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In this work, the authors propose and verify a method of measuring the residual stress of {112}-
oriented chromium nitride (CrN) layers in CrN/Cr multilayer thin films. The CrN layers of a
CrN/Cr multilayer film deposited on a Ti6Al4V substrate by arc ion plating form both a randomly
oriented mixed crystal structure and a {112}-oriented structure. Therefore, accurate stress measure-
ment of the CrN layers cannot be performed by applying the sin®y x-ray method assuming an iso-
tropic homogeneous material. To overcome this obstacle, the proposed method to measure the
residual stress uses four CrN-422 diffractions: at y=0°, 33.56°, 48.19°, and 60.00°. Next, the
authors vary the density of Cr droplets on the film surface to evaluate how it affects the residual
stress in the CrN/Cr multilayer film. The results indicate that the Cr layer has a residual compressive
stress of —350 to —530 MPa and that the two CrN layers have a very large residual compressive
stress of —3.5 to —8.2 GPa. In addition, both residual compressive stresses decrease with increasing
droplet density. Published by the AVS. https://doi.org/10.1116/1.5118682

I. INTRODUCTION

Chromium nitride (CrN) films prepared by physical vapor
deposition and chemical vapor deposition have greater heat
resistance than films deposited by electroplating. In addition,
because these films are very hard and have desirable sliding
characteristics, they are used not only for coating cutting
tools' and die-castings” but also for coating piston rings and
connecting rods in automobile engines.>*

Multilayering is very useful to improve the fatigue
strength of coatings because multilayer coatings suppress
crack propagation thanks to ductile spacing layers of appro-
priate thickness.”® In the present study, we deposit CrN/Cr
multilayer films on titanium alloy substrates to augment the
antierosion effect.

These multilayer films develop residual stress because of
the different atomic spacing, coefficients of thermal expan-
sion, temperature, and cooling conditions between the film
and substrate. Significant residual stress may cause micro-
cracks in the film or cause the film to peel away from the
substrate. In addition, a film deposited by arc ion plating has
the problem that numerous droplets adhere to the film.” ™
Because these droplets can be at the origin of film damage,
the relationship between droplet density and residual stress
needs to be well understood. In recent years, many research-
ers have been working on the residual stress of thin
films. """

The characterization of CrN/Cr multilayer films depos-
ited on the titanium alloy substrate that is the subject of
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this study has been reported by Wiecinski et al.>'*™'* In
this study, we measure the residual stress in the Cr and
CiN layers of CrN/Cr multilayer films deposited on the
titanium alloy substrates. Because the CrN layers form
both a randomly oriented mixed crystal structure and a
{112}-oriented structure, the stress cannot be measured by
using the sin’ y x-ray method."> Although Tanaka er al.'®
and Ejiri et al.'” have proposed x-ray methods to measure
the stress of cubic polycrystalline thin films with {111},
{001}, and {110} fiber textures, no analogous technique
to measure the stress in a {112}-oriented film has yet
been reported. To rectify this situation, we propose and
verify herein an x-ray method to measure the residual
stress of {112}-oriented CrN layers in CrN/Cr multilayer
thin films. In addition, we investigate how the surface
density of Cr droplets affects the residual stress in CrN/Cr
multilayer films.

Il. THEORY

X-ray analytical techniques may be used to measure
the strain in a crystal lattice. In such methods, the strain
is expressed in the laboratory coordinate system L;, and
the stress expressed in the specimen coordinate system
S; is calculated by using the elastic constant expressed
in the crystal coordinate system X;. Furthermore, the
transformed crystal coordinate system X; is defined,
where the X} axis is the [112] axis. Figure 1 shows the
relationship between these four coordinate systems.
Next, the transformation matrices between the four coor-
dinate axes are defined to permit the transformations
depicted in Fig. 2. The transformation matrix a; from
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Fi. 1. Relationship between the four coordinate systems L;, S;, X}, and X;.
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We then use the following relational expression between
the elastic compliance s}, represented in the X; system and
the elastic compliance s, represented in the X; system to
obtain

!/
S,‘jk] = Qip& j4Qpr QS pgrs- (6)

Next, we expand Eq. (6), substitute Eq. (1), and use the
correspondence between the tensor representation sﬁ]-kl and
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FiG. 2. Definition of transformation matrices.
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the matrix representation sgj of the elastic compliance of the
crystal to obtain'®
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where each matrix component s;j is related to the cubic
elastic compliances 511, 512, and s44 as follows:

, 1 1
sy = §S11 +§512 +§S44,
, 1 2 1

S = 5811 +§S12 - 8544,
S/14 = —?544,
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X rays may be used to measure the crystal lattice strain
8§‘3 in the L; direction, whereas the stress O'isi to be deter-
mined is expressed in the sample coordinate system. If the
stress tensor and the strain tensor in the S; system, X§ system,

and L; system are expressed as (o7, £5), (0-51(‘/’ sf]‘./), and
(o}, €}), the following relationships hold:

&5 = 73;7’3j€§a

g) =50l ©)

!

_ S
O{l = ﬂkpﬂ'qu'pq.

Therefore, the relation between the strain £5; measured by
x rays and the stress oisj to be determined is

L /
£33 = Y3i73jsyklﬂkﬁﬂlqaiq' (10)

Furthermore, if the residual stress is equi-biaxial, then we
may use

1 . 1
€3 :85440'51n2‘//+§(2sl1 +4s12 — Sa4)0. (11)
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Therefore, the stress is given by

_ i e,

o= - )
544 Osin? y

(12)

Next, by converting the relationship between stress and
strain expressed by Eq. (12) into a relationship between
stress and diffraction angle, we obtain

3cotd 20,
a:—wM:ICM, (13)
sq4 Osin?y

which indicates that the diffraction angle for each angle 26,
should be linear in sin y. In the case of a {112}-oriented CrN
film, it was calculated that the CrN-422 diffraction was
obtained when the w angle was set at 0°, 33.56°, 48.19°,
60.00°, 70.53°, and 80.40°. Due to device limitations, the
sin” y diagram was drawn using four diffractions below 70°.
The stress can be estimated from the slope of the line deter-
mined by the least squares method and the elastic compliances
of CrN. For crystalline CrN," s, = 1.85 x 1073 GPa™!,
s12 = —0.08 x 1073 GPa™!, and s44 = 11.36 x 1073 GPa~'.
When using the CrN-422 diffraction to measure the stress, the
stress constant K is calculated to be —2.08 GPa/deg.

The residual stress in the Cr layer was measured by apply-
ing the sin’y x-ray method'® to the Cr-310 diffraction at
260=115.3° and using the stress constant K = —1.35 GPa/deg
calculated by using the Kréner model.””

lll. EXPERIMENT
A. Preparation of CrN/Cr multilayer films

CrN/Cr multilayer films were deposited by using an arc
ion plating system, as shown in Fig. 3. The substrate material
was titanium alloy (Ti6Al4V) in the form of
40x29x 8 mm® plates. The substrate was polished so that
the average surface roughness Ra was 0.1 um or less and
then annealed at 788 °C for 30 min to remove strain. The
substrate surface was cleaned for 0.8 min by bombarding
with energetic ions accelerated from an arc discharge near a
chromium target. After cleaning the substrate, the CrN/Cr
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Fic. 3. Film deposition system.
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multilayer films were deposited. These films were prepared
by depositing alternate layers of CrN and Cr. In this study,
the total number of layers was six, with an alternating depo-
sition of three Cr films and three CrN films. A cross-
sectional SEM image of the CrN/Cr multilayer film is shown
in Fig. 4. The total thickness of the multilayer film was
about 5.0 um, and the average thickness of each Cr and CrN
layer was about 0.83 um. The Cr layer was deposited in an
argon atmosphere by using an arc current of 70 A and a bias
voltage of —150 V. The CrN layers were deposited in a nitro-
gen atmosphere with the same current and bias voltage. The
substrate was then positioned in the chamber so that the sub-
strate surface was orthogonal to the Cr target surface, and the
density of droplets on the substrate surface was adjusted by
varying the installation height. The height of the center of
the Cr target was 170 mm, so the substrate surface was posi-
tioned at a greater height.

B. Residual stress measurement conditions

The x-ray equipment for residual stress measurement was
based on parallel beam optics. Using a w-diffractometer
(SmartLab, Rigaku), the diffraction of CrN-422 and Cr-310
was measured to evaluate the residual stress in the CrN layer
and Cr layer. CuKa x rays were used for diffraction measure-
ments. The tube voltage and tube current were set to 45 kV
and 200 mA, respectively. In the stress measurement of the
CrN layer, the x-ray irradiation area was about 0.45 x 5 mm?>
at y=0°.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Surface of CrN/Cr multilayer films

Figure 5 shows micrographs of the surface of CrN/Cr
multilayer films, which confirm that the density of droplets
on the surface of the multilayer film depends on the height
of the substrate. The droplet density was determined by
counting the number of droplets in the SEM picture and
dividing by the area. Table I shows the relationship between

4= CrN layer
& Cr layer

Fic. 4. Cross-sectional SEM image of the CrN/Cr multilayer film.
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(a) Sample 1A

10 pm

(b) Sample 2A

10 pm
Fic. 5. Micrographs of the surface of CrN/Cr multilayer films. The substrate
installation height was (a) 173, (b) 201, and (c) 251 mm.

the substrate installation height and the droplet density on the
surface of the multilayer film.

B. Structural evaluation of CrN/Cr multilayer films

Figure 6 shows diffraction patterns from the CrN/Cr mul-
tilayer films deposited on the titanium alloy substrate. All
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TasLE L. Conditions for CtN/Cr multilayer film deposition.

Substrate installation Number of droplets per

Sample No. height (mm) unit area (,um_z)
1A, 1B 173 6.57x1072
2A, 2B 201 5.53x1072
3 251 12.1x1072

diffractions from the CrN and Cr crystals appear. On the
other hand, the diffractions from the Ti6Al4V substrate were
hardly confirmed because it was absorbed by the multilayer
film deposited on the substrate. The relative intensity of each
diffraction from the Cr layer is almost the same as that from
Cr powder. However, for the diffraction from the CrN layers,
only the CrN-422 diffraction produces a significant intensity.
These results indicate that the Cr layer consists of randomly
oriented crystals, whereas the CrN layers have a mixed crys-
talline structure of random orientation and {112} orientation.

C. Residual stress in CrN/Cr multilayer films

Figure 7 show the experimental results for 26,, as a func-
tion of sin®y for the CrN layers of samples 1A and 2A. The
measurement was repeated twice at each angle of w=0°,
33.56°, 48.19°, and 60.00°, where the CrN-422 diffraction is
significant. The solid (open) circles indicate the measurement
result on the +y (—y) side. The results show that the peak
26,, is nonlinear in sin®y for all measurements, which is
attributed to the triaxial stress state, where the shear compo-
nent 03; is nonzero or oy varies with depth in the film. The
measurement in the —y direction reveals clearly a stress gra-
dient with oy, varying in the depth direction because the yw
split could not be confirmed.”’ In this experiment, a very
large compressive residual stress occurs near the substrate-
multilayer interface and decreases upon approaching the
outer surface of the multilayer. We thus divide the
26’,,,—sin2 y plot into two regions and use a linear approxi-
mation to calculate the residual stress in the CrN layer near
the substrate-multilayer interface and near the outer surface

Diffractionintersity, X 104cps

30 50 70 90 110 130 150
26.d=g

FiG. 6. Diffraction pattern from the CrN/Cr multilayer film deposited on the
titanium alloy (sample 1A).
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FiG. 7. 2(9,4,—sin2 v plots for CrN/Cr multilayer films (samples 1A and 2A).

of the film. The x-ray penetration depth for CrN-422 diffrac-
tion in the range of sin® y=0.0-0.3 was calculated as 2.51—
2.09 um and that in the range of sin” y=0.56-0.75 was cal-
culated as 1.68-1.26 um. Therefore, it is considered that the
average stress of the outermost CrN layer could be obtained
separately from the average stress up to the deeper layer.
Figure 8 shows the residual stress in the Cr and CrN layers
as a function of droplet density. The solid squares, solid
circles, and open circles indicate the residual stress in the Cr
layer, inner CrN layer, and outer CrN layer, respectively. The
values of the residual stress in the Cr layer, inner CrN Layer,
and outer CrN layer deposited under the condition where the
number of droplets per unit area was the smallest (sample 2A)
were —0.53 + 0.02, —8.18 + 0.16, and —2.01 + 0.14 GPa,
respectively. The same measurement variation was obtained
with other samples. A large compressive residual stress occurs
in all three layers. The compressive residual stress in both
CrN layers is greater than that in the Cr layer. The compres-
sive residual stress is due to ion bombardment.”>** Because

062919-5
0 = = .
= -2 (o) ©
O
g 4 ¢
2
_E; 6 o B Cr layer
= @ Inner CrN layer
5 -8
2% . O Outer CiN layer
-10
4 6 8 10 12 14

"

Number of droplets per unit area X102, /um?

Fic. 8. Residual stress as a function of droplet surface density, showing how
droplet density affects residual stress in a CrN/Cr multilayer film.

the CrN layer is harder than the Cr layer, it can withstand
greater compressive residual stress.

A large compressive residual stress in the CrN layer forms
near the substrate-multilayer interface and decreases signifi-
cantly with increasing droplet density. In addition, the com-
pressive residual stress in the Cr layer decreases slightly with
increasing droplet density. We attribute the reduction in the
residual compressive stress near the surface of the outer CrN
layer to be caused by the surface roughness due to the pres-
ence of droplets. The droplets consist of metallic Cr melted
and ejected from the target during film deposition. Since
metallic Cr metal is softer than CrN, we suggest that the
droplets mixed into the CrN layer are plastically deformed
due to the large residual compressive stress. As a result, it is
considered that the residual compressive stress in the CrN
layer decreases with increasing droplet density.

V. CONCLUSION

We developed and verified an x-ray analysis method to
measure the residual stress in the {112}-oriented film and
use it to measure the residual stress in CrN/Cr multilayer
films deposited on titanium alloy substrates. In addition, we
investigate how the density of Cr droplets on the surface of
the film affects the residual stress in these multilayer films.
The results lead to the following conclusions:

(1) The residual stress of the {112}-oriented film may be
measured by measuring the CrN-422 diffraction peak
at four different angles of y.

(2) Residual compressive stress develops in both the Cr
layer and the CrN layer of the CrN/Cr multilayer film,
and the compressive stress in the harder CrN layer is
greater than in the softer Cr layer.

(3) In the CrN layers, a stress gradient appears as a result
of relaxation of residual compressive stress at the
surface of the outer CrN layer. On the contrary, no
stress gradient appears in the Cr layer.

(4) The large residual compressive stress that forms in the
CrN layer near the substrate-multilayer interface
decreases significantly with increasing droplet density.
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