-
ferent film thickness (1.5 pm, 2.0 um, 2.5 um) are about 1.34 GPa,
1.92 GPa and 766.38 MPa, respectively. Thus, not only the film thick-
ness can influence the internal stress of the substrate surface, but also
the adhesion layer deposition temperature. The adhesion layer de-
position temperature can significantly influence the CrAlIN crystal-
lization. The preferred orientation of the CrAIN coatings changed from
CrN (111) to CrN (222) when interlayer deposition temperature was
increased to 300 °C. The coating scratch test results show that the ad-
hesion and coating strength of coatings with higher residual stress was
higher.
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