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Abstract: In this study, we investigate the residual stress of titanium carbide films with the X-ray diffraction method.
Iti is difficult to determine the stress by conventional X-ray stress measurement, i.e., the sin?¥ techmque because the
sin® Y technique requires macroscopic isotropy from the spccxmen but the <110> orientation is observed for our
evaporated TiC films by chemical vapor deposition. Therefore, in this paper, the X-ray stress measurement for
<110>-oriented films was formulated by introducing the weighted average method. The formulation showed that the
relation between the stress of the specimen and the strain measured by X-ray diffraction depended on the measured
diffraction planes. Then, a stress calculation was performed and discussed based on the loading experiments.
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1. INTRODUCTION

Recently, ceramic coating has become necessary as a
method for improving the material surface in terms of
mechanical, thermal, chemical and electrical perform-
ances. Since titanium compounds generally have a higher
melting point and superior anticorrosion properties in
comparison with iron, the utilization of the compounds,
particularly, titanium carbide (TiC) and titanium nitride
(TiN), has increased.

However, the residual stress caused by coating has an
effect on the performances of films and occasionally
leads to the generation of exfoliations and cracks. There-
fore, it is important to examine the residual stress in
films. Stress measurement by the X-ray diffraction
method is effective for this examination. By means, of
conventional X-ray stress measurement, i.e., the sin’%
technique, it is possible to measure the average internal
stress within the X-ray penetration depth [1,2]. However,
the technique is often inapplicable to films coated by
chemical vapor deposition (CVD) and physical vapor
deposition (PVD), because the technique formulated for
the isotropic elastic theory is not applicable to the ani-
sotropic films with the preferred orientations such as
<111> and <100>. It is necessary to get rid of the incon-
sistency for the X-ray stress measurement. In recent
years, X-ray stress measurements for films with [001],
[111] and [110] fiber textures have been reported by
Hanabusa et al. [3] and others [4-6].

In this study, the X-ray stress measurement for
<110>-oriented materials was formulated in terms of
anisotropic elastic theory. The improvements were
mainly the introduction of the crystallite orientation
distribution and the X-ray stress determination for the
nonlinear relation between measured strain and sin’?,
where 1 was the angle between the normals to the dif-
fraction plane and the specimen surface. Moreover, the
stress and lattice constant of TiC films were determined
by the X-ray stress measurement, and the stress determi-
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nation was discussed based on the loading experiments.

2. X-RAY STRESS ANALYSIS OF <110>-ORIENT-
ED FILMS

2.1. The X-ray Stress-Strain Relation of Single Cubic
Crystal

The crystal system (C) is defined as a Cartesian co-
ordinate system so that the three axes, C;, C, and G;,
correspond to the crystal orientations [100], [010] and
[001] in single cubic crystal, respectively. As shown in
Fig. 1, the intermediate system (I) is formed as the coor-
dinate system with the I; axis along the [110] direction
from the C system by the coordinate transformation
matrix

0 0 -1
aﬁ=_35%0 )
i,
V2 2

Rotating the I system about the I; axis, the new sys-
tem is equivalent to the sample coordinate system (S)
with which the S; and S; axes correspond to the longitu-
dinal direction and normal direction of the specimen
surface, respectively, as shown in Fig. 2. The coordinate
transformation matrix is expressed by

cos? siny 0
By =|-sin7 cos7 0 )
0 0 1),

where 7 is the rotation angle from the Ito S system.
The laboratory coordinate system (L) is defined so

Original paper in Japanese was published in Journal of the Society of Materials Science, Japan, Vol. 46, No. 7 (1997) pp. 750-755.

NI | -El ectronic Library Service



The Society of Materials Science, Japan

Shouichi EJir1, Juwen HE, Toshihiko SasakI and Yukio HIROSE

1;[110]

1,/001]
Fig. 1. Relation between crystal and intermediate coor-
dinate systems.
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Fig. 2. Relation between intermediate and specimen
systems (¢ =0).

that the L axis is normal to the diffraction plane (kkl) by
the coordinate transformation matrix @ ; with rotation

angles (0, ¥).
cos cos? sinPcos®P —sinYP
w; =| -sind cosd 0 3)
cosdsind sindsind  cosP

The elastic compliance Sy in the S system is ob-
tained by the coordinate transformation

Syt = a7 1Tk TS abed , 4)

ia’”j

where SC,W is the elastic compliance of the C system and
TC; is the transformation matrix from the C to S system,
as shown in Fig. 3. Moreover, averaging the elastic com-
pliance S about the S; axis, the macroscopic elastic
compliance <S> of [110]-oriented films is obtained.

. jj NS T
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Intermediate sys.| @ Crystal system
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Fig. 3. Definitions of coordinate transformation tensors.

where the weight function f( 7) is rated as the contribu-
tion of each crystallite orientation and the averaging is
denoted by angle brackets.

Substituting the following transformation rules:

L. c _C. s _
€% =TV €k, 0 5 =TO70,0 1, Ty =W, 7T (6)

ia’"aj >

into the stress-strain relation & Cij=SC,~jk,O €, in the C
system, the relation between the stress 0°; in the S
system and the strain € L3 in the L system is given as

L

gl3 = §%3350%;, Y

where Sx33i,~ is defined by

S%335 = T3ﬂT3bSCabcd7ticnjd = 3,03, o » (8)
§%33; = (Sllijcosz<b + 8 5;8i0 20
+ 8y Sin 20~ S35 )sin’ Y+ Sy (9)
+ (83 oSO+ S5 sin d)sin 2.

For the principal stress state and ¢ =0, there is no
sin2%¥ term in the X-ray stress-strain relation as follows:

by = [(51111 - 81933 )751 + (51122 -8 )OSZ
+ (51133 -8 )C’S3]5inzw (10)
+811330%1 +850330%2 + 8 133303,

However, Eq. (10) has nonlinearity in the sin*? diagram
because the elastic compliance in the S system is a func-
tionof 7.

The X-ray stress-strain relations have been calculated
for the [111] and [100] fiber textures by Hanabusa et al.
[3] and others [4-6].

elss zSco +28%2 + 84 sin?9 for[111]
—5 =13 (11)

g 280 + (Scn -5 )sinzlb for [100],

1
5% ESCn—SClz—ESCM, (12)
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(a) TiC fiber model with § ©)=-0.35TPa™.
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(b) Cu fiber model with S €=14.7TPa’".

Fig. 4. Lattice strain distribution for <110>-oriented
model of TiC and Cu in biaxial stress state.

where Scn, SCu, SC44 are the three independent compo-
nents of the elastic compliance for single cubic crystal.
As shown by each straight line in Fig. 4, Eq. (11) has
linearity in the sin®? diagram.

2.2. The X-ray Stress-Strain Relations of Polycrystal-
line Films

Although macroscopic mechanical behaviors of ori-
ented film are invariable for rotation around the S; axis,
not all crystallites contribute to the X-ray diffraction;
only those crystallites that satisfy the diffraction condi-
tion can be measured. Therefore, it is necessary to aver-
age the lattice strain by the weight function from the
effective crystallite distribution of the X-ray diffraction.
The averaged lattice strain < € L33> is obtained from Eq.
(10) as follows:

<£L33> _ %(Sco<cos2 T>+SC44 )sinzll) )

+%SC0 +28%

L
€733
< >=[Sco<coszT(l—gsin27)>+—l—SC44]sin21!)
2 2 (14)
+lSCU<sin27’>+SCu s
2

where the Reuss model in which the stress is assumed to
be constant [7]. Biaxial and uniaxial stress states are
assumed for Eqs. (13) and (14), respectively.

Measuring the diffraction plane (hkl) of oriented
films, the S; vector along the S, axis and the particular
angle 7p for diffracted crystallites are uniquely deter-
mined because the L; and S; axes are given by [hk/] and
[110] in the C system, respectively.

S, =(h-k, —=(k-k) 21), (14)

1 k-h
7p = arctan| —=-+——|. 15

2.3. X-ray Stress Analysis for <110>-Oriented TiC
Films

The values of € %33/ 0 S were calculated for TiC 420
diffraction with ($;, S, $%%4)=(2.10, -0.36, 5.61)
[1/TPa] [8] by Eq. (13). Table 1 presents the numerical
results. In the calculation, the Dirac delta function was
applied for the crystallite orientation distribution f (7),
because only the crystallites with the particular angle 7 p
can contribute to the diffraction. [abc] and E are the
direction and Young’s modulus along the S; axis for
measured crystallites, respectively. For available X-ray
diffraction planes, Fig. 4 (a) also shows the numerical
results of Eq. (13) in relation to sin’% . These values are
slightly different from the straight line in Fig. 4 (a). For
comparison with TiC, the numerical results for copper
with (5%, S, $%4)=(15.0, -6.3, 13.3)[1/TPa] [8] are
shown in Fig. 4 (b). It is evident that the larger the S of

Table 1. Numerical values of € 53/ 0 % and Young moduli
from the measured planes for 420 for <110>-oriented
TiC film in biaxial stress state (% < 60 deg).

hkl] 1 , sinzlb Te €& L33/ g S, M S E,
deg deg 1/TPa [abc] 1/TPa GPa

420( 18.4 0.10 -90 -0.612 [110] 2.27 440.0

4021 50.8 0.60 -125 0.756 [111] 2.33 429.2

402 547 [111]

042 47 [111]
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the elastic anisotropy, the greater the nonlinearity of
<110>-oriented materials. Generally, the conventional
sin®®) technique which uses the linearity is inapplicable
to <110>-oriented materials. Therefore, it is necessary to
determine the X-ray stress by a different calculation
without using the linearity.

(1) Measurement for the diffraction plane {hkl}

Since the lattice strain is obtained from

L d-d,
£33 = s 16
»= (16)

Eq. (13) may be expressed as
d =dy[s o +1), (17)

where S represents the right-hand side of Eq. (13) and 4
and d, are the stressed and unstressed lattice spacings,
respectively. Provided that the elastic constants of the
single crystal are known, .S only has the parameter (kkl).
Hereby, if the diffraction plane can be measured in dif-
ferent 1 angles as (¥, d;) and (¥ ,, d,), Eq. (17) for
two measured values (d;, S;), (d2, S2) becomes the si-
multaneous equations of (0 S dp). Namely,

S dZ—dl

oS = _d1S;-d5S,
S, —d2S1’ .

18
S, S, (18)

0

(2) Measurement for different diffraction planes

The X-ray stress and lattice constant ay, instead of d,
can be determined from Eq. (17) by the least-squares
method for nonlinear parameters [9]. The matrix equa-

Cr-Ka
——T L S S — |
16 1 (@) ¥=0° TiC220 1
1.2
N B S B N L B m e S|
L6 | (b) ¥=5° 1
< L J
o 2T MMAM.A(\MNW
37 LA S L A S R AR A
8 16 - (¢v=10° .
8 . 1
2 12} TiC111
= i 'T‘A*. e
& 16 | (d)$=15° i
1.2 + 4
14 u P S R S T S W |
50 100 150

Diffraction angle 26, deg

Fig. 5. Diffraction pattern of TiC film.

240

ag ¥ S; (SpS +1)
i

tion is obtained by the method for the measured values
(a;, S;) as follows
S
2 (“osi )2 30

E (SiOS +1)2
l - 2 (SiOS + 1)Ri

aOiESi (SioS +1)
- EaOSiRi

(19)

where R= a°—a; and 4 is an estimated value for the
measurement of the lattice constant. Solving the matrix
equation for (0 ag, 0 0°) by the iterative method, the
stress and lattice constant can be determined from

ag =a,’ +8ay, 05 =0 +30%, (20)

where a,” and 0 are initial estimates of the lattice
constant and stress, respectively.

3. EXPERIMENTS

3.1. Specimen

The specimen is coated with TiC film on a piece of
high-speed cutting tool (JIS: SKH51) by CVD. CVD
coating was carried out four times with 3.6, 3.5, 3.7 and
3.7 £ m thickness. The thickness of the film is approxi-
mately 14.5 4 m on the 50-mm-long, 10-mm-wide and
5.7-mm-thick substrate. Figure 5 shows the relation
between the ¥ angle and the X-ray diffraction intensity.
It is understood that there is a preferred orientation with
<110>.

3.2. X-ray Stress Measurement

An X-ray instrument with parallel beam optics was
used. The diffraction profiles of TiC 420 by CoK «
X-rays were measured. These measurement conditions
are listed in Table 2. The diffraction intensity and difrac-
tion angle2 6 were measured around ¥ =18 and 51 deg
for the TiC420 diffraction, because the angles are deter-
mined by the crystallographic relation, as shown in Table
1. Then, two angles of (¥, ¥ ) in the intensity peak
were calculated by parabola approximation, and (2 6 , 2
0,) at these peak positions were determined by the

Table 2. Condition of X-ray stress measurement.

X-ray tube CoK ¢
Diffraction planes TiC420
Diffraction angle 135.29deg
Tube voltage, current 30kV, 10mA

Step width for peak and BG area  |0.2 and 1.0deg
Peak determination Half value method
Fixed time 10s

Scanning method Fixed ¥ method
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Table 3. Stress values and 2 6 , of each model for

o 100 e e TiC420. __
= _ : Stress Diffraction angle,
> 80 | 0 . 0%, GPa 20, deg
g - oe P Present method 233 134.97
£ 60 - -® T e . P Isotropic Reuss 273 .
= 40 A ' model
TiC powder == 135.00
oo 136 L S L A
3 . 1 T oge
2 i e S = |8%%0-30)+=5% | ——=, (2
© i ' 2 dsin” 1
'a — -
8 . h2k* + k212 +1%R°
: e _ el @3
2 " 0’ +k*+1 )2
8 134 L ® Measured values |
b= o Calculated values where the unstressed diffraction angle 2 6 ; was meas-
A AT R R R ured from the TiC powder.
: High compressive stresses were measured in the film
0 20 301D dezé0 >0 60 and the absolute value of stress was smaller for the pre-

sent method than for the isotropic Reuss model.

Fig. 6. Diffraction angle and lattice strain distribution of

TiC420 measurement. 4.2. Applied Stress Value

The experiments were conducted under the condmon
of the applied strain values 0, 0.50X10”and 1.0X10.

linear approximation shown in Fig. 6. Finally, the X-ray  Taple 4 and Fig. 7 show the results and the relation be-
stress was determined by the following equation ob-

tained from the Bragg condition 2dsin¢ =nA and Eq. Table 4. Applied and X-ray strain and stress values.
(18): Applied  Applied X-ray X-ray strain

o ___ sin 6, -sinb, e st/;ain_3 s:ress s)t(ress €*/10” along

S,sin6, -8, sinf, €7/10° 0% MPa | 07,GPa | S forth,, 1,

0 0 -2.33 -5.30, -5.44

3.3. Comparison between X-ray Stress and Applied 0.50 2221 -2.08 -4.73, -4.85
Stress 1.0 4443 179 -4.06, -4.16

The measured stress O by Eq. (21) was compared
with the applied stress 0 by a small four-point bend-
ing jig in order to verify the effectlveness of the X-ray
stress measurement. The applied strain € * was measured 1.5 L
using a strain gage on the substrate, and the applied I R
stress was calculated as the product of the mechanical I $ d
elastic costant and the applied strain. The macroscopic i
elastic constant E*=444.26 GPa was calculated by Eq.
(5). Then, the X-ray strain was calculated by Hooke’s
law &€ 511- $1,0°% in the S system. For two specific
angles (¥, ¥,)=(18.4, 50.8) deg, these values of S;
along the S; axes were estimated as (2.27, 2.33)/TPa, as
shown in Table 1.

[
T
{

e
W
T

I

4. RESULTS AND DISCUSSION

X-ray strain A £ %, X107

4.1. Residual Stress Value of TiC Film L & by
The X-ray stress was determined by Eq. (21) for TiC L

420 diffraction from the measured values of (¥, 20 ; Y R N S
¥,, 20,)=(21.4, 134.6; 49.5, 135.5)deg. Then, the lat- 0 0.5 1 15
tice constant 4(=0.4335nm and diffraction angle 2 6 o= ) ’
134.97 deg were calculated by Eq. (18). Table 3 presents
the X-ray stress values by the present method and those . . : :
obtained by the isotropic Reusg model. In the isotropic Fig. 7. leference]lzie(t:\;vggnd?%) ;ﬁ?oind X-ray strain for
Reuss model, the stress is determined by ’

Applied strain & * X107
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tween the applied strain and the reduced X-ray strain
A €*; the difference between the applied and unapplied
stress states. The reduced strain was represented in order
to lower the influence of residual stress. There is a dif-
ference between the applied strain and the reduced X-ray
strain. It is evident that the X-ray strain is not necessarily
equivalent to the macrostrain. Since the measured crys-
tallites in the specimen only satisfy the X-ray diffraction
condition, the number of measured crystallites is far less
than the number of crystallites contributing to the applied
strain. Provided that all crystallites are measurable by
X-ray diffraction, the averaged X-ray strain may ap-
proximate the applied strain. As a series of experiments,
it is necessary to verify the X-ray stress measurement for
<110>-oriented films by a loading test, inclusive of the
measurement of the mechanical elastic constants, and to
take the imperfectly oriented films and the interaction
among crystallites into consideration.

5. CONCLUSIONS

(1) The X-ray stress measurement for <110>-oriented
films was formulated. The X-ray stress-strain relation
revealed nonlinearity in the relation between the lattice
strain and the sin’? for the dependence of diffraction
planes.

(2) If two kinds of diffraction planes, for instance 420
and 402 planes, are measurable, then X-ray stress deter-
mination without the unstressed lattice spacing was
manifested for <110>-oriented materials. Moreover, for
the measured data of plural diffraction planes, the X-ray

stress determination was proposed by the least-squares
method for nonlinear parameters.

(3) The stress determination was applied to the present
TiC film coated by CVD since the specimen had a <110>
preferred orientation normal to the specimen surface. As
a result, compressive stress could be measured in the
film.

(4) It was possible to calculate the elastic constant of
measured crystallites and the strain value by the X-ray
diffraction method. It was evident that the values were
not always equal to macroscopic values.
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