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Abstract: Stress measurements of coarse-grained material are difficult using synchrotron X-ray
diffraction because the diffraction patterns of coarse-grained materials are spotty. In addition,
the center of the diffraction pattern is unknown for the transmitted X-ray beam. Here, a double-
exposure method is proposed as the countermeasure against this issue. In the experiment,
we introduce a CdTe pixel detector. The detector is a newly developed area detector and can
resolve high-energy X-rays. The strains of the coarse-grained material can be measured using a
combination of the double-exposure method, white synchrotron X-ray, and the CdTe pixel detector.
The bending stress in an austenitic stainless steel plate was measured using the proposed technique.
As a result, the measured stress corresponded to the applied bending stress.

Keywords: synchrotron white X-ray; double-exposure method; CdTe pixel detector; coarse grain;
X-ray stress measurement; austenitic stainless steel

1. Introduction

A high-energy synchrotron X-ray between 30 keV and 1 MeV has a large penetration depth and
directivity, and therefore has an excellent beam quality [1]. Internal stresses can be measured using
strain scanning with hard synchrotron X-rays, and the method is used widely in industry [2]. However,
the use of the strain scanning method is limited as the diffraction ring from the gauge volume should
be continuous.

The diffraction pattern from coarse grains is spotty, and an area detector must be used to measure
the diffraction spots. In addition, a special slit system is needed to create the gauge volume for the
area detector. Some 2D slit systems have been developed, e.g., the conical slit and the spiral slit [3-6].
The stress measurement technique of a 2D detector with a 2D slit system is required for evaluating
the internal stresses of textured materials or those with coarse grains. The authors also proposed
a diffraction spot trace method (DSTM) as the countermeasure [7,8]. In the DSTM, scanning the
gauge-volume that is made by the rotating slit-system in the sample, the diffraction spots using an
area detector are recorded. Both of the intensity and position of each diffraction spot have to be traced.
The DSTM is useful for measuring stresses in coarse-grained materials or welded metals. However,
the rotating slit-system of the DSTM is complicated, and the analysis for the DSTM is difficult.

Therefore, we propose a double-exposure method (DEM). The DEM does not require a
complicated slit system, but it does require an area detector. The distribution of the residual stress
in coarse-grained material can be measured using the DEM, and the effectiveness of the DEM
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was examined in our previous study [9], where the DEM was used to measure the stresses of the
coarse-grained materials. The DEM is a creative technique, but the X-ray energy is limited to 30 keV as
it uses a Si sensor pixel detector (PILATUS detector [10]).

On the other hand, three-dimensional X-ray diffraction (3DXRD) is novel technique and a
comprehensive account of the 3DXRD has been summarized [11]. The DEM does not require a
rotation of a sample as compared with the 3DXRD.

Techniques of Laue micro X-ray diffraction have developed for about 15 years. Software suites
for Laue pattern analysis are available, e.g., XMAS [12] and Laue Tools [13]. Strain analysis has been
studied using these techniques [14-16].

In this study, we propose a stress measurement using a CdTe pixel detector. The CdTe pixel
detector can recognize high-energy X-rays. Therefore, a diffraction pattern like monochromatic X-rays
can be obtained from a Laue pattern using the CdTe pixel detector. The stresses of coarse-grained
materials were measured using a combination of the DEM and the CdTe pixel detector with high-energy
white X-rays.

2. Methods

2.1. Double-Exposure Method

When we use a diffractometer or an area detector, the unique diffraction center is assumed.
However, this assumption is adopted in the case of materials such as powders, and depends on a mean
effect by a large number of grains. The diffraction ring from powders is shown as a continuous ring.
In coarse-grained materials, it is difficult to determine the diffraction centre because the number of
grains is limited. The diffraction from coarse-grained materials shows a spotty pattern. Therefore,
we have to measure the strain of the grain using the diffraction spot.

We consider that an X-ray beam transmits the sample as shown in Figure 1a. The line Ix is the
X-ray beam, and the line I is the beam diffracted by one grain in the specimen. The diffraction spot
from the grain is detected at two positions, P; and P,, using an area detector (CdTe pixel detector). If we
know the two positions at P;(x1,y1,z1) and P»(x2,¥2,22), the line Ip can be determined. The angle
formed between the line Ix and Ip is the diffraction angle 2 6.

The diffraction radius at P;, r; and the diffraction radius at P,, rp are given by the

following equations:
r=/x24+y2, rp=1/xX3+13. (1)

The distance between P; and P, is L (= zz — z1), so the diffraction angle 2 6 can be obtained by
the following:

20 = arctan <r22r1> . )

Figure 1b shows details of the intersection between the lines /x and Ip. The unit vectors of the
lines Ix and Ip are expressed by ex and e, respectively, where each unit vector is given by the following:

ex =(0,0,1), ®)
e = (x2— 1,92 — Y1, 72 — 21) cos£29) . @
As shown in Figure 1b, the vectors O—>OX and O—PC) are:
0—>Ox =—lyeyx, (5)
e

OPC :OP1—l1e. (6)
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—
Therefore, the vector Pc Oy is obtained from the equation:

PCoX:OOX—OPC:—loex—O—P1>+116. (7)

e e
Since the vector Pc Oy is normal to the line [p, the inner product between the vectors Pc Ox and
e becomes zero.

—
e- PC OX =0. (8)
CdTe pixel

detector -

g Z;z P2 (x2.2,22)

Specimen

/ PC
(xeyeic)

White X-ray beam Pl (x151,21)
(a)
Diffracted Pc |
beam
Ip
X-ray beam Iy

Figure 1. Double-exposure method with a synchrotron white X-ray source. (a) The line Ix is the
transmitted white X-ray beam and the line /p is the diffracted X-ray beam from a coarse grain.
The diffracted beam is detected by the CdTe pixel detector at P; and P,; (b) details of Pc, where
the lines of Iy and Ip intersect. The line PcOyx is normal to lines Ix and Ip.

Equation (8) provides the relationship between [ and Iy:

- (o —x)x1+@2—y)y1+(z2—z1)z T )
Lp Lp

— —

The line Ix is also normal to the vector Pc Ox and the inner product between Ix and Pc Ox
becomes zero:

eX‘PCOX:O. (10)

We obtain the following equation from Equation (10):

2 — 21
Lp

lo = ll — 21, (11)

where the following relationships are given in Figure 1:

L
Lp =

—M, L:ZZ—Zland 21:0. (12)

Solving the simultaneous Equations (9) and (11), we have the following equations about the
unknowns, [y and /;:
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_ cot?(26)

lo=—7 [(x2 —x1) X1+ (y2 —y1) 1] (13)
1 2%22(92)9) [(x2 —x1) %1+ (y2 —y1) 1] - (14)

The intersection Pc(xc, yc, z¢) can be led using Iy and I7.

xc X1 X2 —X1
— = cos(20
yc |OPc=0P;—he= |y I £ ) Y2— W1 (15)
Zc 21 22 — 21
Finally, we obtain the intersection Pc(x¢, yc,zc):
z
xc =x1 + TC (x2 —x1) (16)
Zc
ye =y1+ 1 (2 =y) (17)
cot?(20
Zc = — L( )[(xz—xl)x1+(y2—y1)y1]. (18)

We notice that the intersection Pc gives us the diffraction position for each grain.
In addition, the azimuth angle of the diffraction beam « is given by the following;:

a = arctan (y—l) . (19)

X1

As mentioned above, we obtain the diffraction angle 2 8 and the intersect position Pc(x¢,yc,zc)
using the DEM.

2.2. CdTe Pixel Detector

We developed the CdTe pixel detector to measure the energy-resolved diffraction image using
synchrotron white X-rays. The CdTe pixel detector is shown in Figure 2.

- -

Sensing area of
. CdTe pixel detector

Figure 2. CdTe pixel detector. The sensing area is on the upper-right side of photograph.

The CdTe sensor has the Pt/CdTe/ Al configuration using a high-resistivity p-type single-crystal
CdTe wafer that is 750 um thick. The front side (X-ray irradiated side) was processed with a single
platinum electrode. The back side was deposited with a 95 x 100 matrix of aluminum electrodes.
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The pixel format of the photon-counting application specific integrated circuit (ASIC), SP8-04F10K,
is 95 x 100. The CdTe pixel detector is combined with an aluminum Schottky diode sensor and the
photon-counting ASIC [17,18].

In this study, a new CdTe pixel detector was prepared as shown in Figure 2. It is composed
of a 2 x 2 configuration of the SP8-04F10K hybrid detector by Sn-Bi solder bump bonding. Thus,
the CdTe pixel detector has a wider sensor area than conventional detectors. The pixel dimensions are
0.2 x 0.2 mm?, and the detected area is 40.2 x 39.2 mm? (201 x 191 pixels). Each pixel of the detector
has a 24-bit counter.

2.3. Experiments with Synchrotron White X-rays

The experiments using synchrotron white X-rays were conducted on beamline BL14B1 at SPring-8
in Hyogo, Japan. The CdTe pixel detector was mounted on the xyz-stages as shown in Figure 3.

The dimensions of the incident white X-ray beam were 0.1 x 0.1 mm?.

Ll
- § N

Figure 3. Experiment on beamline BL14B1 at SPring-8, Hyogo, Japan. The synchrotron white X-ray
beam transmits the 4-point-bending specimen from the right side. The diffraction patterns are measured
at locations P; and P, by moving the CdTe pixel detector through the stages.

As the area of the detector is small, the measured area of the diffraction image was formed by
moving the detector. The diffraction image at position P; is composed of the 2 x 3 images of the
detector, and position P, is composed of the 4 x 5 images of the detector. The length L (= zp — z1) is
500 mm.

The used specimen was a low-carbon forged austenitic stainless steel, SUSF316L, and its mean
grain size was 300 pm. The dimensions of the specimen were a length of 45 mm, a height of 6 mm,
and a width of 7.7 mm. To examine the DEM with synchrotron white X-rays, 4-point bending was
applied to the specimen. The applied strain on the tensile surface (the lower side) was measured with
a strain gauge. As shown in Figure 3, the synchrotron white X-ray beam transmits the 4-point-bending
specimen from the right side. The strains from the upper side to lower side were measured with a step
size of 0.5 mm.

3. Results and Discussion

3.1. Energy Calibration of CdTe Pixel Detector

The CdTe pixel detector is composed of four sensor segments of SP8-04F10K with the
95 x 100 pixels, as shown in Figure 4a. The gap between the segments was 0.2 mm. Each pixel
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of the detector functions as an energy-resolved counter. A diffraction image using white X-rays
includes a wide range of photon energies, and the pixels can count high-energy X-rays.

We considered that photons with the energy distribution as shown in Figure 4b enter the pixel
counter. Since the pixel counter had one threshold-type comparator, only the photons with an energy
higher than the threshold energy were counted. The threshold energy is controlled by the threshold
voltage of the comparator as shown in Figure 4c. Increasing the threshold voltage, the threshold of
energy becomes low. Photons with low energy can be counted as shown in the Figure 4c. As a result,
the count of the pixel behaves as shown in Figure 4d. The count of the pixel with an increase in the
threshold voltage is equivalent to the integrated value from the threshold X-ray energy of the X-ray
diffraction to high energy. In this way, the CdTe detector can separate the photon energy and counts.
The features of the CdTe pixel detector are the determination of the X-ray energy and detection of
high-energy X-rays.

Threshold Threshold

; Photon
One pixel voltage voltage

Gap energy Co
P P unts

0.2 mm .||~ |;| keV o (c)

=/ plig |
% Pixel @—| Pixel g
x . counter, ®—(counter| ©
z White @ o £ (b)
> X-rays e— o
i Photon " . - !

200 pixels eON~ 150 mv -80 mV 200 =
CdTe pixel detector One threshold-type Threshold voltage
comparator

(a) (b) © (d)

Figure 4. Mechanism of energy-resolved photon counting by the CdTe pixel detector. (a) CdTe pixel
detector. Each pixel functions as an energy-resolved counter; (b) white X-rays include a wide energy
range of wavelengths; (c) the energy of the counted photon is limited by the threshold voltage of one
threshold-type comparator; (d) relationship between threshold voltage and counts of photons.

For the diffraction of SUSF316L, the dimensions of the white X-ray beam were 0.1 x 0.1 mm?.
The threshold voltages of the CdTe pixel detector ranged from —210 mV to —70 mV, with a step of
1 mV. The exposure time was 1 s for each step, and we measured 141 diffraction images. Figure 5 shows
the Laue patterns measured by the CdTe pixel detector. Figure 5a, b were measured with threshold
voltages of —130 mV and —80 mV, respectively. As the threshold voltage is lower, Figure 5a shows the
Laue pattern with higher X-ray energies. The lower X-ray energies are also included in Figure 5b due
to the higher threshold voltage. Therefore, the image measured by the CdTe pixel detector becomes
brighter and the number of the diffraction spots increases with the increase in the threshold voltage.

The images in Figure 5 are raw images measured by the threshold voltage; therefore, we had
to obtain the images using the threshold X-ray energy. To obtain the image using the threshold
X-ray energy, the relationship between the threshold voltage and the threshold X-ray energy must be
determined. This relationship is needed for each pixel. If the X-ray energy image is obtained, we can
measure the strain from it. To obtain the relationship between the threshold voltage and the threshold
X-ray energy, the characteristic X-rays of Pb-Ka and W-Ka were used. The white X-rays were irradiated
onto a Pb-foil and a W-foil, and these fluorescent X-rays were measured by the CdTe pixel detector.
The comparator threshold voltage of each pixel was calibrated to the corresponding X-ray energies
with fluorescent Ka X-rays of W (58.87 keV) and Pb (74.25 keV).
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(b)
Figure 5. Laue patterns measured by the CdTe pixel detector at P;. (a) Image measured with threshold

voltage of —130 mV; (b) image measured with threshold voltage of —80 mV.

Figure 6 shows the relationship between the comparator threshold voltage and the X-ray intensity
for the Pb-foil and W-foil. As shown in Figure 6a, the X-ray intensity measured by the detector increases
near the threshold voltages of —132 and —122 mV due to the fluorescent X-rays of Pb-Kp and Pb-K«,
respectively. The different intensities from the threshold voltages indicate the peaks of the fluorescent
X-ray of Pb-Kf and Pb-Ka. In addition, the peaks of the fluorescent X-rays of Ta and Sn are shown in
the figure. Although the reason is not clear, it seems that the slits of Ta and Sn-Bi bump solder bonding
of the detector caused these fluorescent X-rays.

Figure 6b demonstrates the changes in the X-ray intensity for pixel No. 3000 and its difference for
the W-foil with the increase in the threshold voltage. The difference indicated by the red line shows
the peaks of the fluorescent X-rays of W-K and W-Ku.

Since the peaks of Pb-Ka and W-Ka were strong and well defined, as shown in Figure 6, the X-ray
energy of the CdTe pixel detector was calibrated using the peaks of Pb-Ka and W-Ka. We assumed
that the relationship between the threshold voltage V; and the threshold X-ray energy E was a linear
function for each pixel. Therefore, its approximation is expressed as follows:

E=a;Vi+b;, (i=1r 38000) (20)

where a; and b; are coefficients determined from V; and E, respectively.

Figure 7 shows the results of the energy calibration of the CdTe pixel detector. The CdTe pixel
detector was calibrated using Pb and W-K« characteristic X-rays before and after the experiments.
The means and standard deviations of the threshold voltage for all pixels are shown in Figure 7a.
The differences in the threshold voltage before and after the experiments were a few kilo-electron volts.
We calibrated the X-ray energy of the CdTe pixel detector using the measured data obtained from
the experiments.

For each pixel, the relationships between the X-ray energy and the threshold voltage were
determined using the Ko characteristic X-ray of Pb and W. As a result, the coefficients a4; and b; in
Equation (20) were obtained. Figure 7b shows the distributions of a; and b;. Each pixel of the CdTe
pixel detector was calibrated using 4; and b; so that the threshold X-ray energy of the CdTe pixel
detector, E (keV), was determined using the threshold voltage V;.
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Figure 6. Relationship between the comparator threshold voltage and the X-ray energy. As an example,
the result for the No. 3000 pixel is shown. The black line indicates the X-ray counts with the increase in
the threshold voltage, and the red line indicates the difference using the threshold voltage. (a) Measured
fluorescent X-rays for Pb-foil; (b) measured fluorescent X-rays for W-foil.

-80yvvv‘vvvv{vvvv{vvvv[vv“[““ 300 T T T T T
[ CdTe picx! detector ] Calibration line using Pb and W-K o
[ CdTe pixel detector oo
- -90 [ ] 200 -
€ r 1
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- -110F[ . < 0r ]
IS} [ 1
ﬁ L 4
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Threshold X-ray energy, keV g
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Figure 7. Results of the calibration of the CdTe pixel detector. (a) The means and standard deviations
of threshold voltage for Pb and W-Ka before and after the experiments; (b) distributions of coefficients
a; and b;, which indicate the relationship between the threshold X-ray energy and threshold value for
each pixel. The coefficients 4; and b; were determined using the characteristic X-ray energies of Pb
and W-Ka.

3.2. Constructing Images by X-ray Energy

Images by the threshold X-ray energy are constructed from each pixel of the CdTe pixel detector.
Therefore, a count of every pixel has to be prepared. The procedures for constructing images by the
threshold X-ray energy E are as follows:

A value of the threshold X-ray energy E is determined.

The threshold voltage V; is determined using E, a;, and b;.

The X-ray intensity of the pixel is read out from the image measured with the threshold voltage V;.
The above-mentioned operation is executed for all pixels.

This procedure is applied for every X-ray energy.

Ol @
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Figure 8 demonstrates these procedures. The numbers in the figure correspond to the
above procedures.

The image of the position P, is composed of 4 x 5 scenes, and one scene is composed of 201 x 191
pixels. For example, the X-ray energy images from —210 mV to —70 mV are composed of a huge
amount of data of 1.08 x 108. Constructing the images with the threshold X-ray energy from the
image data with the threshold voltage is an important aspect of this work, and requires enormous
computing times.

counts __-------.__ N
Pixel No. i RREE
ke E=aj Vi, b
E \.}’v for each pixel
E )
80 keV 1
B (i = 1~38000) o 3
60*k \ - \ mV 1
e . .
Image with threshold Vi Images with
X-ray energy threshold voltage

Figure 8. Constructing images by X-ray energy. The equation E = a; V; + b; is determined by the
energy E and the pixel No. 7, and then the threshold voltage,V;, is determined. The count at pixel No. i
is obtained from the image by threshold voltage V;. These procedures are done for each pixel from
No. 1 to No. 38,000.

The image with the threshold X-ray energy is depicted in Figure 9 as an example. Figure 9 is the
Laue pattern of an austenitic stainless steel, and its image was constructed by white X-rays with a
threshold value of 69 keV. Therefore, the image is equivalent to the Laue pattern generated by the
white X-rays over 69 keV. The diffraction spot of the image with the threshold X-ray energy is not
equal to an image with a monochromatic X-ray source. Upon decreasing the threshold X-ray energy,
the diffraction spot shows a strong intensity and disappears with progression to a low diffraction angle.
As a result, the diffraction pattern shows a radial shape. The diffraction spots on the image with the
threshold X-ray energy behave in this manner.

To measure a lattice strain, a diffraction pattern like that obtained using monochromatic X-rays
must be made using the threshold X-ray energy images. An X-ray intensity of E; (keV) is defined
by I(E;). The intensities of the threshold X-ray energy E; 1 and E;,; are defined by Iy (E;_1) and
Iin(Ej11), respectively. The image of Iy, (E;) is an integrated value from the threshold energy E; to a
high energy. The image of I(E;) is calculated by the difference equation:

Iy (Ei—1) — I (Eiy1)

I(E;) = 7

(21)

The diffraction image with X-ray energy E; can be obtained by the difference between the threshold
X-ray energy images of Iy, (E;_1) and Iy, (Ej41)-

The diffraction images with X-ray energies from 60 to 80 keV were calculated by Equation (21).
Figure 10a shows the diffraction image with an X-ray energy of 68 keV as an example. The image in
Figure 10a is different from the image in Figure 9. The spots with a strong intensity in Figure 9 do
not correspond to those in Figure 10a. For example, the diffraction spot at the lower left in Figure 9
has a strong intensity, but has a weaker intensity in Figure 10a. In the diffraction image for 68 keV in
Figure 10a, the diffraction spots at the lower centre of the image show a strong intensity.

The outline of the diffraction spot was determined by 70% of the peak height, and the peak
position was determined from the center of gravity of its outline. Its result is shown in Figure 10b.
The peak position of each diffraction spot is indicated by a cross.
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Figure 9. Laue pattern with threshold X-ray energy of 69 keV at position P;. This diffraction image
includes the diffraction points that were obtained over the threshold X-ray energy of 69 keV. The sample
was an austenitic stainless steel.

@) (b)
Figure 10. Diffraction image and peak positions with an X-ray energy of 68 keV. (a) Diffraction image
calculated by the difference between threshold X-ray energy; (b) peak positions indicated by a cross.

However, the peak position and intensity of the diffraction spot changed with the change in the
X-ray energy. The behavior of each diffraction spot of the X-ray energy images is demonstrated in
Figure 11. The peak intensity of each diffraction spot shows the maximum, as shown in Figure 11.
When the peak intensity is the maximum, the diffraction condition for the spot is the most suitable for
Bragg’s law. Therefore, the most suitable diffraction condition for each diffraction spot was determined
by the X-ray wavelength at the maximum peak intensity.
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In this study, we searched for the maximum of the peak intensity for each diffraction spot on P,
and looked for the corresponding diffraction spot on P; for its X-ray wavelength. The diffraction angle
26 was determined from a pair of the diffraction spots on P; and P, using Equation (2).

When we searched for a pair of diffraction spots, we found some combinations. In addition,
we found some combinations for the diffraction planes & k I. Therefore, unlike with the monochromatic
X-ray, it was challenging to look for a pair of the diffraction spots. Eventually, we selected a pair of
optimum spots according to the following;:

——
The intersection distance is within 5 mm, i.e., Ox Pc = y/x2 +y2 < 5.
2. The intersection position z¢ is within —330 to —170 mm.
3. The obtained lattice spacing d has the consistency with the a lattice plane / kI for a face-centered
cubic system.

N
o
o

]
o
o

200

X-Ray indensity, %

100

Figure 11. The intensity of each diffraction spot changes with the change in the X-ray energy. When the
intensity is the maximum, the diffraction condition for the spot is the most suitable for Bragg’s law.

3.3. Measurement of Bending Strains

We measured the bending strains of the rectangular bar. The diffraction angle 26 was calculated
from the pair of diffraction spots obtained by the DEM with white X-rays and then the lattice spacing
dy of the lattice plane hkl was calculated. As a result that lattice spacing depends on a lattice plane,
it is impossible to compare the lattice spacings for the different lattice planes. Therefore, each lattice
spacing was converted into the lattice constant a by:

. A (22)
VBT B
to normalize the lattice spacing.
The measured lattice constant a was equivalent to a4y, which was the lattice constant of the
direction @1, as shown in Figure 12. The lattice constant a,, must be converted into the lattice constant
a1, which is in the direction of the bending specimen axis. The lattice constant a; is given by:

= e T o ot 3)
(cos?(¢) — v sin®(¢)) sin®(p) — v cos?(¢)

where this equation was derived from the relationship of the strains under the four-point bending of a
rectangular bar. In this study, the Poisson’s ratio v for each lattice plane was determined by the Kroner
model [19]. The diffraction elastic constants according to the Kroner model were obtained from the
Rigaku site [20].

The lattice constants 4,y were measured using the DEM with white X-rays, and the lattice constant
ay in the direction of the bending specimen axis was calculated using Equation (23). The regression line
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was determined from the relationship between a; and ¢, which was the distance from the compressive
surface of the bending specimen, as shown in Figure 12. As the position of { = 3 mm is a neutral axis
of the bending specimen, we defined the value of the regression line at { = 3 mm as the stress-free
lattice constant ag. As a result, we obtained ay = 0.357985 pm. The bending strain ¢ was calculated
using the strain-free lattice constant ag.

Eoy & 02

o (. 1 /ay

o1 : Erc—o "

€3 03 Specimen
Figure 12. Relationship between directions of measured strain and bending specimen axis.

The strains were measured at ¢ from 0.2 to 5.7 mm with a step size of 0.5 mm. The many strains
at every ¢ were obtained by the DEM with white X-rays, but these values varied. Therefore, the strain
at ¢ is expressed as the mean of the strains. Figure 13 shows the distribution of the bending strain
measured by the DEM with white X-rays. The red dotted line in the figure indicates the distribution
of the applied strain. The applied strain was measured by the strain gauge that was attached to the
tensile surface of the specimen. The measured strains correspond to the applied strains, as shown in
Figure 13.

The DEM with white X-rays can be used to measure the strain of coarse-grained materials,
although the precision of the DEM with white X-rays is insufficient.

800 L B S N B
600 k ”””” Applied strain ".'.'5
[ ® Measured strain °.’ 1
400 | | ]
i | . ]
© 200 | e ]
= ' X ]
c s 1
s Or S 1
® [ ','. \ 1
g 200} R ]
2 : >’ | :
m  -400 o Measured by DEM-WX
[ e at BL14B1, SPring-8 ]
F '.'
600 4-points bending of SUS316L
e (b=7.7mm, h=6mm, 762ue, 148MPa)
-800 A T RS S S S
0 1 2 3 4 5 6
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Figure 13. Strain distribution measured using DEM with white X-rays. The DEM is the
double-exposure method.

4. Conclusions

In this paper, we proposed the DEM with white X-rays, and the method for processing the image
data with a CdTe pixel detector was discussed. The bending strains were measured using the DEM
with white X-rays as a feasibility study. The conclusions obtained in this study are summarized
as follows:
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(1)  We proposed a new X-ray stress measurement method, a double-exposure method with a CdTe
pixel detector, and synchrotron white X-rays. This method is useful for coarse-grained materials
and large sample sizes.

(2)  The procedure and system for processing the image data measured with the CdTe pixel detector
were discussed. As a result, we found that an X-ray energy image can be obtained from the
difference between the energy threshold images.

(3)  The double-exposure method was applied to the diffraction spot image obtained from the
above procedure. The distribution of the bending strain measured by our proposed method
corresponded to the applied bending strain.

The X-ray stress measurement using the DEM with synchrotron white X-rays would develop by
improving precision of resolving X-ray energy of the CdTe pixel detector and progress of data analysis
technique in the near future.

Author Contributions: Conceptualization, K.S.; Development of Detector and Data Acquisition, H.T. and C.S.;
Methodology and Experiments, all authors; Data Analysis, K.S.; Writing—Original Draft Preparation, K.S.
All authors read and approved the final manuscript.

Funding: A part of this research was funded by the Japan Society for the Promotion of Science, JSPS KAKENHI
for Scientific Research (C) 17K06046 and 20K04156.

Acknowledgments: The synchrotron radiation experiments in SPring-8 were performed with the approval of
QST and JASRI as follows: No. 2018 A3653, No. 2018B3653, No. 2018B3684, No. 2019A1636, and No. 2019B3684.
The QST experiments were supported by the Nanotechnology Platform of the Japanese Ministry of Education,
Culture, Sports, Science and Technology as follows: No. A-18-QS-0032 and No. A-19-QS-0037.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Liss, K.D.; Bartels, A.; Schreyer, A.; Clemens, H. High-Energy X-rays: A tool for advanced bulk investigations
in materials science and physics. Textures Microstruct. 2003, 35, 219-252. [CrossRef]

2. Withers, P. J. Use of synchrotron X-ray radiation for stress measurement. In Analysis of Residual Stress by
Diffraction Using Neutron and Synchrotron Radiation; Fitzpatrick, M.E., Lodini, A., Eds.; Taylor & Francis:
Abingdon, UK, 2003; pp. 170-189.

3. Nielsen, S.E,; Wolf, A.; Poulsen, H.F,; Ohler, M.; Lienert, U.; Owen, R.A. A conical slit for three-dimensional
XRD mapping. J. Synchrotron Rad. 2000, 7, 103-109. [CrossRef]

4. Martins, R.V,; Honkimaiki, V. Depth resolved strain and phase mapping of dissimilar friction stir welds using
high energy synchrotron radiation. Textures Microstruct. 2003, 35, 145-152. [CrossRef]

5. Martins, R.V. Residual stress analysis by monochromatic high-energy X-rays. In Neutrons and Synchrotron
Radiation in Engineering Materials Science; Reimers, W., Pyzalla, A.R., Schreyer, A., Clemens, H., Eds.;
Wiley-VHC: Weinheim, Germany, 2008; pp. 177-194.

6. Martins, R.V.; Ohms, C.; Decroos, K. Full 3D spatially resolved mapping of residual strain in a 316L austenitic
stainless steel weld specimen. Mater. Sci. Eng. A 2010, 527, 4779-4787. [CrossRef]

7. Suzuki, K.; Shobu, T.; Shiro, A.; Toyokawa, H. Evaluation of internal stresses using rotating-slit and 2D
detector. Mater. Sci. Forum 2014, 772, 15-19. [CrossRef]

8. Suzuki, K.; Shobu, T.; Shiro, A.; Zhang, S. Internal stress measurement of weld part using diffraction spot
trace method. Mater. Sci. Forum 2014, 777, 155-160. [CrossRef]

9. Suzuki, K; Shobu, T; Shiro, A. Stress measurements of coarse grain materials using double exposure method
with hard synchrotron X-rays. Mater. Res. Proc. 2018, 6, 69-74.

10. Broennimann, C.; Eikenberry, E.F.; Henrich, B.; Horisberger, R.; Huelsen, G.; Pohl, E.; Schmitt, B.;
Schulze-Briese, C.; Suzuki, M.; Tomisaki, T.; et al. The PILATUS 1M detector. J. Synchrotron Radiat. 2006, 13,
120-130. [CrossRef] [PubMed]

11. Poulsen, H.F. Three-Dimensional X-ray Diffraction Microscopy; Springer: Berlin/Heidelberg, Germany, 2004.

12. Tamura, N. A versatile tool for analyzing synchrotron X-ray microdiffraction data. In Strain and Dislocation
Gradients from Diffraction: Spatially-Resolved Local Structure and Defects; Barabash, R., Ice, G., Eds.; Imperial
College Press: London, UK, 2014; pp. 156-204.


http://dx.doi.org/10.1080/07303300310001634952
http://dx.doi.org/10.1107/S0909049500000625
http://dx.doi.org/10.1080/07303300310001628625
http://dx.doi.org/10.1016/j.msea.2010.03.110
http://dx.doi.org/10.4028/www.scientific.net/MSF.772.15
http://dx.doi.org/10.4028/www.scientific.net/MSF.777.155
http://dx.doi.org/10.1107/S0909049505038665
http://www.ncbi.nlm.nih.gov/pubmed/16495612

Quantum Beam Sci. 2020, 4, 25 14 of 14

13.

14.

15.

16.

17.

18.

19.

20.

Laue Tools: Laue X-Ray Microdiffraction Analysis Software. Available online: https://gitlab.esrf.fr/micha/
lauetools/ (accessed on 9 June 2020).

Robach, O.; Micha, ].S.; Ulrich, O.; Gergaud, P. Full local elastic strain tensor from Laue microdiffraction:
simultaneous Laue pattern and spot energy measurement. J. Appl. Cryst. 2011, 44, 688-696. [CrossRef]
Ibrahim, M.; Castelier, E.; Palancher, H.; Bornert, M.; Caré, S.; Micha, J.S. Laue pattern analysis for
two-dimensional strain mapping in light-ion-implanted polycrystals. J. Appl. Cryst. 2015, 48, 990-999.
[CrossRef]

Altinkurt, G.; Févre, M.; Geandier, G.; Robach, O.; Guernaoui, S.; Dehmas, M. Effect of thermal and mechanical
loadings on the residual stress field in a nickel based superalloy using X-ray Laue microdiffraction. In Residual
Stresses 2016; Holden, T.M., Muransky, O., Edwards, L., Eds.; Materials Research Forum: Millersville, PA,
USA, 2017; pp. 527-532.

Toyokawa, H.; Saji, C.; Kawase, M.; Wu, S.; Furukawa, Y.; Kajiwara, K.; Sata, M.; Hirono, T.; Shiro, A.;
Shobu, T.; et al. Development of CdTe pixel detectors combined with an aluminum Schottky diode sensor
and photon-counting ASICs. J. Instrum. 2017, 12, C01044. [CrossRef]

Toyokawa, H.; Saji, C.; Kawase, M.; Ohara, K.; Shiro, A.; Yasuda, R.; Shobu, T.; Suenaga, A.; Ikeda,
H. Development of CdTe pixel detectors for energy-resolved X-ray diffractions. In Proceedings of the
Second International Symposium on Radiation Detectors and Their Uses (ISRD2018), Tsukuba, Japan,
23-26 January 2019; Volume 24, p. 011015.

Kroner, E. Berechnung der elastischen Konstanten des Vierkristalls aus den Konstanten des Einkristalls.
Z. Physik 1958, 151, 504-518. [CrossRef]

Suzuki, K. X-ray and Mechanical Elastic Constants for Cubic System By Kroner Model. Available online:
http:/ /www.rigaku.co.jp/app/kroner/kroner_c.html (accessed on 15 April 2020).

@ (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).


https://gitlab.esrf.fr/micha/lauetools/
https://gitlab.esrf.fr/micha/lauetools/
http://dx.doi.org/10.1107/S002188981102320X
http://dx.doi.org/10.1107/S1600576715007736
http://dx.doi.org/10.1088/1748-0221/12/01/C01044
http://dx.doi.org/10.1007/BF01337948
http://www.rigaku.co.jp/app/kroner/kroner_c.html
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Methods
	Double-Exposure Method
	CdTe Pixel Detector
	Experiments with Synchrotron White X-rays

	Results and Discussion
	Energy Calibration of CdTe Pixel Detector
	Constructing Images by X-ray Energy
	Measurement of Bending Strains

	Conclusions
	References

