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ABSTRACT

In this paper, a sample having <111> fiber texture near single crystal
structure made by PVD was evaluated about texture states by the pole
figure and about residual stress states by the new expression for X-ray
stress analysis. As a result, about 6GPa compressive residual stress
existed in the film. However, measurement planes of X-ray line were
influence on each stress value.
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INTRODUCTION

X-ray stress measurement methods can measure surface stresses in
polycrystalline ceramics and metals without destruction. However this
method cannot be applied to anisotropy materials, because it is on the
assumption of heterogeneous material in theoretical expression (Noyan
and Cohen, 1987). Some researchers have proceeded to develop new
procedures applied to fiber texture materials. Zaouali et al. (1991)
discussed a measurement technique by using the procedure defined as
the ideal orientation. Some groups also discussed the influences on
stress determination of the elastic constant (Miki et al., 2000; Ejiri et al.,
2000; Tanaka et al., 2000; Scardi and Dong, 2001). In addition,
naturally, the new experimental techniques of stress measurement of
textured materials were discussed also by some groups (Ma et al.,
2001). On the other hand some researchers have studied about X-ray
stress measurement of single crystals (Suzuki et al., 2000; 2003;
Briickner et al., 2005). About these theories for stress measurements,
they assume that materials have ideal orientation. However all materials
are not always such extremity condition naturally. Some of the authors
studied on the stress measurement of fiber-textured materials (Murotani
et al., 2000; Ejiri et al., 2000). The specimens had very strong fiber
texture in that study. On the other hand, it is known that the thin films
that consisted of the single crystal structure can produce by PVD. The
specimen having the intermediate structure between the single crystal
and the fiber-textured crystal were obtained in this study. In this case,
the X-ray stress-strain relation that related to the stress constant should
be different between the single crystal and the fiber texture. Therefore,
final objective of this research aims at development of stress
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measurement method for non-ideal orientation system near single
crystal.

In this study, the residual stresses of a specimen having fiber texture
near single crystal are investigated by procedures for ideal orientation.
A sample having <111> fiber texture near single crystal structure was
evaluated from the pole figure. Then, the residual stresses were
measured by using several stress determinant procedures. One of the
procedures is for the single crystal model, and others are for the ideal
fiber texture model. At first, in this paper, authors introduce the
principal expression of X-ray stress analysis and modify those
equations to the procedures. The procedures were applied in the
experiments using a strong textured sample. Experimental results
obtained by these procedures were compared and discussed.

DETERMINATION OF X-RAY STRESS ANALYSIS

X-ray stress-strain relation of single cubic crystal and iso-
biaxial stress state

The orthogonal coordinate systems used in the following determination
are shown in Figure 1. The axes of the specimen coordinate system P
define the surface of the specimen, and P axis decides normal direction
of specimen surface. The axes of the laboratory coordinate system L are
defined as a coordinate system after it is converted by angle ¢ and y
from P system. Then L; is in the direction normal to the family of
planes (/kl) whose spacing is measured by X-ray. The axes of the
crystal coordinate system C defined along their primitive axes. Figure 2
shows the relation between three coordinate systems. The laboratory
coordinate system L can be transformed from the specimen coordinate
system P. The transformation matrix , is given with rotation angle ¢
and .

cosy cosg cosysing —siny
o, = —sin ¢ cos ¢ 0 1)
sinycos¢ sinycosg cosy



Diffraction Plane

P

Fig.1 Orthogonal coordinate system.

Sample system

Laboratory system
L
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C

Fig.2 Relation between three coordinate system.

In the crystal coordinate system, the relation between the strain gf and
o i
the stress o, is expressed by

c c ¢
gi/' =5 ijkl Ou-

@)

The strain measured by X-ray diffraction g; is the normal strain in the

L; direction. Here, the relation between the strain ¢, and the strain
C . C P

& and the relation between the stress o, and the stress o, are

given respectively by transformation of coordinate as follows:

L C

£y =YV ,Ey 3
C P

O-i/' = ”k,”tfo_kl : (4)

By the equation 2, 3 and 4, the relation between the strain and the stress
is expressed by

®)

L C P
&y = 73i73jSifk17[mk7[nlo-mn >
where the indexes are applied the Einstein suffix. 7, is the
transformation matrix from C system to L system, and 7z, is from C to
P, respectively. kal is the compliance moduli of the crystal (Kittel,
1996). In the case of the cubic crystal, it can be expressed by using only
three components, Slc1 S S; and S;. Here, S, is indicated Lusing
Voigt notation. Finally, the relation between the X-ray strain &,; and
the stress 0': has following form:
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L c ¢ ¢ F

&y = (S M, + 5,6, + 55440)31_0)”)0',, ’ ©

c c c ¢
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3

M:/' = Z}/Br}/st”it”ﬂ ’ (8)
t=1

where 5g_ is Kronecker’s symbol. Here, @, is expressed by the
equation of coordinate system transformation as
(03‘ = }/317[:1 : (9)

Assuming that iso-biaxial stress state is applied in equations 6, 7 and 8,

the equation of X-ray stress-strain relation of single cubic crystal is
given by

L
€53 ¢ c ce R )
_thsn +S12 _[SOZO/M”M) +_S44(273,7[3,) :|’ (10)
o t=1 2 =1
where y, and 7, can be calculated by the direction cosine.
1
(731’732’}/33):ﬁ(/”7k71)~ (11)
Wk e r
1
(73,735, 7 :ﬁ(H,K,L), (12)
o K+

where, H, K, L is the axis of fiber texture respectively. In the case of
<111> fiber textured material, equation 10 is described using equation
12 as

1 ¢ 1 ¢
_ESO _ES44(}/31+732 +}/33)2' (13)

Iso-biaxial stress in <I111> fiber texture

In the case of <111> fiber texture material, <l111> axes of crystals are
preferred in the direction of specimen surface. In the other word, C
coordinate system cannot be fixed. Therefore, the measurement strain
g; must be the average of normal strain affects on the diffraction g; .

The equation 6 is applied the average of strain g; , transformed
equation is given by

1 c c c P

&, =(S; M+ 8,6, +—S, 0,0 )0,. (14)

Here, assuming that the stress state has the iso-biaxial stress (substitute
¢ =0), the plane stress ( a; =0 ), and the <111> fiber texture
material, the equation satisfied with these condition is as



L
€3 c ¢ 1 e o
—P=S0(M“+M22)+2S12+;S44s1n 74

o (15)
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==58) +280 +—S. sin’ y
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Explaining in addition, the transformation matrix 7 is given as
cosy siny cosy siny 2
- + —cosy
Jo A2 Ve A2 N3
siny  cosy siny cosy 2 (16)
=~ - - + —siny |,
S N O N T
1 1 1
V3 V3 V3

where y is rotation angle around P; axis. In the <111> preferred
orientation, angle y is irrelevant to the equation 15.

Aniso-biaxial stress in <I111> fiber texture

Equation 15 is assumed iso-biaxial stress state. Generally speaking, it is
reported that thin films made by deposition process have iso-biaxial
stress state (Tanaka and Ishihara, 1995). However, in this research, it is
a possibility that a specimen has an aniso-biaxial stress due to deviated
texture state. Then, aniso-biaxial stress analysis for cubic thin films
provided by Tanaka et al. (1999) was applied. The stress-strain relation
is described as

1 1 . .
el = {ZSM(O-” +0,) +E(3S44 +28,)(0,, = 0,,)c082¢ + 20, sin 24} sin® y

N

- ?So {(o1, —0y)c0s(¢ +3y) - 20, sin(¢ + 3y)} sin 2y
1
+ 5(3512 +8,)(o), +0y)

amn

Here, ¢ =0 and ¢ =90 is substituted respectively in equation 17,
provided that angle y has to be replaced with y —90 . In addition,
next equation is applied the average of strain g; like equation 14.

N 1 .
eL(p=0)= g{(,%S44 +8,)0,, = S,0,,}sin’ y

) (18)
2 S
- ?SO {(o,, —0,,)c0s3y —20,8in3y}sin 2y
1
+ 5(3512 +8,) 0, +0,)
- 1 .
£l (4 =90) = 5 {=S,0,, —(3S,, +S,)0,}sin’ y (19)

V2

+ ?SO {(o,, =0y )cos3y —20,,sin 3y} sin 2y

1
‘*’5(3512 +So)oy, +05)

cos3y and sin3y can be decided by measurement plane. If the plane

is chosen under the condition that cos3y =sin3y = 0 successfully,
stress calculation can be done using the equation differentiated by
sin’ V.
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EXPERIMENTS
Specimen preparation

TiN thin film was deposited by PVD on a JIS-SKH51 (AISI-M2) steel
substrate. The substrate has dimensions of 18mm diameter and 10mm
height. On the condition of PVD, processing gas was used N, gas in the
pressure about 0.4Pa. The substrate bias voltage was —80V, and the arc
current was 80A. The thickness of film was about 2.5um.

Pole figure measurement and stress measurement

The pole figure was measured using Cu-Ko radiation with Schulz
reflection method to evaluate the texture state in thin film (Gotoh et al.,
2003). The schematic illustrations and a photograph are shown in figure
3. On measurement conditions, the X-ray tube voltage was 40kV and
the tube current was 200mA. The inclination angle normal to the
specimen surface o was changed from 90 to 15deg in intervals of
15deg, and the rotation angle £ was changed from 0 to 355deg in
intervals of 5deg. Here, two angles @ and [ are corresponded with
w =90 -« and ¢ = S respectively. {111}, {100}, {110}, {311} and
{210} were measured.

Detector

Schulz slit

X-ray sauce

(b) Optics of pole figure measurement.



Specimen

Detector

X-ray sauce
(c) Optics of stress measurement.
Fig. 3 Schematic illustration and a photograph of measurement system.

The stress measurement (Gotoh et al., 2002) was also executed using
Cu-Ka radiation. The tube voltage and current were just like pole
figure measurement. Parallel beam optics was applied in measurement.
Ni foil was used as a Kf radiation filter. The integrated intensity of
diffraction profile was measured to correct ¢ position exactly. Here,
the elastic compliance moduli of TiN (Perry, 1989) used in stress
analysis was

C C -1
217, 8, =-038, §,, =595 TPa". (20)
In this stress measurement, stress-free lattice spacing d is need to
calculate the strain g; obtained by peak shift of X-ray profile. 831; can

be calculated by

@n

where d is the lattice spacing obtained by Bragg’s law 2dsin8 = nA,
and d, also can be obtained by Bragg’s law similarly. However, it is
well understood by equation 21 that correct measurement of 5; is
accomplished by exact measurement of d,,. Therefore, it is preferable
not to use d, in stress measurement. Thus, two-exposure method (Ejiri
et al., 2000) was applied to this study. Here, if equation 21 is applied to
equation 13 and 15, they may be expressed as following form:

d=d(Sc" +1). (22)

S represents the right-hand side of equation 13 and 15. Here, if the
diffraction plane about d; and d, can be selected in the plane having
same stress-free lattice spacing dy, (in the other word: in case of having

same d, in different angle y or different hkl), two measured value
(d,,S)) and (d,,S,) become the simultaneous equations of (O'P,do).
P

Therefore, o is given by
d,—-d
ol =—2—1 (23)
d1S2 - d2S1

Thus, the stress o' can be obtained by d spacing measurement and S
calculation using stress-strain relation procedure without d,,.
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RESULTS AND DISCUSSION

Figure 4 shows pole figures obtained in this study. In the figure 4(b)
and 4(c), three high intensity spots appear in spread circular line. In the
case of single crystal, only spots should be appeared clearly. Otherwise,
in the ideal fiber texture, it should be indicated shallower spread
circular line without spots (Gotoh et al., 2003). Therefore, in this
specimen, it shows medium property between the single crystal and the
fiber texture. However, in the figure 4(d) and 4(e), spots could not be
observed. It is thought the large multiplicity factor of {311} and {210}
contributes to the swing of C axes. Thus, diffraction might get blurred.
<111> preferred orientation in this thin film was understood by all pole
figures obtained from each planes.

An example of X-ray diffraction profile used in stress measurement is
shown in figure 5. The profile was symmetrical, and it was reliable to
measure the stress.

%o, |
et i)i

(e) {210}

(f) (111) stereographic projection
(Reference)

Fig. 4 Pole figures and a stereographic projection of cubic single crystal.
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Fig. 5 Example of peak profile (042 plane).
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Fig. 7 Positions of miss-orientation measurement at (222).

Concerning stress measurement, at first, stresses were measured with b
. . . . . T T T T T T T
equation 13 by using several diffraction planes shown in figure 6.
Results are listed in table 1. The thin film had about 6GPa compressive I Reuss model 222
. . e | Rt Reuss model 420

residual stress. However, a little difference was at each plane. Ty | 4
o
Sl
N
S ot -
o™

<111>fiber model
O 222 A 113 O 420
® 222 A 113 W 420

1
—_

L L I n I n I
0 0.2 0.4 0.6 0.8 1
sin’ 7%

Fig.8 Relation between 83]; /o andsin’ V.

At last, aniso-biaxial stress state was analyzed using equation 18 and 19.
Measurement points were shown in figure 9. Here, because the planes

Fig. 6 Measurement positions and planes. . n .
are at ¢ =0 and ¢ = 90, the relation cos3y =sin3y =0 is adapted

Next, in (222) and (420) diffraction in figure 6, an influence of miss- in equation 18 and 19. And simultaneous equations are obtained by
positioning about angle ¢ was evaluated. The concept of this equation 18 and 19 as follows:
measurement concerning miss-positioning error is shown in figure 7.

For example, ideal position of 222 diffraction plane is ¢ = 60 ,
xamp p P ¢ Aleh(@=0)+ (@ =901/2) 1

however, the stress was measured at ideal position and the stress was —s° (o, +0,), 17)

also calculated by using missed position of 222 plane at ¢ = 0. Thus, dsin’ v g 0 ”

stresses were compared. As results, there was no difference in 222

plane, however, diffraction intensity at right position was the twice as L

large as that of missed position. Otherwise, a little difference was in w - l - Soca +(3 Si n S;)O_ZZ} ) (18)
1

420 plane. Residual stress at ¢ = 0 (missed position) using 420 plane dsin’ v 6 1
was -5.449GPa, it was more little than that in table 1. Now, equation 13
and 15 are assumed the ideal orientation. However, it was understood
that the 420 diffraction was isotropic by figure 4(e). Therefore, it is
thought that deviated error from ideal model was occurred. Here,
relation between S (= é‘; / O'P) and sin’ w using equation 15 is shown
in figure 8. The solid line and the broken line are the elastic compliance
of iso-biaxial random orientation model (Reuss model). At (222) and
(222) plane, the circle marks_are on the solid line of 222 plane.
However, the square mark of (420) plane (solid square mark) is a little
away from the broken line of 420 plane. Thus, in the measurement
using 420 plane, stress-strain relation by <111> ideal fiber model is not
suitable. And it is seemed that the measurement using {111} planes in
<111> fiber texture material accomplishes little error measurement.

Fig. 9 Measurement positions and planes in aniso-biaxial stress analysis.
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Table 1. Results of stress measurement using equation 13.

Plane Stress, GPa
222 -5.881
113 -5.776
042 -5.531

Table 2. Results of stress measurement using equation 18 and 19.

Plane stress Stress, GPa
o, -6.49
o, -6.10

By gradient in relation between g; and sin’ 74 (sin2 v plot diagranLl),
the stress o, and o, can be obtained individually. Here, because &
is calculated by equation 21, stress-free lattice spacing d, is needed.
Results are listed in table 2. o, was a little different from o, . It is
though that this difference is occurred because of experimental error of
d, . Therefore, this thin film should have iso-biaxial stress state. In
addition, stresses were lager than those of table 1. In the stress analysis
at table 1, d should not influence on the stress because of using two-
exposure method. Therefore, it is thought stresses are get confused by
the large multiplicity factors excepted for 222 plane just like pole figure
measurement and stress measurement using equation 17 and 18.

CONCLUSIONS

Main results in this study are summarized as following:

(1) Specimen had compressive residual stress about —6GPa.
Differences of stress value due to diffraction planes are in the
measurement using the single crystal model and the ideal fiber texture
model, and they were also in the measurement using aniso-biaxial
model.

(2) By stress measurement assumed normal plane stress, the stress
value was evaluated. As a result, this thin film has bi-axial stress state.
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