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Two types ofx-ray diffraction methods for measuring stress state in a single crystal are proposed. The frrst 
one is tuned to the laboratory x-ray diffraction system. The diffraction data for several equivalent 
diffraction indices are obtained by using our original apparatus and the multiple regression analysis method 
is applied for the solution algorism of the plane stress components. The second one is suitable for 
investigating the residual stress state in an inner part of a single crystal by using high energy 
synchrotron radiation facility. The stress components can be directly analyzed by solving the 
stress-strain equation for a single crystal with the diffraction data in three orthogonal 
directions. The experimental demonstrations are also shown for the residual stress analysis of 
laser-irradiated Fe single crystal. 
Key words: x-ray diffraction, residual stress, single crystal, synchrotron radiation 

I .INTRODUCTION 
Residual stress state in engineering materials is 

a critical factor in their practical reliability and 
performance. The sophisticated x-ray diffraction 
method, so-called the 2B-sin2 !J1 method, has been 
developed and widely used for evaluating the 
residual stresses by measuring the elastic strains 
caused by the residual stresses in polycrystalline 
materials[!]. However, this method cannot be 
applied to a single crystal or coarse grains in 
principle. In order to break through this difficulty, 
we have developed new methods for measuring 
the stress states in a single crystal by using the 
laboratory x-ray equipment and the synchrotron 
radiation facility. In this paper, we intended to 
show the details of our measurement systems and 
the new theories for analyzing the stress 
components in a single crystal from the x-ray 
diffraction data and demonstrate some 
applications. 

2. EXPERIMENTAL 
2.1 METHOD-I 

In principle, the stress state in a single crystal 
can be obtained when the absolute lattice 
displacements of the several directions can be 
measured precisely. Although several methods 
have been examined to investigate the stress state 
in a single crystal [2, 3], they don't become 
prevailing techniques because it is difficult to 
obtain the reliable lattice displacement values. 
Recently, Yoshioka et al. have been proposed a 
unique and practical x-ray stress measurement 
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method for a single crystal [4]. Being based on 
the Yoshioka's method, we have improved the 
accuracy of the measurement system and 
sophisticated the data analysis algorism. The 
details of our method are as follows. 

Figure 1 shows the crystal coordinate system 
X;, the laboratory coordinate system Li and the 
specimen coordinate system Pi. if and !f1 are the 
rotation angle between P1 and L1 and P3 and L3, 
respectively. A lattice strain of n-th plane, e L33cn) 
in the L3 direction on the laboratory coordinate 
system in the plane stress condition is expressed 
with the stress components a 8

11 , a 8
12 and a s 22 

on the specimen coordinate system by the 
following equation for a cubic crystal [5]: 

Fig.l Three coordinate systems: the crystal 
coordinate system Xi, the laboratory coordinate 
system Li and the specimen coordinate system P;. 
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6L33(n) =-(Bn -B0)cot80 

= cs!l -S12 _ls44)[(r
2317r2ll +r2327r21z +r233lr213)if11 + 

2 
2(y2317rlllr12 +r2327r127r22 +r2337rl37rz3)iflz + 

(r3!~2l +r23~zz +r3~23)ifzz]+S1z(ifn +ifzz)+ 

ls44(ifnsin2 ~-ifnsin2{6+ifnco~ ~)sin2 1f/ 
2 

=A,ifn +B.ifn +C.ifn (1) 

Where, Sij is the elastic compliance of the cubic 
crystal. The transformation matrices, (!: and y are 
between the specimen and crystal coordinate 
systems, and crystal and laboratory coordinate 
systems, respectively. In this equation, 80 is the 
half of the diffraction angle in the stress-free 
condition, and is usually unknown. An, Bn and Cn 
are the variables which can be determined by the 
Miller indices of the measured diffraction planes. 
en is expressed as the following equation: 

s 2 s 2 s 
28 =-[(2

CT n A +~B +~C )]+28 (2) 
n e" e" (}" 0 cot 0 cot 0 cot 0 

By choosing the equivalent diffraction planes, 
CT 

8
1 ~, CT s 12, CT 

8 
22 and 80 can be calculated by the 

multiple regression analysis method. In this 
analysis, at least four equivalent diffraction 
planes should be measured. It should be noted 
that the 80 value don't need to be measured. 
Instead, it can be determined form the sample 
values. 

Figure 2 shows our new x-ray stress 
measurement apparatus for a single crystal. 
Diffracted x-ray is detected by the one 
dimensional position sensitive proportional 
counter (PSPC). The ~l!f-oscillation stage is 
installed in the tube-type x-ray generator system. 
In order to obtain a perfect x-ray diffraction 
profile of the target diffraction plane with PSPC, 
coupled two-axis oscillation of the sample is 
necessary. Some types of two-axis combination is 
possible. For example, our original prototype 
system adopted Xlf/-oscillation stage [6]. Because 
the adjustment of the rotation center of the 
sample is simpler for ~l!f-oscillation than for 
Xl!f-oscillation, our new apparatus adopted the 
former oscillation mode. The accuracy of the 
rotation center of the stage is within ±5 Jlm error 
by using laser displacement meter and microscope. 
A shield-tube x-ray source of Cr-Ka radiation 
with a low power of 30 KV and 10 mA was used 
in this study. The diffraction intensity of a single 
crystal is very high and so the power of x-ray 
source should be tuned down in order to avoid the 
saturation of PSPC. The diameter of x-ray 
collimator is typically 0.3 mm, which can be 
selected to suite the experimental needs. 

We will show the experimental result for a 
laser-irradiated Fe single crystal sheet of 0.23 
mm thick. The orientation of the sample is about 
{110}<001>, which is known as the Goss 

orientation. Nd-YAG pulse laser was irradiated 
with the energy of 3.3 mJ/pulse along <1 lO > 
direction (named 2-direction) at 0.3 mm intervals. 
The shape of each cavity is about 100 Jlm in 
diameter and about 4 Jlm in depth [6]. This kind 

Fig.2 The x-ray stress measurement apparatus for 
a single crystal. 
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Fig.3 The residual stress distributions in 
laser-irradiated Fe single crystal (a) before and 
(b) after annealing. 
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of laser irradiation process is known as the 
magnetic domain refinement process for 
producing high performance electrical steels [7]. 

Six equivalent 211 diffraction planes of a-Fe, 
211, 112, 121, 12L 112, and 211, satisfied 
reflection condition and were chosen for the 
measurement. Figures 3(a) and (b) show the stress 
components cr 11 , cr 12 and cr22 around the 
laser-irradiated cavity line along <001> direction 
(named 1-direction) before and after annealing at 
800 °C for 2 hours in H2 atmosphere, respectively. 
We can see from Fig. 3(a) that the tensile stresses 
of about up to 70 MPa in 1-direction and 160 
MPa in 2-direction were induced just around the 
laser-irradiated cavity line. The value of er22 was 
almost two times larger than that of er11 since the 
difference of elastic constant between 1- and 2-
directions (E1=132 GPa nad E2=220 GPa) [8]. 
The stress induced area was less than 0.5 mm, 
that is to say, the very limited area. er11 and er22 

are considered to be the principle stresses in the 
surface plane because the shear stress, er12 is 
negligible as is seen in this figure. After 
annealing, the residual stresses are completely 
relieved as is shown Fig. 3(b). 

2.2 METHOD-2 
The second method is devised for investigating 

the residual stress state in an inner part of a 
single crystal, which is not anymore a plane 
stress state. The stress-strain equation in 
three-dimensional stress ·state is expressed as 
follows: 

ef, =So Ha,:(~r:,n,,n1,)+S,2(a~ +a:Z +a{.)+~S44a{, 
1 s { p • 2 "' p • 2 2"' p 2 "' p ) • 2 +2 44\0'u Sill "'-a12 sill "'+a22 cos "'-a, sm tp 

+~S44 (a:, sinrj1-a~ cosrfi)sin2tp (3) 

where the suffixes of 1, 2 and 3 mean P1, P2 and 
P3 directions in Fig. 1, respectively. 

We can transcribe this equation for three 
orthogonal directions; 1, 2 and 3. These are 
shown as follows: 

efs =S 0 ~~a,J(~ri,n"n 1,)+ 
S 1a P +a P + P )+ 1 S P 12 ~ u n a,, 2 44 a,, 

(4-1) 

(4-2) 

(4- 3) 

where equations ( 4-1 ), ( 4-2) and ( 4-3) correspond 
to the stress-strain equations in 1, 2 and 3 

directions, respectively. We can solve the 
simultaneous liner equations directly if the strain 
data along the 1, 2 and 3 direction are obtained. 

This method is suitable for high energy 
synchrotron radiation facility. By using high 
energy x-ray (typically 30-70 keV), the x-ray 
beam can reach deep inside of the material. 
Furthermore, synchrotron radiation x-ray beam 
can be easily collimated to be a very small size 
less than 0.1 mm. Consequently, we can measure 
the x-ray diffraction profiles from the micro part 
area into a bulk material along three orthogonal 
directions. 

We performed synchrotron radiation x-ray 
diffraction measurement at the BL22XU of JAEA 
in the SPring-8. Figure 4 shows the experimental 
setup for this experiment. The sample is also the 
laser-irradiated {110}<001> Fe single crystal. 
The diffraction indices are Fe 006 for 1-directtion 
(<001>), Fe 440 for 2- direction (<1 To>) and 
Fe 440 for 3- direction (<110>), respectively. For 
these experimental conditions, eqs. ( 4-1 ), ( 4-2) 
and (4-3) can be transformed to eqs. (5-1), (5-2) 
and (5-3). 

(5-l) 

(5-2) 

(5-3) 

Fig.4 Experimental setup at the BL22XU of JAEA 
in the SPring-8. 

The energy and the size of x-ray beam were 30 
keV and 50 J.Lm X 50J.Lm, respectively. Figure 5 
illustrates the diffracted area, which is called the 
gauge volume. The values of W and H are 118 J..Lm 

383 



384 State of the Art X-ray Diffraction Methods for Measuring Stress State in a Single Crystal 

and 55 flm, respectively for 28=50° . The depth 
profile of the strain data were obtained just below the 
laser~irradiated spot up to 0.18 mm at 0.03 mm intervals. 
Figure 6 shows the depth profiles of strain values along 
the three directions. From this figure, it is clear that the 
extremely anisotropic strain state is introduces by laser 
irradiation. Especially, relatively large compressive 
strains are introduced along !~direction. Figure 7 shows 
the derived depth profiles of stress values calculated by 
solving simultaneous linear eqs. (5-l), (5-2) and (5-3). 
We could firstly know that the anisotropic three-axis 
compressive residual stress state just below the surface. 

Fig.5 lllustration of gauge volume for the x-ray 
diffraction experiment. 
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Fig. 6 Depth profiles of strains along the three 
orthogonal directions ( 1-, 2- and 3-directions ). 
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Fig. 7 Depth profiles of residual stresses along 
the three orthogonal directions (1-, 2- and 
3-directions). 

As the main subject of this paper is focused on the 
x-ray measuring techniques, the physical origin of the 
stress state in the present demonstration sample will be 
discussed in a separate paper. 

3. CONCLUDING REMARKS 
We have developed two types of x-ray diffraction 

methods for measuring stress state in a single crystal. 
The first one is tuned to the laboratory x-ray 

diffraction system for measuring the plane residual 
stress components at the surface. The second method 
is devised for investigating the residual stress 
state in an inner part of the crystaL This method 
is suitable for high energy x-ray diffraction 
measurement with synchrotron radiation source. 
By using these methods, we could successfully 
analyze the residual stress state for a 
laser-irradiated Fe single crystaL 
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