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An X-ray diffractometer for industrial applications has been

designed, installed at SPring-8 BL24XU and tested by measuring a

standard Al2O3 powder sample. The measurement results prove the

high precision of the diffractometer. The diffractometer was also

tested by conducting grazing-incidence X-ray diffraction measure-

ments of ion-implanted chromium-coated steel. The validity of a new

method for X-ray stress measurements of polished stainless steel is

also proposed and con®rmed. The results prove the suitability of this

diffractometer for industrial applications.
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1. Introduction

X-ray analysis is an established on-site technology in various indus-

trial ®elds. X-ray analysis is also used in the research and develop-

ment of new products. A new X-ray source, synchrotron radiation,

has now become the center of attention because it provides wave-

length variability and ultra-bright highly directional beams. Thanks to

these properties, synchrotron radiation is expected to contribute

greatly not only to research but also to quality control.

Material surface preparation and modi®cation are excellent ways

of improving material properties and production properties. Surface

treatment can increase material hardness, decrease the coef®cient of

friction and impart increased resistance to wear and corrosion.

However, the quality of these useful surface properties depends on

crystal structure, residual stress and chemical composition. Therefore,

being able to analyze and evaluate these factors is essential for

quality control and quality assurance. X-ray analysis, especially that

using synchrotron radiation as the X-ray source, has speci®c advan-

tages and provides speci®c data that cannot be obtained with other

surface-analysis techniques. Focusing our attention on the use of

grazing-incidence X-ray diffraction and X-ray stress analysis for

industrial applications, we designed an X-ray diffractometer that has

been installed at SPring-8 BL24XU in Japan.

Hyogo beamline BL24XU (Matsui et al., 1998) at SPring-8 was

constructed for the purpose of protein crystal structure analysis,

surface/interface analysis of inorganic materials, X-ray microbeam

analysis (Tsusaka et al., 2000) and the development of X-ray imaging

(Kagoshima et al., 2000). To be able to perform these activities

simultaneously, this beamline has three experimental hutches (A, B,

C) in a `troika' arrangement; it has diamond monochromators and

employs a `®gure-8' undulator (Tanaka & Kitamura, 1995). We

installed our X-ray diffractometer for material analysis in hutch B. In

this paper, we describe the design of the diffractometer and report

the results of tests to establish its performance.

2. Diffractometer design

Fig. 1 shows a photograph of the X-ray diffractometer. The design is

based on a conventional four-circle diffractometer called an Eulerian

cradle type. The diffractometer has been designed to allow grazing-

incidence X-ray diffraction (GIXRD) experiments and residual stress

measurements of industrial materials. Because it is intended for

industrial applications, the maximum load of the sample stages was

designed to be 10 kg so that various apparatuses can be placed on the

stages for controlling the sample environment. The dimensions of the

free space available for the sample and its environment are

250 � 250 � 250 mm. With a view to measuring residual stress, the �
measuring circle has a gap through which diffraction peaks with a

high Bragg angle can be detected. Moreover, the ! circle stage has a

hole on each side so that an X-ray ¯uorescence detector can be

installed in the future.

The performance of each axis is summarized in Table 1. The

diffractometer system has six rotation stages and six linear stages,

which can be divided into three groups. The ®rst group consists of the

base stages, which can adjust the center of the goniometer on the

X-ray beam. The second consists of the sample stages, which can also
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Figure 1
Photograph of the X-ray diffractometer at SPring-8 BL24XU.

Table 1
Diffractometer performance.

Stage Range Minimal step Load (kg)

Base stages � � 3� 0.144" 2000
Base X � 50 mm 0.11 mm 2000
Base Z ÿ80±20 mm 1 mm 2000

Sample stages x, y � 10 mm 0.5 mm 10
z � 10 mm 1 mm 15
� � 180� 1.8" 20
� 0±90� 0.288" 50
! ÿ20±100� 0.144" 110

Detector stages 2� ÿ100±80� 0.288" 100
� � 5� 7.2" 7
X� ÿ10±50 mm 1 mm 25
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center the goniometer. The third group consists of the detector stages,

which can drive an X-ray detector. The geometry of the stages is

shown schematically in Fig. 2. The sample placed on the x, y and z

linear stages is mounted on the � rotation stage.

When GIXRD measurement is carried out, the sample must be

placed on the stage vertically because the X-ray beam supplied at

BL24XU has horizontal polarization. Therefore, the sample and

detector stages are rotated using the � stage and � stage for inci-

dence at a grazing angle on the sample surface. For residual stress

measurements, a sample can be rotated around the ! axis or the �
axis for each stage using the iso-inclination mode (
 diffractometer

method) or the side-inclination mode (	 diffractometer method),

respectively.

A scintillation counter or a one-dimensional position-sensitive

proportional counter (PSPC) can be mounted on the 2� arm as an

X-ray detector. A scintillation counter is mounted on an optical rail

with slits made of four independent blades and a helium path for

suppressing air-scattered X-rays. This rail can be driven by the �
rotational stage and X� linear stage. Furthermore, the maximum load

of the 2� arm stage has been designed to be 100 kg so that Soller slits

or a crystal analyzer can be installed in the future.

A PSPC detector (Aulchenko et al., 1998) is available for in situ

measurements or for saving time. The performance characteristics of

this detector are listed in Table 2. Because this PSPC detector is

curved, it is important to adjust the center of the goniometer on the

focal point. This adjustment is carried out with a tile angle of the

equipment on which the detector is mounted.

3. Test materials and methods

The diffractometer was installed and tested at SPring-8 BL24XU in

Japan, and then it was used for making measurements of some

industrial materials. The X-ray beam used for these measurements

was monochromated to about 10 keV by a diamond (220) crystal. The

incident beam intensity was monitored with an ionization chamber,

and the diffraction beam was detected by a scintillation counter. The

beam size, 0.4 mm wide and 0.1 mm high, was controlled by the set of

slits composed of four independent blades upstream of the incident

X-ray monitor.

To evaluate the performance of the diffractometer, we measured

the X-ray diffraction pattern of a NIST standard Al2O3 powder

sample (standard reference material 674a). The Al2O3 powder

sample was placed on a typical glass plate holder for an X-ray

diffractometer. We used a collimator placed on the � stage to adjust

the center of the goniometer on the X-ray beam. This collimator has a

pinhole that is adjusted to the center of the goniometer in advance.

The X-ray beam passing through this collimator is detected by an

ionization chamber downstream of the collimator with driving base X

stage and Z stage.

Chromium-coated steel and polished stainless steel were used as

test samples of industrial materials.

Chromium-coated steel with nitrogen or ¯uorine ions implanted is

used in molds for rubber products to prevent adherence in the

molding process. The surface structure modi®ed by nitrogen ion

implantation and by ¯uorine ion implantation (30 keV energy) was

analyzed by GIXRD measurement.

Polished stainless steel, in which internal stress is distributed on the

surface by polishing with emery paper, was measured to con®rm the

validity of our new stress-analysis method. This method may be said

to be a mixture of the iso-inclination and side-inclination modes. It

makes it possible to measure the sin2 diagrams while maintaining

the incident angle. The incident angle � is given by the following

equation when the � and ! axes of our diffractometer are used,

sin � � cos� sin!: �1�
The  angle in the sin2 mode is given by the following equation,

cos � cos� cos �0 ÿ !� �: �2�
These equations demonstrate that we can measure sin2 diagrams

while maintaining the incident angle, or, in other words, almost

without changing the probing depth. The details of this new method

have been described elsewhere (Yanase et al., 2001).

4. Results and discussion

We measured the X-ray diffraction patterns of a powder sample with

our diffractometer. In order to estimate the performance of the

diffractometer, the differences between the observed Bragg angles ��
and those calculated using lattice parameters a = 0.4759397 nm and

c = 1.299237 nm are shown in Fig. 3. The differences were caused

mainly by de¯ection of the goniometer center. We estimated this

de¯ection distance S using the following equation (Kohra et al., 1963),

�� � A� �2S=R� cos � � B sin 2�; �3�
where A and B are ®tting parameters and R is the radius of the

goniometer (R = 415 mm). The cosine term indicates de¯ection and

the sine term indicates systematic error. After the ®tting procedure

we obtained the following values,

S = 0.01978 � 0.01796,

A = 0.00031 � 0.00011,

B = ÿ0.00037 � 0.00004.
Figure 2
Schematic view of the X-ray diffractometer.

Table 2
PSPC detector performance.

X-ray window Be (200 � 10 � 0.2 mm)
Available angle 30�

Curved radius 350 mm
Scale 3300 channels
Channel width 0.01� (60 mm)
Angle resolution (FWHM) 0.05�

Maximum frame number 1024
Frame time 1 ms±1024 s
Count rate (50% loss) 106 events sÿ1

Energy range 5±20 keV



Because the S value is in millimeters, the deviation distance can be

estimated to be not more than 20 mm. This value is suf®ciently small,

because it is dif®cult to reduce the value any further in view of

mechanical accuracy.

Fig. 4 shows the results of grazing-incidence X-ray diffraction of

the chromium coating implanted with nitrogen ions. The diffraction

patterns indicate that the sample's surface layer was formed of

chromium nitrides. These chromium nitrides were determined to be

mostly CrN, with some Cr2N also present. In the diffraction patterns

of the chromium coating implanted with ¯uorine ions, shown in Fig. 5,

there were no diffraction peaks other than those of metallic chro-

mium. This suggests that ¯uorine is implanted between the atoms of

the metallic chromium crystals or that the reaction product of

¯uorine and chromium is either amorphous or a microcrystal.

We obtained a sin2 diagram of a polished stainless steel sample

using the conventional iso-inclination method. The results are shown

in Fig. 6. The dispersion of data was caused by the lack of

measurement time. However, this diagram clearly shows nonlinearity,

especially at the higher  angles, because the specimen had stress

distributed on the surface. Next, we obtained a sin2 diagram of the

same specimen using our new method. For the measurements, we

used � = 2, 3, 5 and 7� as the X-ray incident angle. The results are

shown in Fig. 7. Although the diagram in Fig. 6 showed strong

nonlinearity, the lines plotted in Fig. 7 are almost straight. This

veri®es that our new method is applicable to stress measurement of a

specimen with stress gradients.

5. Conclusions

We designed an X-ray diffractometer for industrial applications and

installed it at SPring-8 BL24XU in Japan. We measured the X-ray

diffraction peaks of a standard NIST Al2O3 powder sample and

obtained satisfactory results. Next, the diffractometer was used for

the grazing-incidence X-ray diffraction measurement of ion-

implanted chromium-coated samples and for the X-ray stress

measurement of polished stainless steel using our proposed new

method. The results proved the validity of our diffractometer for

industrial applications, and we look forward to this diffractometer

being put to use for many industrial applications.
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Figure 3
Differences between calculated and observed Bragg angle. The broken line is
a ®tted curve.

Figure 4
Diffraction patterns of nitrogen-ion-implanted (30 keV energy) chromium
coating measured using grazing-incident X-ray diffraction. � angles are X-ray
incident angles.

Figure 5
Diffraction patterns of ¯uorine-ion-implanted (30 keV energy) chromium
coating measured using grazing-incident X-ray diffraction. � angles are X-ray
incident angles.

Figure 6
sin2 diagram of a stainless steel sample measured by the iso-inclination
method.
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sin2 diagram of a stainless steel sample measured by our new method. �
angles are X-ray incident angles.


