Chapter 6 ®)
X-Ray CT Scanners and Application oo
Examples

The various devices and technical components that compose an X-ray CT scanner
were comprehensively discussed in Chap. 4. Furthermore, applied technologies
conducted with industrial X-ray CT scanners were discussed in Chap. 5. It is likely
exceptionally rare that standard users of X-ray CT scanners would examine and select
the various constituent devices upon understanding the various technical components
of X-ray tomography and assemble an industrial X-ray CT scanner by themselves.
Instead, users are more likely to select commercially available X-ray CT scanners
and introduce them to their affiliated institution, contract measurements to public
research institutions (e.g. universities) or private measurement contractors, or rent
the devices from these institutions.

Commercially available X-ray CT scanners are rapidly advancing, and higher-
performance/higher-functionality products are released almost every year. As such,
it may appear that providing an overview of the specifications of commercially avail-
able X-ray CT scanners may not be appropriate for a technical book that focuses on
fundamental technologies as presented here. However, X-ray CT scanner perfor-
mance cannot be entirely discussed with just the various constituent devices and
technical components discussed in Chap. 4. In other words, the methods in which
the various component technologies that were not fully discussed in Chaps. 4 and 5
are combined and the techniques that have integrated the various component tech-
nologies, careful consideration and innovations, and advanced user-friendly software
more often than not stipulate the strengths, versatility, and characteristic applications
of the X-ray CT scanner system. Therefore, with the understanding that this book
will inevitably become obsolete, the present chapter introduces the latest X-ray CT
scanners that are commercially available at the time that this book was written, as
well as superior examples of their application. These X-ray CT scanners may appear
somewhat outdated with time. However, the technologies and innovations incorpo-
rated in these scanners will certainly be effectively applied in subsequent X-ray CT
scanners or future developments will be based on them.
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In writing this chapter, many of the manufacturers of these X-ray CT scanners
were directly approached for information regarding the characteristics of the prod-
ucts from each company and their notable application examples. Support was also
provided by the radiation department (department head at the time of writing this
book: Masahito Natsuhara, Shimadzu Co.) of the Japanese Inspection Instrument
Manufacturers’ Association (JIMA), a business group of nondestructive inspection
instrument manufacturers in Japan.

6.1 General-Use X-Ray CT Scanners for Industrial Use

Table 6.1 displays specifications of representative industrial X-ray CT scanners.
Photographs of industrial X-ray CT scanners with high versatility among the scanners
listed in Table 6.1 are shown in Fig. 6.1. Manufacturers have provided detailed speci-
fications, which are normally not included even in catalogs, for this book. Combined
with the descriptions of the various constituent devices shown in Chap. 4, we can
develop a deeper understanding of industrial X-ray CT scanners.

The 14 types listed in Table 6.1 cover the representative tube voltage range of
industrial X-ray CT scanners that use X-ray tubes. Many of these use tungsten as
a reflection-type target. However, the cooling methods for tubes vary according to
their output. Air-cooling is sufficient for low-output radiation sources but water-
cooling and oil-cooling become necessary with higher output. Furthermore, X-ray
tubes include sealed and open variations. The open type allows for filaments to be
exchanged when they are broken, but the sealed type needs to have the entire tube
replaced. In recent years, some manufacturers have provided maintenance services
in which the sealed tube is temporarily collected, the filament exchanged, and the
tube returned. Materials with a small atomic number (e.g. beryllium) are often used
for the radiation window of the X-ray source and the window material can avoid
issues caused by the absorption of low-energy X-rays. Furthermore, aluminum is
frequently used as a window material for devices that require high-energy X-rays.

Figure 6.2 is a visualization example of fiber-reinforced plastic (FRP) using
the X-ray CT scanner (Shimadzu Co. inspeXio SMX225CT FPD HR) shown in
Table 6.1 with a tube voltage of 225 kV. This X-ray CT scanner is equipped with a
large-scale, high-resolution flat-panel detector (corresponding to 14 million pixels).
The tube voltage is relatively high at 225 kV, but low-energy X-rays can be used due
to the specialized carbon plate used in the radiation window of the X-ray source.
This enables the clear visualization of carbon fiber- or glass fiber-reinforced plastic
composites (CFRP and GFRP, respectively) or non-woven fibers. This also is due
to the high dynamic range of the incorporated flat panel detector. Comparisons of
Fig. 6.2a and b show how much the dynamic range difference (14 bit vs. 16 bit) in a
detector plays a role in image quality. These types of fiber orientation measurements
in CFRP or GFRP can be easily conducted with optional software. Figure 6.2b is an
example of a carbon fiber-reinforced thermoplastic (CFRTP). Industrial X-ray CT
scanners can provide a measurement technology environment, which controls the



335

General-Use X-Ray CT Scanners for Industrial Use

6.1

(panunuoo)
Wo)SAS
3urj00d 1y 3ur[009 110 3u1[009 I191BAN 3uI[009 I91RAN 3ur[002 1y 3urjo0o aqny,
og v og uoqued [eroedg o | [eLIoIEW MOPUIA
S[ELIOJEW SNOLIBA nd 919 ‘nD S[ELIOJEW SNOLIBA S[ELIOJEW SNOLIBA 01
()
8% - - ov OF |  oISue uolssiug
- - - Sy Sv| (o) o[8ue 1031E],
([eat1pur|£2)
- 1818) 9AT)OPY 12318) 9ATIOIPY 1a318) 9ATIOIPY 1a318) 9A1IOIPY adA£y 1o81e],
uaysSung, u9)sSuny, 030 ‘udys3uny, uaisSung, uaisSung, [eLIaYeW JoSIe],
(wl) 1910ureIp
- - - L —| weeq WNWIXEIA
()
08 ¢ p— S 9z1s j0ds [e00q
(yun)
£0— 0 0 90 170 JuaLImd aqn,
(A
0cl— (197 §cC Sec— 06— a3ej[0A oqn,
6¢— oSy §CC Sel— 01— () mdino
aqn) pa[ess aqm uadQ aqm uadQ aqm uadQ aqn) po[eas odAL, | 9oInos Aei-y
dH ddd snid
0SLX-LA 0S¥ H .LX LS STTH IX | LOSTCXIAS orxadsur | 1D06-XINS orxadsut ad£y,
NOJNO NOJIN NZAVINIHS JoImoe nuejy

s1ouueds 1) Ael-X aanejudsaidar jo suoneoyroads poqrero@ 1°9 dqelL



6 X-Ray CT Scanners and Application Examples

336

(panunuoo)
0L6T 00041 00cy 001¢ 0T (83) 1ySrom
SPo1

X GT6L X 0SST | 67CC X 8T8I X 9I9€ |  TOTT X SLTI X ¥I+T| LS8T X 0SET X OLIT L8S X 109 X 0€8 | () suotsuaui(]

IemlJos

PoYoENY OIPMSHA OIPISHA O1PISHA OIPISOA | sTsATeue oSk

2IeMmlJos

payoeny - - payoeny poyoeNy | SULIOPUAI SWIN[OA

ON - - J[qIssod J[qIssod ueods 19sJJO

(wl) uonnjosax
[extd/9 - - 14 o1 [eneds ‘xejy [eI0L,

nq 1 - - q 91 nqgr|  oSueromueukq

- 00+/001/00T 001/00T 6€T X 6€1 0S x 0§ | () ozIs [xIg

000% 000%

—| X 000¥/000C X 000C | % 000¥/000T X 000T 000€ % 000€ 0001 % 0001 | s[exid jo requinN

- - - snoydroury SOND Iope[[uuIog
add va1o/add add add add ad4y, 1030010

STXE UoI1e)ox

ON ON 1qIssod (Teuondo) s[qrssoq ON ® JO uoneurouy

(10£0AU00 (3y) Koedes
uoneodsuel]) 001 0S 4! 4 Sureaq peo] CHiaN

¥H add sn|d

0SLX-LA 0S¥ H IX IS STTHIX | IDSTTXINS orxadsur | 1506-XINS orxadsur ad4y,
NOIWO NOXIN NZAVINIHS Tormoenuey

(ponunuod) 19 SqeL



337

General-Use X-Ray CT Scanners for Industrial Use

6.1

(panunuoo)

- - - - LTI X LT1 LTl X LT1
—0SL —0SL (adD) 8¥0T X 8+0T Y201 X ¥201 9¢CT X 0cCo6l 9¢C1 X 0C61
J103ONPUOITWAS IS 1030NpuodTWas 1S | (ASojouyos) payudred) —| (A3ojouyod) pajudled) — XOpeo) I0 [sD Xopen Io [s)
(add and
J10SUdS uI| J10SUQS uI'| apD -+ su9y eOndo + su9j eondo + 474 add add
- - - - (Teuondo) o[qrssoq (Teuondo) 9[qrssoq
001 001 Y4 I 0¢ [4
U009 I19718A0 3urjood Iy 3urjood Iy 3ur1002 I197BAN 3urjood Iy 3ur009 Iy
- - puowrerq g og g
ON ON S[BLIOJBW SNOLIBA - S[BLIOJEW SNOLIBA S[BLIOJEW SNOLIBA
0¢ 9% - - - -
_ _ 0 _ _ _
19311) QAISSTWISURL], JO311) QAISSTWISURL], 1J931e) QAISSTWISURL], opoue Funejoy 19311) 9A1IOOPOY 10318) 2AT}OIPY
uo)s3uny, uo)s3uny, uo)s3ung, wnIwoIyD uo)s3uny, uoys3uny,
_ _ _ L _ _
0091 000¢ - SL S S
- - SLO0 94 S0— €0~
(A 'S
0006 056 091 ‘on[eA 9ANIPH) G€ 0sI— 0cl—
- - (0] SL8 SL— ov—
JI0JRIS[900R
J107e19[9008 Jeaul] Joedwo) Teaur] Joedwo) qny poress oqm uadQ qny poress aqn) pafeas
W 6-LOXH N [-LOX!H | BsI9A OT6 eIpeIX SSIHZ | Bl 018 BIpeIX SSIHZ 0§ TwoLAseq ocrwogysed
yoeH SSIHZ SNOLLNTOS Xd

(ponunuod) 19 SqeL



6 X-Ray CT Scanners and Application Examples

338

(panunuoo)

001 - o
Sy S -
12318) 9ATIOPY 1a318) 9ATIOPY 1a818) 9AT)OPY
uo)sSuny, u9)suny, uo)sSuny,
0S— - -
91— 00 0T
€0— 01-¢ SLO—
0g1— 00108 00T—
e~ 00S— 0S1—
aqn) p[eas aqn) p[es aqn) p[eas
AHAdAL X-1SX IO TNOVN ddd 00ZHLD
J10j0u BYBWEx a4 adar

SuIpparys SuIpfaIys uoneIper
uomeIpex oYM 000°ST Wim 000°08-000°09 891 0092 0002 00L
0009 X 0009 X 0009 L8S X 109 X 0€8|  060T X 0611 X OLIT|  OLIT X 00T X 081T | 000T X 00TT X 001T | 0081 X 008 X 0STI
(euondo) (feuondo) XVINOIPMSDOA XVINOIPISDA
OIPIISOA OIPIISOA oig Aguoselq $YO oid Aguogeid $YO ‘OIPmISOA ‘OIPIISOA
— — payseny payoseny paydeny paydseny
9[qrssod 9[qrssod 9[qrssod - 9[qrssod a[qIssod
002 002 L0 S0°0 S 14
nq 91 nq 91 19971 nq 91 nq 91 nq 91
N 6LOXH N T-LOXIH | BSI9A 0TS BIPBIX SSIHZ | BHIN 018 BIPEIX SSIAZ 0STwoLAseq OgTwoLy s
oeNyg SSIdZ SNOLLN'TOS X4

(ponunuod) 1°9 AqeEL,



339

General-Use X-Ray CT Scanners for Industrial Use

6.1

006C 0¢ 0981

SOLT X €881 X OILI S'L6T X BEE X €79 elrl X 60l X 0SS1
paydeny paydeny paydeny

payoeny payoeny payoeny

ON J1qrssod J1q1ssod

L wuw/dT ¢ -

1nq 1 nq el nq 9l

- 001 00¢C X 00T

- 91CI X Tetl SC01 X 6201

- 1SD snoydiowry

dadd dadd add

ON ON ON

(10£0Au05 uonelrodsuel]) ¢ 01 01

3u1j000 11y

3urjooo 1me/10

3u1j000 11y

°d

sse[3 [eroadg

S[ELIQJEW SNOLIBA

n

S[ELIQJEW SNOLIBA

Jojour eyewe X

44

agr

(ponunuod) 1°9 AqeEL,



340 6 X-Ray CT Scanners and Application Examples

NAOMA-CT

(8)

Fig. 6.1 Photographs of commercially available X-ray CT scanners described in Table 6.1;
a Shimadzu Co. inspeXio SMX-90CT Plus model from Table 6.1 and b inspeXio SMX225CT
FPD HR model (both courtesy of Masahito Natsuhara of Shimadzu Co.); ¢ and d are the Nikon XT
225 ST model and XT H 450 model, respectively, from Table 6.1 (both courtesy of Satoshi Kazama
of Nikon); and e and f are RX SOLUTIONS DeskTom 130 model and EasyTom 150 model from
Table 6.1 (both courtesy of Wataru Adachi of Seikoh Giken). g RF Co. NAOMi-CT model (courtesy
of Kazumi Kodaira of RF Co.)

important factor of fiber misalignment when handling CFRTP. As shown in Fig. 6.3,
other applications of this X-ray CT scanner include the deformation analysis
of lithium-ion batteries and high-spatial-resolution/high-contrast observations of
separators. High spatial resolution and high contrast can be obtained in this way.
Additionally, fast tomography with a maximum speed of 33 s/scan and fast image
reconstruction in as fast as 5 s has become possible with detector improvements and
software updates.

Figure 6.4 shows imaging conducted on pearls. This was conducted using the RX
SOLUTIONS device (DeskTom130) shown in Table 6.1. A pearl is a light substance
with inorganic materials like calcium carbonate and calcium oxide as its principal
components. Figure 6.4 shows that the pearl core and pearl layers, as well as its
boundary layers, were clearly visualized. We can observe that the pearl core/pearl
layer and boundary layer, which have minimal compositional differences, are clearly
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Fig. 6.2 a Cross-section image when visualizing CFRP using an X-ray CT scanner with a 14-bit
flat panel detector; b is a visualization example using an X-ray CT scanner with a 16-bit flat panel
detector described in Table 6.1 (Shimadzu Co. inspeXio SMX225CT FPD HR model); ¢ visualiza-
tion of GFRP using the same device; and d magnification of the enclosed area in ¢ (both courtesy
of Masahito Natsuhara of Shimadzu Co.)

distinguished. This visualization demonstrates how the boundary layer is broken and
how this results in the deformation of the pearl surface.

Many X-ray CT scanners can handle imaging regions of interest that are consid-
erably smaller than the sample diameter. This enables the local/high-magnification
observation of large samples, which do not fit within the field of view within a
detector, such as electric circuit boards. Figure 6.3 is one such observation example.
Furthermore, Fig. 6.5 shows an observation of a soldered section of an electronic
circuit board using the RX SOLUTIONS machine (DeskTom130) shown in Table
6.1. The existence of pores in the solder, which are likely to result in fracture, can
be confirmed using the microfocus tube.

Many of the devices in Table 6.1 can handle offset scans. As described in Sect. 3.3.5
(1), offset scans can be used to magnify the sample size by integer multiples of the X-
ray beam width. In this case, the included software can automatically stitch together
multiple transmission images due to the high-accuracy offset. However, care must
be taken concerning the penetrative power of the X-ray.

Incidentally, it can be observed from Table 6.1 that many X-ray CT scanners use
a microfocus X-ray tube. The need for high spatial resolution is also firmly rooted
in industrial X-ray CT scanners. There have been products that have two tubes with
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Fig. 6.3 a Example of a high-resolution/high-contrast observation of lithium ion battery defor-
mation and the separators and b an observation of the electronic circuit board of a smartphone
and a high-magnification observation of the enclosed CPU. Each are visualization examples using

the same X-ray CT scanner (Shimadzu Co. inspeXio SMX225CT FPD HR model) from Fig. 6.2
(courtesy of Masahito Natsuhara from Shimadzu Co.)

Nacreous layer Debonding

T

Pearl nucleus Pearl nucleus

Boundary layers

(b)

Fig. 6.4 Interior structure of a pearl observed using an RX SOLUTIONS device (DeskTom130)
in Table 6.1. The pearl on the right in a and the pearl in b show damaged boundary layers between
the pearl core and pearl layers (courtesy of Wataru Adachi from Seikoh Giken)
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&

(2) (b)

Fig. 6.5 a Transmission image of an electronic circuit board after the completion of soldering;
b is a virtual cross-section observed from the side in a 3D image of a soldering section. The device
used is the RX SOLUTIONS DeskTom130 model shown in Table 6.1 (courtesy of Wataru Adachi
of Seikoh Giken)

varying focal spot size/output values installed, also referred to as multifocus. Its
applications are innumerable, from the currently-expanding field of layered manu-
facturing to assessment of the aforementioned CFRP and GFRP fiber orientation, to
various assessments in archaeology. For example, high-spatial-resolution imaging
with low-energy X-rays in the archaeological disciplines can be used to determine
whether an ancient tree was a coniferous or broadleaf tree and can even be used to
analyze what the tree species was. The focal spot size of X-ray tubes and maximum
spatial resolution of X-ray CT scanners are shown in Table 6.1. Their current state
is such that the former is generally used as an index for spatial resolution. However,
it must be noted that the focal spot size of X-ray tubes is but one of the factors that
regulate the spatial resolution of X-ray CT scanners. Data provided directly from
the manufacturer are shown here, and there is no follow-up on how the maximum
spatial resolution of the device is measured or assessed. Those who have read this
book would likely understand what spatial resolution is and how this is measured. It
is recommended that the cross-sectional images of a sample that approximates the
desired 3D image and imaging conditions be obtained and evaluated independently.

Figure 6.6 shows an observation example of an archaeological artifact excavated
from the ancient ruins of Antikythera in Greece using an X-ray CT scanner (Nikon
XT H 450 model) with a 450 kV tube voltage that enables the use of X-rays with
high energies even among those in Table 6.1. This device is unique in that it is
capable of having an X-ray tube with a relatively small focal point size despite
having a tube voltage of 450 kV. For this reason, a high spatial resolution is achieved
despite the high X-ray energy and output, where a maximum spatial resolution of
approximately 200 wm is achieved. Usage of this X-ray CT scanner has enabled
the visualizations of detailed patterns that were buried under rust on the surface of
relatively large artifacts. These observations clarified that this archaeological artifact
with a previously-unknown use was the world’s oldest astronomical calendar. This
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d

Fig. 6.6 a Full view of the excavated artifact from the ancient ruins of Antikythera in Greece;
b shows a section of this; ¢ and d are further magnifications of the section in (b); and (c) and
(d) show patterns that indicate that this artifact was a calendar. These were visualized using a
450 kV tube voltage X-ray CT scanner (Nikon XT H 450 model) described in Table 6.1 (courtesy
of Satoshi Kazama of Nikon)

is considered a good example of how industrial X-ray CT has provided valuable
academic contributions.

Figure 6.7 shows an application example of an X-ray CT scanner with a slightly
smaller tube voltage of 300 kV. This device has a microfocus tube whose distance
between the X-ray focal spot and X-ray irradiation window is shorter at roughly
5 mm and whose automatic changes in focal spot dimensions, as per the cathode
power of the X-ray tube, achieve a balance between X-ray penetrative power and
relatively high spatial resolution. Figure 6.7 shows 3D images of gray cast iron and
ductile cast iron materials where a specimen measuring [J approximately 2 mm was
extracted. The graphite portions of each of the materials are extracted and displayed
here. The thin and long flaky graphite is visualized with sufficient spatial resolution.

Many of the devices in Table 6.1 can handle inclinations in the sample rotation
stage. This enables the implementation of the laminography discussed in Sect. 3.3.5
(3). In practice, many X-ray CT scanners with software that can handle laminography
are commercially available, enabling imaging of plate-like samples that do not fit
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Fig. 6.7 Graphite extracted from a spherical graphite cast iron and b flaky graphite cast iron.
The microscale flaky graphite is visible. A 300 kV tube voltage X-ray CT scanner (Toshiba IT &
Control Systems TOSCANER-33000FD-ZII model) was used for observation (courtesy of Junichi
Iwasawa of Toshiba IT & Control Systems)

within the X-ray beam range in standard imaging methods, such as electronic circuit
boards, aluminum or steel body panels for automobiles, and fiber metal laminate thin
plates for airplanes.

As shown in the detector row in Table 6.1, many products use a flat-panel detector.
Image intensifiers typically offer the advantages of relatively low cost, high efficiency,
and a high frame rate. However, flat-panel detectors have the advantages of a high
dynamic range, few distortions such as with image intensifiers, and a large effective
field of view. Combined with recent price reductions, flat-panel detectors are increas-
ingly used. Furthermore, the 450-kV tube voltage device (Nikon XT H 450 model) in
Table 6.1 also has a model with a line sensor camera. As discussed in Sect. 4.4.2 (1),
the X-ray beam is formed into a fan beam using the collimator when using the line
sensor camera to have the X-ray illuminate the sample only within the field-of-view
of the line sensor camera. Forward scattering of high-energy X-rays in the case of
a parallel beam or cone beam results in the emission of scattered X-rays into the
detector pixel from the whole sample; this reduces contrast and spatial resolution.
The use of a fan beam can effectively prevent this.

Figure 6.8 is a schematic that shows how image quality changes when either a
line sensor camera or flat-panel detector is used. Imaging with a line sensor camera
requires vertical scanning of the sample across 500-2000 layers; consequently, the
imaging time necessarily becomes longer. However, the influence of scattering X-
rays coming from the sample regions in the vertical directions is no longer present
and high-quality images with low noise levels can be obtained. However, the scat-
tered X-rays coming from adjacent regions in the longitudinal direction of the line
sensor cannot be avoided, therefore, adjustments in the sample-detector interval are
necessary.

Figure 6.9 shows an observation example of an aluminum die-casting cylinder
block using a line sensor camera. X-ray scattering at high X-ray energies from cone
beam-type X-ray CT scanners can make the linear profile sections swollen in a
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Scattered X-ray
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(a) Two-dimensional detector
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Fig. 6.8 Schematic showing differences in image quality between a line sensor camera device and
a two-dimensional detector device (e.g. flat panel detector) when imaging with high-energy X-rays

(b)

Fig. 6.9 Visualization example of an aluminum die-casting cylinder block; a is the total image
and b is a virtual cross-section, which visualizes manufacturing defects such as internal cavities. A
450 kV tube voltage X-ray CT scanner (Toshiba IT & Control Systems TOSCNANER-24500twin
model) was used for observations (courtesy of Junichi Iwasawa of Toshiba IT & Control Systems)
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barrel-like shape. Line sensor cameras can ensure that geometrically accurate 3D
images with no distortion can be obtained. Two rows of line sensor cameras are set
up in the X-ray CT scanner and a third cross-section image can also be measured
by supplementing the space between these two rows. Furthermore, increasing the
scintillator thickness used for the line sensor camera can enable the acquisition of
approximately 300 mm of transmission for aluminum with a sufficient S/N ratio. For
this reason, aluminum products such as those shown in Fig. 6.9 can detect drill holes
measuring ¢0.3 mm in the interior of areas with an outer diameter of 100 mm. This
is due to the utilization of an X-ray tube with a high target power tolerance for the
focal point dimensions.

Among the devices listed in Table 6.1, there are some low-cost devices in the
range of tens of thousands of USD made possible by technology transfers from the
diffusion of dentistry X-ray CT scanners and the appropriation of their components.
Figure 6.1g is one such example. Its characteristics include a lightweight main body
at 50 kg, a size that can be placed on a desktop, and its compatibility with household
power sources while being moved around on a cart. As shown in Fig. 6.10, applica-
tion examples include various advances in disciplines where prohibitively expensive
industrial X-ray CT scanners could not be frequently used, such as fundamental
research on food product development, sports applications, and the confirmation of
sport glove fit.

(a) (b)

Fig. 6.10 a Distribution of bubbles within a bar of ice cream. b is the observation of the internal
structure of a water purifier. Miniature light-weight devices (RF Co. NAOMi-CT model) were used
for both observations (courtesy of Kazumi Kodaira of RF Co.)
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6.2 High-Energy Industrial X-ray CT Scanners

X-ray CT with X-ray energies in the MeV range has been developed and manu-
factured since the 1980s. Compact electron accelerators have been used as their
radiation source. Devices that use radiation sources with energies of 950 kV, 3 MV, 6
MYV, and 9 MV can be utilized as industrial products. Figure 6.11 shows an example
of a commercially available product. These product specifications are recorded in
Table 6.1. Devices with 12-MV radiation sources had been produced in the past but

: Il etector

Fig.6.11 Example of a high-energy industrial-use X-ray CT scanner that is commercially available
and described in Table 6.1. Photographs of the a Hitachi Co. HiXCT-9M model device and the
HiXCT-1M, b shielding container, and ¢ control panel/operating device (courtesy of Katsutoshi
Sato of Hitachi Co.)



6.2 High-Energy Industrial X-ray CT Scanners 349

currently no longer exist. X-rays with MeV-level energies have a high penetrating
power of materials, so decreased sensitivity in standard X-ray detectors is unavoid-
able. For this reason, line sensor detectors or detection circuits that are specialized for
X-rays of MeV-level energies have been developed and implemented. This enables
the acquisition of images with minimal artifacts due to low noise and a high dynamic
range. The shape of the X-ray beam is a fan beam. For example, X-ray CT scanners
with a drive voltage of 9 MV can observe steel and aluminum alloy materials with
thicknesses up to 32 cm and 96 cm, respectively. The field of view is ¢600-800 mm,
the height 500-1000 mm, and a sample rotation stage with a load capacity of 100 kg
is used. Proper shielding is necessary to prevent the leakage of high-energy X-rays
in high-energy X-ray CT scanners out of the device. For example, the total weight
of a 950 kV device can be up to 60—80 t when set up in a shielding container made
of steel plates. Furthermore, the 9 MV machine can no longer be shielded with steel
plates and must be housed in a reinforced-concrete shielding structure with 2 m thick
concrete.

In addition to the so-called third-generation CT with a rotate/rotate system,
measurement systems include the second-generation translate/rotate system and a
new system referred to as the double-rotate system [2]. Fast imaging is charac-
teristic of the rotate/rotate system, with speeds up to 10 s/slice. Meanwhile, the
translate/rotate system is suited for imaging with a wide field of view but has a
lengthy imaging time. Furthermore, the double-rotate system combines fast imaging
and high-spatial-resolution imaging, requiring an imaging time that is approximately
four times longer than the rotate/rotate system but with a spatial resolution that is
superior by a factor of 1.5.

Figure 6.12 shows differences in image quality between scan systems. Innova-
tions in the measurement system enable the clean visualization of difficult-to-detect

Magnified view of the crack

Magnified view of the crack

(2)

Fig. 6.12 Observation example of a cavity and crack in a cast iron component using a high-energy
industrial-use X-ray CT scanner. Image a was obtained using the rotate/rotate system (pixel size
0.4 mm, 1500 x 1500 pixels, scan time 15 s) and b was obtained with the double-rotate system
(pixel size 0.2 mm, 3000 x 3000 pixels, scan time 50 s). These were imaged using the Hitachi Co.
HiXCT-9M-SP model (courtesy of Katsutoshi Sato of Hitachi Co.)
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(@) (b)

Fig. 6.13 Observation example of an automobile component (alternator) interior using a high-
energy industrialuse X-ray CT scanner; a is a 3D observation of the inner coil by making the external
aluminum components semi-transparent and b is the segmentation of the constituent components,
where each component is shown in a disassembled manner to show the assembly conditions. These
were imaged using the Hitachi Co. HiXCT-9M-SP model (courtesy of Katsutoshi Sato of Hitachi
Co.)

cracks with small openings in brittle cast iron parts. Furthermore, Fig. 6.13 shows a
3D imaging example of an automobile part. The noise and artifacts are sufficiently
reduced while using high-energy X-rays, enabling not only the visualization of large-
scale automobile part interiors but also assessments based on the segmentation and
extraction/discrimination of its constituent components.

Fraunhofer EZRT operates an XXL-CT X-ray CT scanner, which can scan larger-
scale products as is. This is shown in Fig. 6.14. XXL-CT is a device capable of
conducting 3D imaging of automobiles, cargo containers, airplane fuselages, and
large-scale ship engines as is. A rotation stage, which has a width of 3.2 m, height of
5 m, and load capacity of 10 t, is combined with 9 MeV high-energy X-rays to conduct
3D imaging with a focal spot size of approximately 3 mm. Automobiles are positioned
upright on the rotation stage when conducting 3D imaging. It is anticipated that the
applications of these types of CT scanners for large-scale structures will increase in
the future.
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Fig. 6.14 X-ray CT scanner comprising an XXL-CT that can scan large automobile-scale products
as-is, located in Fraunhofer EZRT in Germany (courtesy of Thomas Kessler of the Fraunhofer
Laboratory)

6.3 High-Resolution Industrial X-Ray CT Scanners

Industrial X-ray CT scanners that seek high spatial resolutions using standard micro-
focus tubes are introduced in Sect. 6.1. Industrial X-ray CT scanners that use X-ray
focusing elements used in imaging-type X-ray micro-/nanotomography discussed in
Sect. 5.1 are commercially available.

Figure 6.15 shows a visualization example of active materials in an electrode
sheet of a commercially available secondary lithium-ion battery using an industrial
X-ray CT scanner equipped with an imaging optical system that uses a Fresnel zone
plate (introduced in Sect. 5.1.1) and an illumination system that uses a condenser
zone plate. The internal 3D structure and voids between the particles can be clearly
observed in Fig. 6.15. Observations and quantitative assessments of the opened
and closed micropores are conducted from these images, as well as observations
of internal structures closely associated with the performance and deterioration of
the secondary lithium-ion battery including the debonding of the grain boundary
between the primary particles accompanying the storage and discharge of lithium
ions during lithium-ion battery charging and discharging. The device in Fig. 6.16,
also recorded in Table 6.1, was used for this observation. This device uses a Fresnel
zone plate with an outermost zone width of 35 nm and a nominal maximum spatial
resolution of 50 nm. Observations in Fig. 6.15 show that the sample has a diameter of
approximately 64 iwm and a spatial resolution of 150 nm during imaging. The manu-
facturer has referred to this as a nano-resolution X-ray microscope and interpolates
3D imaging in the intermediate region between the micron-level spatial resolution
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Fig. 6.15 Example where an electrode sheet was extracted from a commercially-available
secondary lithium ion battery and where high-resolution visualizations of the 3D structure of
active materials in an electrode (left) and inter-particle voids (right) were conducted. Imaging
was conducted with a Carl Zeiss ZEISS Xradia 810 Ultra model (Fig. 6.16) (courtesy of Nobuhiro
Hayami, Benjamin Hornberger, Stephen T. Kelly, and Hrishikesh Bale of Carl Zeiss Co.)

of microfocus X-ray CT and the nano-order region of electron microscopes. This
device produces 3.5 keV monochromatic X-rays by using an approximately 0.9 kW
high-brilliance X-ray source. According to the device manufacturer, chrome is used
for the X-ray tube target and monochromatic characteristics with an energy reso-
lution of approximately AE/E = 1.7 x 1073 are obtained through the combination
of K41/Ky» X-rays and a Fresnel zone plate. This enables an image optical system,
which uses a Fresnel zone plate, to be achieved in commercially available industrial
X-ray CT scanners. A phase plate is inserted in the optical path to set up a Zernike
phase contrast microscope (discussed in Sect. 5.2.2). A stage with an in situ obser-
vation device introduced in Sect. 4.5 can be used for the sample rotation stage and
in situ observations of tension, compression, and nano-indentations can be made.
There are considerable limits with regards to sample size, however, this has been
applied in a wide range of disciplines, including material development (e.g. poly-
mers, ceramics, and batteries), natural resource exploration (e.g. oil and minerals),
and bioengineering.
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Xradia 810 Ultra

Fig. 6.16 Example of a commercially-available high-resolution industrial-use X-ray CT scanner
described in Table 6.1. This is the Carl Zeiss ZEISS Xradia 810 Ultra model (courtesy of Nobuhiro
Hayami of Carl Zeiss Co.)

6.4 High-Functionality Industrial X-Ray CT Scanners

The previous section detailed how considerably high spatial resolutions could be
obtained in absorption contrast tomography using industrial X-ray CT scanners
equipped with a microfocus X-ray tube. However, there are occasionally instances
with various observation subjects where the contrast is low and observations cannot
be made or where there are problems with regards to quantitative assessment. Of the
polycrystalline structure tomography methods introduced in Sect. 5.5, the diffrac-
tion contrast tomography in Sect. 5.5.2 can be implemented at the laboratory level by
using products that incorporate modules and analysis software specific to industrial
X-ray CT scanners.

Figure 6.17 shows a 3D visualization example of a crystallographic structure
of polycrystalline iron. A clean 3D visualization is obtained without gaps or over-
laps in the crystallographic grains, which have a crystallographic grain diameter of
approximately 100 pwm. This enables not only the accurate determination of the 3D
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(a) 3D polycrystalline structure and (b) Halved 3D image

corresponding inverse pole figure

(c) Diffraction pattern of grains

Fig. 6.17 a and b are 3D images of the polycrystal structure of polycrystalline iron. The colors
of each crystallographic grain indicate the crystal orientations expressed in the inverse pole figure
included in a. The Carl Zeiss ZEISS Xradia 520 Versa model (Table 6.1 and Fig. 6.18 for reference)
was used for imaging (courtesy of Nobuhiro Hayami of Carl Zeiss Co.)

morphology of the crystallographic structure but also crystallographic assessments
of various physical phenomena (e.g. recrystallization/growth behavior, relation-
ships between crystallographic structure and various mechanical properties/corrosion
characteristics).

Figure 6.18 shows a photograph of the industrial X-ray CT scanner used for
imaging in Fig. 6.17. The basic structure of the device is the same as that of an indus-
trial X-ray CT scanner with a standard microfocus X-ray tube. This device adopts
a scintillator and a detector that uses an objective lens from an optical microscope
in a manner similar to synchrotron radiation X-ray tomography. In other words, the
device combines geometric X-ray magnification projection using a microfocus X-ray
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Fig. 6.18 Example of a commercially available high-functionality industrial-use X-ray CT scanner
described in Table 6.1. This is the Carl Zeiss ZEISS Xradia 520 Versa model (courtesy of Nobuhiro
Hayami of Carl Zeiss Co.)

tube with an optical image converted to visible light. A geometric magnification in
the order of 100:1 is usually necessary to achieve a spatial resolution below 10 pm
with micro-tomography using a microfocus X-ray tube. Meanwhile, this device can
control the geometric magnification based on the cone beam optical system to a
factor of 1-10 and achieves a larger working distance by magnifying after visible
light conversion. This enables the implementation of material tests that use relatively
large testing devices and in situ observations under heating or electrification even
among the in situ observation devices introduced in Sect. 4.5. An aperture plate and
beam stop can be installed during diffraction contrast tomography to detect only
diffracted light while shielding Oth-order light. An X-ray diffraction pattern as is
shown in Fig. 6.17c is then obtained while rotating the sample. This allows for the
acquisition of geometric information such as crystal coordinates, orientation, size,
and morphology of crystallographic grains with a minimum grain size of around
40 wm and an angular resolution of the crystallographic orientation of 0.5°. Stan-
dard absorption contrast tomography imaging can also be conducted in the same
sample; therefore, the relationships between the crystallographic structure obtained
from diffraction contrast tomography and the cracking obtained from absorption
contrast tomography can be directly assessed as well.
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6.5 In-Line Inspection Device

The objectives of in-line inspections are to measure the dimensions/shape of prod-
ucts, components, and substrates that move down a mass-production production
line, identify the presence of defects, and conduct quality control. If these can be
conducted for the inspection of all products, the delivery of defective products can
be prevented, significantly impacting product reliability. In addition to human-based
inspections, in-line inspections until now have involved external appearance inspec-
tions with visible-light cameras, transmission image inspections using X-rays, and
robot-based measurements. Line sensor cameras introduced in Sect. 4.4.2 (1) are
widely used for in-line inspections based on transmission images.

Since the start of the twenty-first century, X-ray CT scanners and similar technolo-
gies have been used for in-line inspections during the production process of automo-
bile parts, semiconductors, and electric circuits. The wafer implementation process,
which falls under the post-processing step of the semiconductor production process, is
the primary subject for these types of technology. Furthermore, the multiple soldered
parts in electric circuits (e.g. solder wetting defects, through-hole packing defects,
or insufficient soldering amounts) are frequently the source of production defects.
Figure 6.19 is an example of such a fast X-ray CT-type automatic inspection device.
Its specifications are described in Table 6.1. Its output is small as its primary subjects
are substrates; an air-cooled sealed-type microfocus X-ray tube is used here. Due to

Fig. 6.19 Photograph of an
in-line inspectionuse X-ray n
CT scanner described in
Table 6.1; Omron VT-X750
model (courtesy of
Nobuharu Sugita of Omron)
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(a) Whole substrate for inspection (b) Soldered parts extracted

(c) Magnified views of the solders highlighted by a white rectangle shown in (b)

Fig. 6.20 Inspection example of a soldered section of the electric circuit using a commercially
available in-line inspection X-ray CT scanner (Omron VT-X750 model) shown in Table 6.1 (courtesy
of Nobuharu Sugita of Omron)

its high spatial resolution, this single unit is capable of conducting not only mass-
production inspections but also analyses of defective products diverted as a result of
mass-production inspections. This device is unique in that it applies a specialized
measurement system referred to as parallel CT [1]. This involves the turning of the
camera and sample in a circular trajectory that is parallel to the substrate instead of
a rotation stage. This enables fast tomography wherein a single 3D image can be
obtained in 4 s. Although the device in Fig. 6.19 is for in-line inspection, there is also
a high-spatial-resolution (0.3 pwm/pixel) device for off-line inspection. Figure 6.20
shows the verification of soldering junction strength using the device in Fig. 6.19. A
single defective part was identified from several hundred soldered sections, in which
pore-like defects were visible in its interior.

Figure 6.21 also shows an inspection device that is specialized for the in-line
inspection of electric circuits, with a structure that combines X-ray tomography,
X-ray transmission inspections, visible-light/infrared microscopy observations, and
laser distance measurements [3]. The in-line setup of this device in an electric circuit
production line enables X-ray tomography observations at a spatial resolution that is
high enough for detailed soldering junction inspections while simultaneously iden-
tifying marks due to visible/infrared light and X-ray observation reference plane
measurements using a laser range finder. This device has the characteristic of being
able to conduct fast imaging that can keep up with the production line cycle time
despite taking such a high number of measurements simultaneously. Figure 6.22 is
a summary of the information obtained from each of these inspections. This device
is capable not only of detecting various production defects such as the presence of
voids in a heat sink or back fillet of leads, but also various defective product ejections
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Fig. 6.21 Photograph (top right) of a commercially available in-line inspection-type X-ray CT
scanner described in Table 6.1 and an internal layout where visible-light inspection, laser displace-
ment sensor, and an X-ray imaging system co-exist; Yamaha Motor Company Tsi-X model (courtesy
of Akira Kakuta of Yamaha Motor Company)

and traceability assurances such as serial number identification and the detection of
product assembly errors, all simultaneously and autonomously. Furthermore, despite
using a sealed tube, the device is innovative regarding its maintenance as the X-ray
tube filament is exchanged and rebuilt when the filament is broken.

Meanwhile, Fig. 6.23 shows an X-ray CT scanner that is built for imaging with
standard X-ray tomography. Its specifications are listed in Table 6.1. This device
uses a high-output X-ray tube and is used for the complete part-by-part inspection
of products like aluminum alloy components. Despite conducting standard X-ray
tomography, it is capable of conducting fast imaging at speeds of 1 min/scan, which
correspond to the production lines of automobile components. Figure 6.24 shows
an observation example where this device was used to observe internal defects (e.g.
cavities) in the interior of an aluminum die-casting product. This device can be
set up even in harsh usage environments that would be harsh for precision instru-
ments due to temperature or dust, like in aluminum die-casting lines. Inspections are
conducted from when the casting product enters the inside of the device until the
product quality is determined, as this is synchronized with the production cycle of
die-cast machines. In addition to manual inspections by staff members, there are also
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(a) High-speed sliced surface inspection using X-ray (b) High-speed optical microscope image obtained

tomography simultaneously with X-ray tomography images

(c) X-ray radiographs obtained simultaneously with the (d) Laser height position measurement
optical inspection

Fig. 6.22 Inspection example of an electric circuit using a commercially available in-line
inspection-type X-ray CT scanner (Yamaha Motor Company Ysi-X model) described in Table 6.1.
X-ray tomography, X-ray transmission, optical microscopy observations, infrared light observa-
tions, and laser inspections can be conducted simultaneously (courtesy of Akira Kakuta of Yamaha

Motor Company)

CT160FPD

s

Fig. 6.23 Photograph of a commercially available in-line inspection-type X-ray CT scanner
described in Table 6.1; JED CTH200FPD model (courtesy of Osamu Kinoshita of JED, Co., Ltd.)
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(a) Test piece for inspection (b) Inspection of blow holes using a 3D image
and virtual cross sections

(c) 3D rendered blow holes

Fig. 6.24 Inspection example of an aluminum die-cast component using a commercially available
in-line inspection-type X-ray CT scanner (JED CTH200FPD model) described in Table 6.1 (courtesy
of Osamu Kinoshita of JED, Co., Ltd.)

completely automated inspections conducted in coordination with industrial robots.
Product inspections can immediately and automatically determine the quality of all
products while automatically saving and recording various numerical data, which
can be used for subsequent defect dimension measurements.

6.6 X-Ray Tomography Using Synchrotron Radiation

The current state of the technology used at the imaging beamlines in SPring-8 and
the Photon Factory, as well as recent application examples, is introduced here.
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6.6.1 Projection-Type X-Ray Tomography

Projection-type X-ray tomography can be implemented at SPring-8 primarily through
the two beamlines of BL20XU and BL20B2. The former is a beamline that uses an
undulator and is suited for high-resolution work, whereas the latter is a beamline
that uses bending magnets and is suited for imaging with a wide field of view.
Both beamlines primarily use a 2048 x 2048-pixel Hamamatsu Photonics sSCMOS
camera measuring 6.5 pm x 6.5 pm. The former is often combined with a BM-3
beam monitor that combines a scintillator with a visible-light lens and mirror. The
latter frequently uses a BM-2. Combinations of different beam monitors allow for
changes in the effective pixel size. As can be observed later in Fig. 7.15, the effective
spatial resolution for both cases is exactly double that of the pixel size (approximately
0.5 pm for projection-type X-ray tomography in BL20XU) [23]. In other words, the
spatial resolution is limited by the Nyquist frequency, which is based on the sampling
theorem (discussed in Sect. 7.5.1 (2)).

Figure 6.25 shows an imaging example using BL20B2 [4]. Beamlines that use
bending magnets are more suited for metals even if they are porous with over 90%
porosity. The effective pixel size, in this case, is 2.7 wm, the spatial resolution is
5.4 pm, and both the field of view width and height are 5.4 mm. Clean visualizations
of not only the complex and irregular structure of the porous metal cell wall but
also of the interior micropores and precipitated hydrogen was obtained. With the
support of the 3D image-based simulations (discussed in Sect. 8.6), this research has
elucidated the deformation/fracture behavior of porous metals.

BL20XU is used when further spatial resolution is required. Figure 6.26 shows a
visualization of creep fracture behavior in steel materials at high temperatures. The
effective pixel size, in this case, was 0.5 pum, the spatial resolution was approximately
1.0 pm, and both the field of view width and height were approximately 1 mm.
Exposure to high temperature after heat-resistant steel with 9% chrome was welded
created defects referred to as type IV voids in the heat-affected zone. This was
observed at 650 °C under a load of 70 MPa after 17,220 h. Defects (creep voids)
occurred at the specified grain boundary of the prior austenite and the formation of
voids, which had not been recognized until now, were observed in the crystallographic
grains. Micro-scale voids were extremely clearly captured and the various 3D/4D
analysis methods in Chaps. 8 and 9 can be used.

Figure 6.27 shows the observations of the inner pyramidal layer in the cortex of
the frontal lobe of the human brain using BL20XU [5]. Absorption contrast with an
X-ray energy of 12 keV was used for observation. The effective pixel size, in this
case, was 0.51 pm and the effective spatial resolution was 1.2 pm. The top area
of Fig. 6.27 corresponds to the brain surface. These observations clearly show the
pyramidal neuron, which is the primary excitatory neuron that exists in the cerebral
cortex and hippocampus [5].
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Fig. 6.25 Observation example using BL20B2 in SPring-8. The X-ray energy at BL20B2 was set
at 20 keV and 3D imaging was conducted at experimental hutch 1 with an effective pixel size of
2.73 wm [4]. The observation subject was porous aluminum; a and ¢ show the porous metal cell
wall and the interior pores; b and d show the surface extractions for image-based simulations (STL
files)

6.6.2 Imaging-Type X-Ray Tomography

Experimental devices for imaging-type X-ray tomography have been made avail-
able to users since the mid-2000s at a number of imaging beamlines in SPring-8.
Throughout the 10 years following this period, imaging with relatively low X-ray
energies of 8—10 keV has been conducted for various applications. Figure 6.28 shows
the observation results of precipitates in aluminum conducted during this early stage
[6]. Precipitates in AI-Ag alloys have been observed at high spatial resolution in this
research. Imaging-type X-ray tomography experiments were exclusively conducted
at BL47XU at the time, with the illumination system comprising a parallel beam
passing through a diffusion plate; Kohler illumination had not yet been used. The
effective pixel size, in this case, was 88 nm and an effective spatial resolution approx-
imately double this was obtained. However, the sample size was 56.8 wm (H) x
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Fig. 6.26 Observation example using BL20XU at SPring-8. The X-ray energy was set at 37.7
keV and 3D imaging was conducted at experimental hutch 1 with an effective pixel size of 0.5
pm. The observation subjects are the type IV voids formed by creep of the welded material of the
high-chrome heat-resistant steel

35.3 wm (V) and thinner than the width of a hair due to the X-ray energy limitations
of 9.8 keV, as there was considerable difficulty in sample preparation and handling.

Subsequent research and development on imaging-type X-ray tomography at
SPring-8 has continued in earnest, with 3D imaging that uses 20-keV and 30-keV
X-ray energies achieved in 2017 and 2018, respectively. Currently, imaging-type
X-ray tomography can be conducted at BL47XU and BL37XU, with BL20XU at
the center. The mainstream setup is as shown in Fig. 5.25, which is phase-contrast
imaging-type X-ray tomography that combines Kohler illumination, a Fresnel zone
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Fig. 6.27 Observation of the
inner pyramidal layer of the
cortex of the frontal lobe in
the human brain using
BL20XU at SPring-8 [5].
The X-ray energy was set at
12 keV (courtesy of Ryuta
Mizutani of Tokai
University)
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plate, and a Zernike phase plate. SPring-8 is equipped with a condenser plate, Fresnel
zone plate, and phase plate, all of which are suited to high-energy usage but are diffi-
cult to micromachine. The realization of the apodization Fresnel zone plate (discussed
in Sect. 5.1.1 (3)) in particular is key to achieving high-energy imaging-type X-ray
tomography. BL20XU can now switch between projection and imaging modes at a
touch. It may appear like there are no major differences between this facility and
the imaging-type X-ray tomography of other facilities with regard to spatial reso-
Iution. However, as discussed in Sect. 7.5.3 (1), other reports on spatial resolution
measurements have not frequently accurately identified and measured single cycles
in the periodic structure of the test object from the image data and instead displayed
half of this as the spatial resolution. Sufficient care must be taken when comparing
performance based on reports from different institutions.

Figure 6.29 shows an observation example of nanovoids that formed during
hydrogen embrittlement in an aluminum alloy. Combinations of imaging-type X-ray
tomography, projection-type X-ray tomography, and HAADF-STEM have enabled
observations of the formation of high-density nanovoids across multiple scales, from
several nm to 10 pm [7]. In addition to these types of direct observations, nanovoid
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Fig.6.28 Observation example using BL47XU at SPring-8 [6]. The X-ray energy was set at 9.8 keV
and 3D imaging was conducted with an effective pixel size of 88 nm. Observation subjects are aging
precipitates in over-aged Al-Ag alloy material

Fig. 6.29 Observation of
nanovoids formed during
hydrogen embrittlement of
A7150 aluminum alloys
using BL20XU at SPring-8.
The X-ray energy was set at
20 keV and 3D imaging was
conducted with an effective
pixel size of approximately
60 nm Nano voids

formation and growth can be perceived as the generation of tensile strains under
hydrostatic pressure, as shown later in Fig. 9.13 [7].

Figure 6.30 shows imaging-type X-ray tomography-based observations of the
cortex of the frontal lobe in a human brain, observed in Fig. 6.27 with projection-type
X-ray tomography (separate sample). The experiment, in this case, was conducted
using BL37XU, the X-ray energy was 8 keV, and the effective spatial resolution was
100 nm. Absorption contrast was used in the imaging method. The pyramidal neurons
in the cortex of the frontal lobe in the human brain and the surrounding neurites can
be clearly observed. Furthermore, the spinous process can be observed in the neurite.
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Fig. 6.30 Imaging X-ray tomography observations at BL37XU at SPring-8 of the inner pyramidal
layer in the cortex of the front lobe in the human brain, which was observed with projection X-ray
tomography in Fig. 6.27 [5]. The X-ray energy was set at 8 keV (courtesy of Ryuta Mizutani of
Tokai University)

The spinous process is formed or destroyed depending on neural activity in the brain
and the observations of its number and morphology are important for understanding
the mechanisms of neural pathway formation.

6.6.3 Phase-Contrast Tomography

Imaging beamlines at SPring-8 currently requires either a combination of projection-
type X-ray tomography and the single-distance phase retrieval method (discussed in
Sect. 5.2.1 (2)) or imaging-type X-ray tomography that uses a Zernike phase-contrast
microscope (discussed in Sect. 6.6.2). First, Fig. 6.31 shows an observation example
of the former with DP steel using methods employed by Paganin [8]. This is a DP steel
that comprises a dual-phase structure of martensite and ferrite, where observations
of deformation, damage, and fracture behavior under tensile loads are observed in
a material where the martensite has a volume fraction, which barely forms a 3D
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network. The carbon concentration in the martensite phase is approximately 0.33%,
whereas the carbon concentration in ferrite is low at approximately 0.001%. As
such, the martensite and ferrite phases have densities of 7.87 and 7.76 g/cm3, with a
difference of approximately 1.4% between them. The imaging in Fig. 6.31 uses this
density difference. Discrimination between the two phases in ferrite-pearlite steel,
which has a density difference of approximately 0.4%, is possible with this method
[9].

Figure 6.32 shows a visualization of a retained austenite phase in TRIP steel
using a Zernike phase-contrast microscope. In Fig. 6.32a, where phase retrieval of
the projection-type X-ray tomography was conducted using Paganin’s methods, the
presence of the austenite phase could be visualized; however, its morphology was
unclear. Meanwhile, imaging-type X-ray tomography using a Zernike phase-contrast
microscope enabled the visualization of the morphology of the austenite phase with
sufficient spatial resolution and contrast. This research captured the gradual changes
in the austenite phase. It is anticipated that findings valuable for microstructural
design will be obtained in the future.
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(a) Projection-type X-ray tomography image that has  (b) Sample in (a) observed using imaging-type X-ray
been phase-retrieved by means of Paganin’s method microtomography technique combined with Zernike

phase-contrast optics

Fig. 6.32 Observation example of the austenite phase in TRIP steel using BL20XU at SPring-8
[8]. The X-ray energy is set at 20 keV and in-situ observations of the deformation-induced austenite
transformation while the specimen is under tension are shown. The effective pixel size in b is 60 nm.
Phase retrieval with Paganin’s method after projection X-ray tomography imaging with an effective
pixel size of 0.5 pm is shown for comparison in a. Both are shown with the same magnification

6.6.4 Fast Tomography

Examples conducted by the author at ESRF using white X-rays will be introduced
here for fast tomography. Figure 6.33 shows in situ observations of fracture toughness
tests conducted on an A2024 aluminum alloy [10]. Changes in the distribution of the
driving force for crack propagation can be observed. Fixing the displacement each
time X-ray tomography imaging is conducted results in unloading during in situ
observations of metal material fracture due to relaxation phenomena. Elasto-plastic
analysis applications for the obtained 3D images cannot be validated for experiments,
which experience unloading. This research took single scans every 22.5 s, which was,
at the time, an extremely accelerated setup, through the combination of white light,
a camera capable of high-speed readout, and an imaging process that minimized
time loss. The research conducted in situ observations of crack propagation during
fracture toughness experiments conducted at a fixed cross-head speed without any
interruptions and analyzed the strain field of the crack tip. These methods were used
to reduce imaging time for a single 3D image by 1/50th of the original duration
while maintaining superior spatial resolution when a monochromatic X-ray was
used. The obtained images visualized not only cracks but also microstructures such
as particles. As shown in Fig. 6.33, this enabled the clear visualization of crack tip
morphology corresponding to stress-field singularities of the crack tip (i.e. crack-
tip blunting/sharpening), as well as the transitions and spatial spread of stress-field
singularities accompanying crack propagation.
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(b) Cross-sections at x = 577 um (An example of sharp crack-tip during propagation)

Fig. 6.33 In-situ observations of fracture toughness experiments of a fatigue pre-cracked A2024
aluminum alloy using the ID15A beamline at ESRF [10]. Blunting (top row) and sharpening (bottom
row) of the propagating crack tip can be observed by continuously conducting fast tomography
observations while applying tensile loads without any unloading

6.6.5 Tomography of Elemental Concentrations

Figure 6.34 shows the application of absorption-edge subtraction imaging intro-
duced in Sect. 5.4.1 on an Al-Si—Cu ternary alloy after a high-temperature solution-
treatment, as well as the quantification of the spatial distribution of copper concen-
trations in the microstructure and its relationship with fracture [11]. A 3D image was
obtained at the X-ray energies above and below the K-absorption edge of copper
(upper side: 9.038 keV, lower side: 8.938 keV), on which pixel subtraction was
conducted. The Al-Si—Cu ternary alloy exhibited the highest strength at 807 K as a
solution-treated sample when the solution treatment temperature was varied between
773 and 824 K and both a tensile strength improvement of over 12% and reduction in
solution treatment time of approximately 1/5th were achieved relative to the standard-
ized heat treatment conditions (T6 treatment) [11]. This temperature corresponds to
a range above the ternary eutectic point and significant increases in copper concen-
tration, pore formation/growth, and matrix copper concentration were observed due
to local melting such as in Fig. 6.34. This research shows that pores formed from
eutectic melting deteriorate material characteristics and act as preferential pathways
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Fig. 6.34 Changes in the microstructure during solution treatment at a temperature of 807 K,
where the pure ternary system Al-Si—Cu alloy has the highest strength when solution treatment
temperatures varied between 773 and 824 K. Absorption-edge subtraction imaging was used for
3D mapping of copper concentration distributions [11]. The original figure is in color; please refer
to the figure of the original publication for details

for crack propagation [11]. However, it was also demonstrated that the beneficial
effects of increased precipitate due to increased copper concentration outweigh the
negative effects of local melting when heat treatment is applied for a short period
even if above the ternary eutectic point and that this results in the improvement of
the material characteristics [11].

Other applications of absorption-edge subtraction imaging involve the visualiza-
tion of alloy element distributions in the cell walls of cast porous metals [12] and the
mapping of tungsten concentration distributions in steels [13].

An imaging-type XAFS tomography setup can be utilized at the PF-AR NW2A
beamline in the Photon Factory; Fig. 6.35 shows this setup. A Carl Zeiss X-ray
microscope Xradia Ultra was introduced in this beamline and X-ray energies of 5—
11 keV can be used. Figure 6.36 shows observations of Yb—Si—O particles prepared
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Fig. 6.35 Imaging XAFS tomography setup, which can be used at the Photon Factory (PF-AR
NW?2A beamline) (courtesy of Masao Kimura of KEK)

Fig. 6.36 X-ray microscopy observation results where an Yb,Si>O7 oxidized plate was heated at
high temperatures. a 3D image at an X-ray energy of 8.98 keV. b Results where the chemical condi-
tions of Yb were differentiated using measurements that combine X-ray CT and X-ray absorption
spectroscopy (XAFS-CT) (corresponds to the cross-section of the dotted lines in a). The reference
has a color figure; please refer to this figure for details (courtesy of Masao Kimura of KEK) [14]
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by pulverizing that measure 10-20 pm in diameter [14]. X-ray tomography imaging
was conducted at 36 X-ray energy levels near the Ly absorption of Yb (8.9-9.06 keV)
and a 3D image with a pixel size of 48.8 nm was obtained. This research succeeded
in cleanly distinguishing the chemical states of Yb in the sample interior [14].

6.6.6 Tomography for Polycrystalline Structures

Figure 6.37 shows an example of the X-ray diffraction-amalgamated grain-boundary
tracking (DAGT) introduced in Sect. 5.5.4 being applied to the crystallographic
analysis of fatigue crack propagation in aluminum alloys for airplanes [15]. Fatigue
crack propagation is heavily influenced by crystal structure even in stage IIb of
fatigue crack propagation, which is generally considered insensitive to microstruc-
ture; cracks were shown to have deflections or to be twisted in the grain boundaries
where large differences in crystallographic orientation were observed. Furthermore,
acceleration and deceleration due to the crack closure patches at the crystallographic
grain boundary or crack tip vicinity were microscopically observed. A particularly

Alumjnmn

Galliym

Fig. 6.37 Relationship between fatigue crack propagation and crystallographic structure in an
A7075 aluminum alloy [15]; research example that combines 3D imaging of a crystallographic
structure using DAGT and continuous observations of crack propagation behavior. The influence
of crystallographic structure can be seen in regions where stable crack growth is observed. The
original figure is in color; please refer to the figure in the original publication for details
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Fig. 6.38 Visualization example of crystallographic grains during tensile deformation using DAGT
[16]; 3D display of the four crystallographic grains that surround the grain boundary quadruple point
within an Al-3% Cu alloy (left) and a 3D strain mapping shown with a virtual cross-section (see
Sect. 9.2.3 for reference). Right: four unit boxes selected from the crystallographic grain where the
strains measured by DAGT are applied and where the displacements are emphasized by a factor
of 5. The formation of voids due to hydrostatic tension near the grain boundary quadruple point is
simulated. The original figure is in color; please refer to the figure in the original publication for
details

high crack propagation rate was observed when propagating along a specified crystal
orientation.

Figure 6.38 shows an example of DAGT applied to the analysis of damage
during tensile deformation [16]. Hydrostatic strain distribution was measured at the
quadruple junction point of the grain boundaries. The deformation in the vicinity
of the grain boundary was substituted with unit boxes for higher visibility, demon-
strating that there was particularly large shear deformation present at crystallographic
grain 9 (G9) and the deformations of the other three crystallographic grains were rela-
tively coordinated [15]. The hydrostatic tension generated by this mismatch accel-
erates void formation and propagation and acts as the cause of macro-scale fracture
[15].
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6.7 Selection of Devices and Conditions

6.7.1 Device Selection

As observed until now, the spatial resolution of X-ray tomography devices is a little
<1 pm at most with projection-type X-ray tomography and is equivalent to a high-
spatial-resolution optical microscope. Furthermore, imaging-type X-ray tomography
has a spatial resolution that is worse than the scanning electron microscopes, which
are widely used for surface observations, by two orders of magnitude. For this reason,
it is sometimes the case that internal structures or microstructures close to the effec-
tive spatial resolution are observed with X-ray tomography. Furthermore, scanning
electron microscopes, optical microscopes, and stereoscopic microscopes have the
characteristic of easily being able to change their magnification during observation.
Meanwhile, X-ray tomography cannot change its magnification or has serious limi-
tations in doing so. For example, it may appear at first glance that the magnification
in a cone-beam CT can be freely changed. However, increasing the magnification
and attempting to observe a smaller structure results in the sample protruding out of
the field-of-view. In these cases, image quality deterioration is inevitable, unless the
specialized image reconstruction techniques as in Sect. 3.3.5 (2) are used. A factor
that must be controlled in these instances is the trade-off between spatial resolution
and the field-of-view. For example, the various X-ray CT scanners summarized in
Table 6.1 frequently have a two-dimensional detector with 1000-4000 pixels. As
shown with the solid line in Fig. 6.39, the spatial resolution is stipulated by the
sample size divided by the pixel number, multiplying this by two, when a device
that assures high spatial resolution is used and when the Nyquist frequency based
on the sampling theorem discussed in Sect. 7.5.1 (2) constrains the spatial resolu-
tion. When the sample size doubles, in this case, the spatial resolution worsens by a
factor of two. However, the spatial resolution levels off, as shown in the dotted line
in Fig. 6.39 when there are some influences from the X-ray source, sample rotation
stage, or detector.

Figure 6.40 shows a schematic of these types of X-ray tomography constraints.
Scanning electron microscopes and optical microscopes have a wide range of visual-
ization, so they have many opportunities to favorably conduct observations without
any particular considerations. Meanwhile, the chemical composition, density, and
size of internal structures/microstructures, which can be visualized, vary according to
the performance of the X-ray CT scanner itself, as well as various imaging conditions
such as X-ray energy, sample size, and X-ray brilliance.

For these reasons, X-ray tomography does not show much promise as a versatile
observation method. First, one must abandon the notion of “the greater also serves
for the lesser,” instead narrowing down the method to the most important observation
subject, determining the optimal X-ray energy, spatial resolution, and imaging tech-
niques based on the fundamental knowledge provided in this book, as well as closely
examining the devices, imaging conditions, and samples to be used. Figure 6.41
shows an overview of this process. Conventional surface observation devices were
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Fig. 6.39 Trade-off between spatial resolution and sample size. Two cases where the spatial reso-
lution is constrained across the entire sample size range due to the Nyquist frequency based on
the sampling theorem and where spatial resolution limitations exist due to the device are shown
schematically. A detector pixel number of 2000 pixels and a rotation step in the sample rotation
stage whose angular increments correspond to this are assumed

Visualizable region

Conditions for spatial resolution Conditions for contrast
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Conditions for spatial resolution
(Sampling, source, detector...)

Large sample

Conditions for contrast

(Chemical composition, E...

(a) Scanning electron microscope, optical microscope...

(b) X-ray tomography

Fig. 6.40 Comparisons between the conventional scientific/engineering observation method of
scanning electron microscopy or optical microscopy, as well as X-ray tomography. The rectangular
outer frame stipulates the whole. Furthermore, the figures in the frame are constrained by spatial
resolution and contrast. The ability to visualize (inside the diagrams) or not visualize (outside the
diagrams) is determined based on these conditions. Areas where the diagrams overlap are the regions
where the samples are observed in terms of both spatial resolution and contrast. In the case of X-ray
tomography in (b), the sample size plays a large role in the visualizable range (internal structures,

microstructures and their size)
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Fig. 6.41 Schematic showing necessary information (black box-gray box) for conventional scien-
tific/engineering observation methods and X-ray tomography prior to observation, and observation
results (black box-white box)

expected to transform a black box object into a white box object; in other words, the
expectation is that at least some kind of information can be obtained even if the sample
is unknown by some form of observation. However, what is actually obtained is only
superficial information and assessments are conducted by averaging the observable
information as individual structures cannot be assessed. In this sense, the endpoint
in Fig. 6.41a is set as a gray box because an accurate determination/understanding
of the internal structure or phenomenon cannot be made. By contrast, X-ray tomog-
raphy is thought to take a gray box sample, where the interior is known to some
degree and convert it completely into a white box. Researchers occasionally state,
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“there was a sample (black box) that I wanted to observe but couldn’t effectively do
s0.” This is oftentimes the case when visualization is technically possible but where
results yield no significant findings due to insufficient advance considerations on the
sample, actual device, or imaging conditions.

However, discoveries have been made in samples such as in Fig. 6.41a, where
the internal structure was previously unknown, leading to significant findings. A
representative example of this is the discovery of high-density pores in aluminum
reported in Ref. [17]. This occurred when high-density hydrogen micropores with
diameters less than 10 wm were coincidentally discovered during synchrotron radi-
ation experiments conducted in 2001 to observe fatigue cracks in aluminum [18].
These types of pores could not be observed with conventional cross-section observa-
tions as they were filled with abrasive powder during sample preparation processes
like cutting and polishing. There have been many subsequent reports indicating that
aluminum alloy strength, fatigue, and high-temperature defects are controlled by
these micropores [19], resulting in contributions not only to metal damage/fracture
but also to hydrogen embrittlement and stress-corrosion cracking research, as well
as new material development.

Until now, the key to observation success in X-ray tomography has been in
selecting the “right tool” for the job. However, as presented in this chapter, the
functionality of industrial X-ray CT scanners is consistently increasing. Some scan-
ners are equipped with multiple X-ray sources or detectors and devices that can
significantly change X-ray energies. That being said, there are limits to the range
over, which a single device can cover. Furthermore, industrial X-ray CT scanners
are expensive, and it is prohibitively difficult to prepare different devices for each
observation subject. We anticipate further active approaches in these cases, such as
applications in coordination with the various X-ray CT scanners, which are being
introduced among industrial technology centers throughout the country and the usage
of synchrotron radiation facility setups. There may be a high barrier to entry with
regards to synchrotron radiation facilities for those who have no experience using
them. However, many of these facilities can be used for virtually no cost and high-
quality and rich information can be obtained with a few hours’ worth of experiments,
which could otherwise never be obtained with industrial X-ray CT scanners. As the
structure and size of the obtained data are the same, there is no need for concern on
how to handle the data. Industrial X-ray CT scanner users have experience with 3D
imaging and are versed to some extent with 3D image assessment and processing.
As such, the barrier to entry for synchrotron radiation facilities is rather low, once
accustomed to their particularities.

6.7.2 Realities of 3D Imaging

The discussion below focuses on projection-type X-ray tomography and considers
actual X-ray tomography measurements. The factors to first keep in mind with regards
to visualizations are as follows:
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(1) Is the sample, component, or product observable from a size standpoint?

(2) Can X-rays sufficiently transmit through the sample size?

(3) Is the spatial resolution sufficient for observing the internal structure and
microstructure of interest?

(4) Can a sufficient contrast be obtained for observing the internal structure and
microstructure of interest?

Spatial resolution is first constrained due to the trade-offs between spatial reso-
Iution and the field-of-view (discussed in Sect. 6.7.1) if condition (1) among these
is prioritized. However, the possibility exists that condition (3) may not be satis-
fied due to this aspect. Thus, the first step is to somewhat characterize the internal
structure or texture and identify the X-ray CT scanners and imaging conditions (e.g.
number of projections) that can satisfy condition (3). This requires a more or less a
priori approach , such as using stereoscopic microscopes, optical microscopes, or
scanning electron microscopes in a supplemental manner, using reference or bibli-
ographic information. Next, assessments using the information learned in Chaps. 2
and 5 and discussed in Chap. 7 are to be conducted to determine whether conditions
(2) and (4) can be satisfied. Except for in-line inspections, observations after cutting
the sample should be considered a possibility for satisfying condition (1). One of the
greatest benefits of X-ray tomography is its ability to conduct internal or external
observations without any chemical or physical pre-processing (e.g. sample cutting or
polishing). However, instead of unilaterally insisting on this, efforts should be made
to cut the sample and stitch a 3D image after multiple scans of each component,
accurately determining its internal structure in this manner.

6.7.3 Sample Size and X-Ray Energy Selection

According to Grodzins, the incident X-ray intensity /( necessary for transmission
image projection when photon noise is predominant is expressed as follows [20]:

DBe!P
Iowlt < —M— (6.1)

worw?(2)’

Here, the left-hand side of the equation represents the incident photon number,
which is obtained by the cross-sectional area wL (w is the pixel size and L is the
beam transmission length) of the beam that penetrates the sample multiplied by the
exposure time ¢.

Furthermore, D is the diameter of the cylindrical sample, u the average linear
absorption coefficient, B a constant that depends on the reconstruction algorithm
(approximately 2) [20], and o is the standard deviation of the image signal (i.e.
photon noise).
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Assuming that the linear absorption coefficient distribution within the sample is
homogeneous, the above-mentioned equation has a minimum value when uD = 2
[20] or & D = 2.22 [21]. Under these conditions, a constant S/N ratio results in
minimal exposure time and a constant exposure time results in a maximal S/N ratio.
According to Eq. (6.1), this corresponds to a transmissivity /1y of 11-14%. As shown
in Eq. (2.10), u is dependent on A, so the X-ray energy should be adjusted so that
the transmissivity is at this level. For example, X-ray energy of 14-16 keV corre-
sponds to a transmissivity of 11-14% for a pure aluminum sample with a diameter
of around 1 mm. Elements like copper, zinc, and iron, which have atomic numbers
considerably larger than aluminum, typically comprise several to 10% of aluminum
alloys. For this reason, the author typically uses an X-ray energy of 20 keV for
imaging aluminum alloys. Furthermore, the optimal ©D becomes rather small for
cases where detector-based noise has a large influence, requiring a larger transmis-
sivity of approximately 20-30%. Recent simple analyses by Vopélensky have indi-
cated optimal values of D = 1 and transmissivity of I/Iy = 37% [22]. Although these
analyses have been conducted under bold assumptions, we believe they approximate
experimental realities.
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