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Application of Laboratory Based Cone Beam X-ray CT
Techniques to Metallurgical Study

Abstract

Tomohiro NISHIURA* Mitsuharu YONEMURA

X-ray computed tomography (CT) is one of the nondestructive visualizing methods which

can be observed cross-sections of a physical object. The spatial resolution of the conventional
CT equipment has been enhanced remarkably by improving performance of X-ray source
and detector which are primary components of a CT scanner. Three dimensional (3D) con-
figuration analysis for the various materials is facilitated by improving the image recon-
struction processing speed and easily displaying of 3D shapes. As examples of the laboratory
based X-ray CT application to steel & alloy, the 3D analysis of creep voids in the high chro-
mium ferritic steel and precipitates in the nickel based model alloy are described. The labo-
ratory based X-ray CT is also powerful technique for the 3D microstructure analysis.

1. Introduction

The mechanical properties and the deterioration mechanism of
steel materials widely employed in automobiles, ships and social in-
frastructures such as bridges are closely related to their microstruc-
tures? and its changes. To furnish materials with excellent functions
and properties such as strength, ductility and toughness, it is import-
ant to control the microstructure that constitutes the crystal struc-
ture, lattice defects, grain size and the shape and the volume fraction
of the second phase together with its orientation relations and the
state of distribution. Since these material factors have hierarchical
structures ranging from nanometer to micrometer order in scale,
various observation techniques and quantifying techniques are ap-
plied to the evaluation of the structures of materials.

Component materials practically used are in the range from mil-
limeter to meter order in scale; therefore, non-homogeneity in
metallographic structures often becomes problematic. When struc-
tural materials and functional materials are used in a severe environ-
ment for a prolonged period, changes in microstructures and or the
generation and propagation of cracks occur inside the material be-
fore fracture. Therefore, from the viewpoints of reliability and safe-
ty, clarification of the fracture phenomena and mechanism is import-
ant. As tools for observing the complicated microstructures, and as
techniques for analyzing spatial aspects such as three-dimensional
(3D) morphology and precipitates distribution, 3D measurement and
visualizing techniques attracts attention in many fields.

One of the 3D microstructure analysis is the serial sectioning.?
In this method, the surface layer of a test sample is removed by sur-
face polishing and or fine machining by focused ion beam (FIB),
and the two-dimensional image is observed by a microscope. Pol-
ishing and observation are repeated to form multiple images that are
acquired in the normal direction of the observed plane. A 3D recon-
structed data consists of stack of these images.”? And, for example,
the three-dimensional atom probe (3DAP) technique is able to visu-
alize the spatial positions of the component elements in a micro-
scopic region of a needle-like sample with the atomic level resolu-
tion.” The transmission electron microscope (TEM) enables the ob-
servation of lattice defects such as dislocation with the nanometer
resolution and it is excellent in extracting the local crystallographic
orientation. As a method for 3D observation by TEM, the stereo-
scopic observation technique® and computed tomography (CT)
have also been developed.>©

However, in the case of the above mentioned destructive obser-
vation and analysis technique, there exist problems of limited image
resolution in the direction normal to the observation plane, and spe-
cial techniques are needed for preparing samples. In the TEM obser-
vation, there also exists the problem of sample size limitation as the
power of an electron beam transmitted for materials is not high. The
nondestructive observation technique that employs an X-ray probe
having high permeability of substances” is one of the 3D imaging
techniques. The problem can be solved by X-ray imaging methods.

The X-ray computed tomography scan® % is based on the image
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reconstruction from the projection image by radiation in various di-
rections. The first commercial X-ray CT scanner was developed in
the early 1970s by EMI and it remains a popular diagnostic imaging
technique in the medical field nowadays.” ' In the industrial field,
the X-ray CT technique is applied to detect the internal defects in
metallic products, taking advantage of its nondestructive nature. The
X-ray linear attenuation coefficients of metallic materials are higher
than that of human body tissue; therefore, it is difficult for X-ray to
penetrate metallic objects. Thus, the observation of micro-scale ma-
terial structures is usually performed with synchrotron radiation, and
in-situ observation is also being attempted.® 'V

In recent years, owing to the development of techniques such as
the minimization of X-ray source size and the improvement of
X-ray imaging detector performance, laboratory based CT instru-
ments having the sub-micrometer spatial resolution are now com-
mercially available.®? Since opportunity restrictions of the laborato-
ry based X-ray CT measurement are small, laboratory based X-ray
CT will become a more effective experimental technique in materi-
als science with the improvement of spatial resolution. In this report,
as an example of the application to metallic materials of the most
advanced laboratory based cone beam X-ray CT apparatus having
the submicrometer spatial resolution, the result of the 3D analysis of
creep voids in a creep ruptured specimen of high chromium (Cr)
ferritic steel and the result of the observation of the creep voids and
the precipitated phase of an nickel (Ni) based model alloy are intro-
duced.

2. Three-dimensional Imaging Technique Using

X-ray Probe

The X-ray imaging technique utilizes the transmitted X-ray in-
tensity distribution obtained in the detector, the refracted X-ray and
the diffraction patterns. In the general X-ray CT, reconstructed im-
ages are obtained by taking advantage of the contrast developed by
the difference in the linear attenuation coefficients, transmission im-
ages taken from various angles are back-projection-processed, and
three-dimensional data are constructed by building-up each cross
section image.

Although the refractive index of all materials is close to 1, the
refraction phenomenon takes place. Particularly in the region of
hard X-rays, the effect of phase difference is large and in the case of
objects with low atomic number such as macromolecule, carbon fi-
ber, and in the case of objects with low attenuation contrast, the
phase contrast images are enabled.'”” Furthermore, with the use of
high brightness, monochromatic, coherent synchrotron radiation for
the X-ray source, micro CT technique with the resolution of about 1
micrometer order has been developed. The nano scale CT technique
has also been developed. To utilize this imaging, it is common to
use X-ray focusing optics to condense the X-ray beam on the object
and then to use optics to produce an enlarged image of the object on
the detector.'* ¥

As a technique to determine the crystal orientation on the surface
region of a polycrystalline material, identification of crystal orienta-
tion by analyzing the diffraction pattern developed by Electron Back
Scatter Diffraction (EBSD) is widely executed. As a technique to
acquire a 3D crystal orientation mapping of a polycrystalline mate-
rial using an X-ray with a high penetration power, a technique
termed the Three-Dimensional X-ray Diffraction Microscopy
(3DXRD)* ! is enabled. This is a technique of acquiring a 3D crys-
tallographic orientation mapping wherein a monochromatic X-ray
beam is radiated onto a millimeter sized sample while the sample is
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being turned and the diffraction pattern is recorded by a two-dimen-
sional detector, and then the grains are characterized layer by layer..
In addition to general X-ray absorption contrast CT, there is Diffrac-
tion Contrast Tomography (DCT)'® that visualizes the 3D configu-
ration of crystal grains by utilizing the information of the position
where the crystal grains which satisfy the diffraction condition and
the information of the change in absorption contrast.

The Differential Aperture X-ray Microscopy (DAXM) tech-
nique'” is a technique in which a monochromatic or a polychromat-
ic X-ray is concentrated to a beam of submicrometer order diameter
by a Kirkpatric-Baez type reflecting mirror and radiated onto a sam-
ple. A Laue diffraction pattern is acquired by a two-dimensional de-
tector. A platinum wire SOmicrometers in diameter scans the sample
at the distance of several hundred micrometers above the sample in
parallel to the sample surface. By measuring the diffraction pattern
intercepted by the platinum wire and identifying the crystalline re-
gion that satisfies the diffraction conditions, three-dimensional con-
figuration and the crystalline orientations of a polycrystalline mate-
rial are determined.

X-ray diffraction microscopy has also been developed', wherein
the X-ray diffraction pattern of an object is measured and the phase
of the diffraction wave is retrieved by computation and images are
reconstructed. Noteworthy is the ptychography. This technique uti-
lizes the Coherent Diffractive Imaging (CDI) technique in which, by
repeated computations, the information about a sample is acquired
from the two-dimensional diffraction intensity data of a sample ra-
diated by a coherent X-ray without using lenses. This technique en-
hances the phase retrieval accuracy remarkably by utilizing the in-
formation of the regions obtained by overlap scanning.'” Two-di-
mensional and three-dimensional mappings of not only the configu-
ration images, but also those of strain distribution and stress distri-
bution enabled. The CDI technique provides gray scale value and
the identification of elements is impossible. However, by measuring
the X-ray fluorescence (XRF) simultaneously, element mapping in
observation space is enabled.

Furthermore, even for laboratory based X-ray CT, a group from
the Argonne National Laboratory has developed an apparatus which
unites the high brightness source manufactured by Rigaku Corpora-
tion and the CT technology owned by Carl Zeiss AG, and has real-
ized an apparatus with the spatial resolution of 0.15 micrometer or-
der for the field of vision of 65 micrometers by using a CCD of
1024 x 1024 pixels.”® The spatial resolution is enhanced further de-
pending on the size of the field of vision. There are several research-
es using ptychography and in-situ measurement, and regardless of
whether the research is laboratory based, or the types of synchrotron
radiation, individual research organizations design the fields of tem-
perature and or stress. In particular, several observations of kinetic
phenomenon like phase transformation behaviors are being conduct-
ed.

On the other hand, the research on metals and ceramics using
laboratory based X-ray CT apparatus, has been promoted extensive-
ly since the 1980s. However, the spatial resolution power was limit-
ed to about several hundred micrometers order.'” When the resolu-
tion was improved to about 1 micrometer order in the field of iron
and steel, in the three-dimensional analysis of coke, the structural
change in microstructures and voids in coke could be observed in a
nondestructive manner based on the CT images before and after the
reaction, and the technique has attracted attention as a practical
technique.?” Currently, even in the laboratory based X-ray CT appa-
ratus, the special resolution has been improved to submicrometer
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order, and owing to the improved performance in hardware such as
high intensity X-ray source, detector, etc., and owing to the speed-
ing up of the reconstructing processing and the evolution of soft-
ware for three-dimensional displaying, system generality has been
enhanced greatly and application of metallic materials has pro-
gressed remarkably. In common with many other science fields, the
remarkable progress of computers has improved the usefulness of
3D data analysis of objects in this field.

3. Measurement Technique

The laboratory based X-ray CT apparatus used in the measure-
ment example that is described hereafter consists of a cone beam
optical system with a few micrometer X-ray spots size as shown in
Fig. 1. When the distance between the X-ray source and the sample
is taken as a and the distance between the sample and the detector as
b, the change in transmitted X-ray intensity is projected on the de-
tector enlarged by (1+b/a) geometrically. The projection is recorded
by the light conversion type detector in the form of 16-bit grey scale
data. The sample is turned and each projection is recorded.

When photographing an ordinary absorption contrast image,
since the incoming radiation X-ray is attenuated by air, from the
viewpoint of measuring time, a shorter distance between the X-ray
source and the sample is desirable. However, if a photograph is tak-
en with sufficient distances between the X-ray source and the sam-
ple and between the sample and the detector, the slight difference in
refraction (phase) of the X-ray that takes place at the boundaries be-
tween different materials in the sample can be emphasized as a con-
trast on the absorption contrast image. The projection data is im-
age-processed like filter processing and reconstructed to provide 3D
volume data. In this research, Avizo 9 of FEI Corporation was used
as the three-dimensional data for visualizing and analysis software.

4. Application of Laboratory Based X-ray CT Tech-

nique to Metallic Material
4.1 Visualization of voids in high Cr ferritic steel specimen after

creep rupture test

In this section, as an example of measuring a metallic material
by laboratory based X-ray CT apparatus, the visualization of the
creep voids of 9 mass% Cr ferritic steel that ruptured in a creep test
at high temperature is introduced. In the laboratory based X-ray CT
technique, voids above 1 micrometer are observable. Figure 2
shows an outlook view of a test piece near the rupture surface of
creep ruptured 9 mass% Cr steel and the magnified reconstructed
image of the measured region indicated with a red line in Fig. 2(a).
The measuring condition is: 95 kV, source-sample distance: 21 mm
and sample-detector distance: 21 mm. Furthermore, the creep test
direction was exerted in the upward and downward directions on the
paper and the creep void region is displayed, being distinguished

2D Detector

Fig. 1 Schematic of the laboratory based X-ray CT experimental set-up
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Fig.2 3D views of a tip of the ruptured 9mass% Cr steel sample

depending on void size.

Figure 3 shows the reconstructed image taken at 2 mm away
from the rupture surface on the tip. Fig. 3(a) shows the perspective
image of the sample and the void region. Fig. 3(b) is the image
magnified for measuring the region shown with a red line in Fig.
3(a). In the reconstructed volume, the voxel size is 0.68 microme-
ters. There's a trend of decrease in the number of voids of 30 mi-
crometer’® or above as compared to the voids in the region near the
tip. In Fig. 4, the histogram of the volume on the surface of 5 mm
away from the rupture surface is shown with other results measured
in the same manner. Near the rupture surface, relatively large voids
are observed that are developed by joining them together. In the vi-
cinity of the rupture surface of the ruptured specimen, the true stress
increases due to necking; therefore, increase in void size caused by
stress is considered.

4.2 Visualization of microstructure of Ni based model alloy after
creep test

As an example of the three-dimensional analysis of a precipita-
tion phase, an example of measurement of creep test specimen of Ni
based model alloy®*?¥ is introduced. The creep test was conducted
under the condition of 850°C and 100 MPa, using a round bar test
piece of 25 mm in gauge length and 6 mm in diameter of the paral-
lel body. The measuring condition is: 80 kV, source-sample dis-
tance: 12 mm and sample-detector distance: 70 mm.

Figure 5 shows the back scattered electron compositional
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Fig. 3 3D views of 2mm away from the ruptured sample of 9 mass% Cr

steel
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Fig. 4 Histogram of the volume of voids

images of the initial Ni based model alloy and the ruptured Ni based
model alloy taken by a scanning electron microscope (SEM). The
initial microstructure of the sample consists of mainly the y’ phase, a
fine coherent precipitated phase in the FCC parent phase, and the
Laves phase at the grain boundaries. On the other hand, as shown in
Fig. 5(b), the microstructure after creep rupture consists of the fine
y' phase, a fine coherent precipitate phase in the FCC parent y phase,
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Fig. 5(a) SEM compositional image of the initial Ni based model alloy

Fig. 5(b) SEM compositional image of the ruptured Ni based model alloy

the Laves phase at the grain boundaries (white contrast) and the o
phase (light grey contrast). Along with the progress of creep, the
Laves phase at the grain boundaries changes to the ¢ phase and the
acicular type Laves phase grows in grains.”” This type of micro-
structure was observed three-dimensionally by X-ray CT. The CT
measuring condition is: 80 kV, source-sample distance: 12 mm and
sample-detector distance: 70 mm. By the geometrical magnification
in the optical system and by the magnification by means of an object
lens, the voxel size of the reconstructed volume is 0.97 micrometers.

First, in Fig. 6, the results of the calculation of mass attenuation
coefficients of major phases of sample materials with respect to
X-ray photon energy are shown. In the calculation, the typical com-
positions of the y phase of Ni-20 mass% Cr, the y’ phase of Ni (Al-
Ti), the Laves phase of Fe,W and the ¢ phase of Fe-50 mass% Cr
were assumed and the mass attenuation coefficient of the respective
element was based on the data of the National Institute of Standards
and Technology (NIST)?¥. The calculation result indicates no re-
markable difference in the mass attenuation coefficients between
that of the y phase and that of the y’ phase of this sample. However,
since there are differences in the coefficients between those of the
Laves phase and the ¢ phase and those of the y phase and the y’
phase, identification of the phase with the contrast in X-ray absorp-
tion is possible. The linear attenuation coefficient that is the multi-
plication of the mass attenuation coefficient by the density of the re-
spective phase also follows a similar trend.

Figure 7(a) shows the reconstructed image of the vertical sec-
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Fig. 6 X-ray mass attenuation coefficients as a function of X-ray energy
for materials of Ni based model alloy
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Fig. 7 Vertical CT slice and 3D view of voids in the Ni based model
alloy after interrupted creep testing

tion of the sample taken at the center of the test piece after the inter-
ruption in the process of accelerating creep (creep elongation, 8%).
The creep test stress is exerted in the upward and downward direc-
tions on the paper. The dark contrast regions show creep void re-
gions. The slightly bright contrast is the Laves phase at grain bound-
aries or the o phase judging from its correspondence to the result of
the observation by SEM. The fine Laves phase within a grain is in
the acicular state, and under this CT condition, since the size of the
acicular microstructure in the short-axis direction is smaller than the
resolution (voxel size) of the reconstructed image, the acicular mi-
crostructure is displayed in a ripple-like pattern on the reconstructed
image and not clearly recognizable. Furthermore, since the fine y’
phase within a grain is smaller than the spatial resolution, the phase
is displayed in ripple-like pattern contrast. Figure 7(b) shows a 3D
image with creep void regions extracted. Creep voids are recognized
at triple points and or among the Laves phase particles at the grain
boundaries. Growth of voids is considered to take place in the re-
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Fig. 8 Vertical CT slice and 3D view of voids in Smm away position
from the ruptured sample of Ni based model alloy

gions where there is no growth of precipitates hindered by the coars-
ening of adjacent precipitates at the grain boundaries.

Figure 8(a) shows the vertical section of the measured and re-
constructed 3D image of the sample taken at the position 5 mm
away from the rupture surface of the test piece. The test force was
exerted in the upward and downward directions on the paper. The
CT measuring condition is the same as the abovementioned and the
voxel size of the reconstructed image is 0.97 micrometers. Corre-
sponding to the result of observation by SEM, the bright network
pattern contrast regions show the Laves phase and the regions with
different degrees of brightness existing among the Laves phase
show the ¢ phase. In Fig. 8(b), a 3D image drawn up with extracted
void regions is shown. The void size is larger than that in the test
piece with interrupted creep shown in Fig. 7, and the voids are dis-
played in a plane-like form. The creep voids are formed and devel-
oped at triple points and among the Laves phase particles at the
grain boundaries; and at the boundaries with the o phase, the devel-
opment of cracks along the grain boundaries is considered.

Thus, laboratory based X-ray CT apparatus enables 3D observa-
tion that provides very important information for the analysis of mi-
crostructure such as for identifying precipitates, void formation
sites, etc.

5. Conclusion

As an example of applying the X-ray CT technique, one of the
nondestructive visualization techniques, to the research on metallic
materials, the result of three-dimensional analysis of creep void of
high Cr ferritic steel and the result of measurement of the creep void
and the precipitate phase of Ni based model alloy, both acquired by
using the laboratory based X-ray CT apparatus having the spatial
resolution of submicrometer order, were introduced. This technique
is a powerful tool for observing the microstructures of metallic ma-
terials, and furthermore, the technique is expected to contribute to
the clarification of phase transformation phenomena and the design-
ing of new materials by combining other observation technologies.
With the use of a large-scale facility employing X-ray free electron
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laser, challenging technologies are being developed, such as obser-
vation by using ptychography in the disintegration process of a ma-
terial within femto second time order before being damaged. Here-
after, owing to the upgrading of the third-generation synchrotron ra-
diation facility, increase in the research on metals applying sophisti-
cated imaging techniques is expected. We attempt to develop a 3D
microstructure analysis technique which combines laboratory based
X-ray CT technique with advanced ptychography, based on the in-
ternational technology trends.
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