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A common, serviceable form of steel has been observed by employing synchrotron X-ray microtomog-
raphy technique. Spatial resolution has been optimized using a test object with varying experimental con-
ditions. Reasonably high resolution, which is close to the theoretical upper limit for the projection-type X-
ray tomography, has been achieved for a reasonably large specimen. Its application has made it possible
to clearly observe a fatigue crack and its opening behavior in steel, and to demonstrate some quantitative
mechanical evaluations.
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achievable spatial resolution level for ferrous materials. In

1. 1 i
ntroduction the present study, an XMT study was performed at a syn-

Over the past decade, attempts have been made to apply chrotron radiation facility to examine the effects of various
synchrotron X-ray microtomography (XMT) to ferrous experimental parameters on spatial resolution. Fatigue crack
materials, as the importance of 3D observation has been rec- opening behaviors were then evaluated, and advanced anal-
ognized. XMT performed on light materials has generally ysis performed, by applying the optimal experimental con-
enabled the reconstruction of volumes with maximum spa- ditions obtained.

tial resolution close to the physical limit of the projection-
type set-up (approximately 1 #m)."? However, in the case

. . . . . 2. ial Resolution Evaluati
of ferrous materials, difficulties arise with respect to X-ray Spatial Resolution Evaluation

transmission. Since photoelectric absorption is dramatically 2.1. X-ray Tomography Experiments
enhanced with increasing atomic number, high energy X- XMT was performed at the undulator beamline BL20XU
rays are needed to realize X-ray imaging for ferrous mate- of the SPring-8. A monochromatic X-ray beam, produced
rials. This can lead to spatial resolution degradation, in addi- by a liquid nitrogen-cooled Si (511)—(333) double crystal
tion to image quality degradation due to poor photon statis- monochromator, was used. The image detector consisted of
tics. For example, Everette et al. and Lame et al. have a cooled 4000 (H) x 2624 (V) element CCD camera (pixel
utilized white X-rays to observe steel at a spatial resolution size of the camera: 5.9 um square) in 2 X 2 binning mode,
of 3 and 2.7 (not on ferrous materials, but on Cu) ym, a scintillator (LuzSiOs:Ce), and an optical microscope
respectively.>” Cheong et al. (90 keV X-ray was used for objective lens (X20). Thickness of the LSO scintilllator was
field of view of 4.34 mm) and Shobu ef al. (66.4 keV X-ray 10 and 26 um for 40 and 55/70 keV, respectively. In total,
was used for field of view of 5.97 mm) used monochromatic 1500 radiographs, scanning 180 degrees, were obtained in
X-rays from undulators;>® and although no measurement or 0.12-degree increments. As mentioned above, the theoreti-
description of spatial resolution is presented in their papers, cal limit of the projection-type XMT is approximately 1 #m,
spatial resolutions of 19 and 35 ym, respectively, are expect- which is determined primarily by inevitable image blurring
ed at best, according to the descriptions of sample size and caused by Fresnel diffraction, the diffraction limit of visible
the number of projections. This technological limitation pre- light, and the spatial resolution of a scintillator.!” Isotropic
vents us from utilizing advanced applications of XMT, such voxels (a volume element in 3D space) with 0.5 #m edges,
as measurements of 3D/4D crack-tip displacement/strain that were requisite to achieve the 1 gm spatial resolution,
fields,” local crack driving forces,® and the spatial distribu- were achieved in the reconstructed slices.
tion of chemical concentrations,” which have been devel- In order to realize high-resolution imaging for ferrous
oped mainly using light materials. materials, high photon energies of 40—70 keV were used in
It would therefore be of significant value to attain the best this study. Thermal stability of the monocromator is crucial

© 2012 ISlJ 516



ISIJ International, Vol. 52 (2012), No. 3

for maximizing beamline stability. Recently, the cooling
system of the cryogenically cooled monochromator has
been substantially improved in the SPring-8,'" enabling the
use of almost full photon flux at the high X-ray energies
required for the XMT experiments on ferrous materials. In
addition, in order to obtain high X-ray flux, the beam dif-
fuser usually employed to modify the high coherence of low
to intermediate energy X-rays was removed from the set-up.

2.2. Spatial Resolution Evaluation

The first purpose of this study was to optimize the spatial
resolution of the XMT set-up at high X-ray energies, by
varying experimental parameters. Test patterns were
designed to test spatial resolution. The test patterns consist-
ed of pairs of lateral and vertical gratings with increasing
line pitch between 1.36-2.65 #m and 1.32-2.47 um, respec-
tively, as shown in Fig. 1. The test patterns were machined
on a stainless-steel wire of about 497 ym in diameter using
the focused ion beam milling technique. Since stainless steel
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Fig. 1. A resolution test object that has been prepared on a stain-
less-steel wire of about 497 ym in diameter using the
focused ion beam technique. The three arrows indicate three

directions along which spatial resolution was measured.
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Fig. 2. Examples of virtual cross-sections captured at sample/
detector distance of 110 mm, showing how the lateral grat-
ings for vertical resolution evaluation can be resolved at the
three X-ray energies. Note that even the narrowest grating
was resolved with the three X-ray energies used.
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has no visible microstructure with the present imaging set-
up, it may be assumed to be an ideal substrate material. The
modulation transfer function (MTF) derived from an edge
response function (ERF) at the outer contour of the wire
(i.e., the steel/air interface) was also measured, to determine
the spatial resolution at 5% contrast ratio. This measurement
corresponds to the lateral direction, which is the circumfer-
ential direction with respect to the stainless-steel wire axis.

The test-pattern wire was scanned at 40, 55 and 70 keV,
with varying sample/detector distance. The results of the
interface-based MTF calculations and the subjective inspec-
tion of the test patterns suggested fundamentally reasonable
agreement. Figure 2 shows examples of virtual cross-sec-
tions captured at a sample/detector distance of 110 mm.
Even the narrowest grating was resolved with each of the
three X-ray energies used. The variations in lateral (radial
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Variation in spatial resolution in (a) lateral (circumferen-
tial), (b) vertical and (c) lateral (radial) directions with
respect to the rotation axis. (a) and (b) were obtained
through subjective evaluation of the resolution test object,
while (c) was determined with MTFs derived from ERFs at
the outer contour of the wire. Spatial resolution was defined
at modulation transfer function of 5%. Original line spread
functions were fitted with a sigmoid function.

Fig. 3.
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with respect to the stainless-steel wire axis) and vertical res-
olution with sample/detector distance are shown in Figs.
3(a) and 3(b), respectively. It can be confirmed that the ver-
tical resolution exceeds the lateral resolution, at least at 55
and 70 keV. The lateral resolution results further reveal that
spatial resolution worsens when the sample is closer to the
detector. This is probably due to the effects of X-ray scat-
tering. It is well known that at a relatively low X-ray energy
range (~ 20 keV) the X-ray scattering distribution is approx-
imately isotropic, while increasing the X-ray energy causes
a preferential forward scattering.'” The X-ray photons that
are forward directed are more apt to be detected by the
image detector when the sample/detector distance is small,
thereby reducing spatial resolution.

Figure 4 shows edge response functions revealing the
degree of blurring across the sharp air/steel interface. Obvi-
ous overshoot and undershoot may be observed in the pro-
files. Since these are caused by X-ray refraction at the inter-
face, the extent of the overshoot and undershoot increases
with the increase in distance. Furthermore, it is qualitatively
evident that spatial resolution is not significantly different
among the three conditions. A total of eight measurements
were averaged for each ERF. A line spread function (LSF)
was obtained by taking the first derivative from each ERF
that had been fitted with a sigmoid function. MTF was then
derived by applying discrete Fourier transform to the LSF.

Figure 3(c) shows the variations in lateral (circumferen-
tial with respect to the stainless-steel wire axis) direction
with respect to the spatial resolution that were obtained by
means of MTF. Although the lateral resolution appears to
differ between Figs. 3(b) and 3(c), it should be noted that
the measuring directions differ between Figs. 3 (b) (circum-
ferential direction) and 3(c) (radial direction) with respect to
the stainless-steel wire axis. Comparisons of all the resolu-
tion data shown in Fig. 3 indicate that the spatial resolution
is unexpectedly highest in all three directions when the X-
ray energy is 70 keV. This may be associated with the char-
acteristics of the Lutetium-based scintillator employed. The
size of the volume in the scintillator in which X-rays are
absorbed and scintillation photons are produced is generally
dependent on the X-ray energy. If this volume is less than
the diffraction-limited resolution of the optical system used,
the spatial resolution of the system is not limited by the X-
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Fig. 4. Examples of ERFs (which indicate how original images are
spread out), used to calculate MTFs of 3D images. X-ray

energy was 55 keV for these examples.
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ray absorption process. It is however reasonable to assume
that the absorption mean free path of X-ray radiation
depends on photon energy at high X-ray energies. Hence, it
may be assumed that the lower the photon energy is, the bet-
ter the resolution achieved in the image. This is because the
spreading of the visible photons produced in the scintillator
acts to blur the image. It is however interesting to note that
Lu has K absorption edge at 63.314 keV, and this inevitably
causes the smallest absorption mean free path at 70 keV
among the three X-ray energies employed, thereby resulting
in beneficial effects on spatial resolution.

3. Application to 4D Observation of a Cracked Medium

3.1. Experimental Details

The material used in this section was S15C carbon steel,
which exhibits a ferritic-martensitic structure with compar-
atively large areas of martensite due to a special heat treat-
ment. The alloy used had a chemical composition of 0.15 C,
0.15 Si, 0.41 Mn, 0.014 P, 0.008 S and balance Fe in mass%.
A specimen of 22 mm (length: L) X 0.475 mm (width: W)
X 0.481 mm (thickness: B) with a corner fatigue crack was
prepared in the form of an I-shaped specimen. The values
of W and B are within a 0.6 mm long gauge length. The
fatigue pre-crack was introduced at room temperature in air,
using a servohydraulic fatigue-testing machine, applying
sinusoidal loading with a load ratio Pmin/Pmax of 0.1 and
maximum stress of 350 MPa.

A photon energy of 40 keV and sample/detector distance
of 110 mm were adopted as a result of the spatial resolution
evaluation described in section 2.2. The other details are the
same as in the previous section. The entire cross-section of
the specimen, and a region about 650 #m high containing
the crack, were captured on the CCD camera. An in-situ
loading rig, which had been specially designed for the in-
situ XMT observation, allowed specimens to be scanned
under cyclic loading. The test rig controller had a load res-
olution of 0.1 N, which made it possible to undertake well-
controlled material tests using the miniaturized specimen.
The test rig exhibited a displacement stability of about 0.1—
0.2 pm, thereby enabling the production of tomographic
scans with almost no blurring caused by specimen wobble.
All the scans were performed while the loaded samples were
being held at fixed displacements. Each view required 0.3 s
to acquire the image, and each full tomographic scan
required about 22 min. A first scan of the tomography was
performed without loading (2.4 N). Subsequent scans were
performed at 6.7, 13.4, 20.2, 26.9, 33.6 and 60.0 N, after the
relaxation behavior of the material was stabilized. Image
slices were reconstructed from the series of projections,
based on a conventional filtered back-projection algo-
rithm.'? The gray value in each dataset was calibrated so
that the linear absorption coefficient of 350 cm™ fell within
an 8-bit gray scale range between 0 and 255.

3.2. Local Strain and CTOD Measurement Methods
Particles such as carbides and pores observed in the tomo-
graphic volumes were segmented and labeled. To calculate
the gravity center of each particle and pore with sub-voxel
accuracy, pentagonal facetted iso-intensity surfaces were
computed from the volumetric data set using the conven-



ISIJ International, Vol. 52 (2012), No. 3

Fig. 5.

3D perspective views of a fatigue crack. Only crack images have been extracted from the tomographic volume and

shown in (a) and (c), while the underlying metal and other microstructural features are not displayed. The crack is
viewed in the mode I loading direction in (a) and the crack mouth direction in (c). (b) is an optical microscope

image that corresponds to (c).

tional marching cubes algorithm.'¥ To suppress inaccuracies
originating from image noise, only particles over 27 voxels
in volume were counted for particle tracking. Volume, V,
surface area, 4, and the center of gravity were measured in
the tomographic images. Precise image registration was then
performed before the particles were tracked using a trans-
formation matrix that minimizes the sum of the distances
between identical particles captured at neighboring scan
steps. The particles were tracked throughout the tensile
loading by employing a matching probability parameter
(MPP) method with local pattern matching, called the mod-
ified spring model, which we had previously developed.'>!®
The optimal values of coefficients ¢, § and ¥ in the MPP
were identified as 0.8, 0.1 and 0.1, respectively, in prelimi-
nary analysis for the material used. To increase both the suc-
cess ratio and the number of particles tracked, a trajectory
prediction'® was also applied, in order to track particles in
conjunction with the MPP and modified spring methods.
Tetrahedra with all the particles and pores as vertices in the
3D image were created by the Delaunay tessellation tech-
nique, which generates an aggregate of space-filling irregu-
lar tetrahedra,'” to calculate internal strain in 3D in high
density.'® All the strain components were calculated from
the displacement of the vertices of the tetrahedrons, assum-
ing that the displacement in a given tetrahedron is a linear
function. Crack-tip opening displacement (CTOD) was also
measured on each slice. The process for measuring CTOD
and COD variation is described elsewhere.®

3.3. Evaluation of Obtained XMT Images

Owing to the superior spatial resolution level attained,
both cracks and some microstructural features of the under-
lying steel could be clearly visualized. In total, 1249 disper-
sion particles and 1687 micropores were confirmed in the
entire rendered volume. The particle volume fraction was
0.04% and the mean equivalent diameter was 4.3 #m, while
those for the micropores were 0.11% and 5.4 ym, respec-
tively, for the volume shown in Fig. 5. As mentioned above,
the particles and pores are limited to those larger than 27
voxels in volume. It may be inferred that the number of vis-
ible microstructural features is somehow enough to derive
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Fig. 6. The distribution of CTOD along the crack front line in (a)
and corresponding deflection angle distribution in (b).

(b) Deflection angle

various internal mechanical quantities such as stress/strain
and local crack driving forces. In Fig. 5, only crack images
were extracted from the tomographic volume captured at 2.4
N, and the underlying metal and other microstructural fea-
tures are not displayed. They are shown as 3D perspective
images viewed in the mode I loading direction in Fig. 5(a)
and the crack mouth direction in Fig. 5(c). Figure 5(b) is an
optical microscope image that corresponds to Fig. 5(c). Fig-
ure 5(a) reveals the distribution of some fatigue crack clo-
sure patches (indicated by black arrows), that don’t com-
pletely disappear even at relatively high load levels. It has
been well documented in the literature that such scattered
closure patches contribute effectively to fatigue crack
growth resistance.'®!”

Crack extension varied to some extent along the crack
front line. A few retarded sections of the crack front are seen
periodically, as indicated by white arrows in Fig. 5(a),
together with some fracture surface roughness. Other note-
worthy features are the significant crack deflection and tilt-
ing caused by the occurrence of modes II and III driving
forces, respectively, which can be more obviously identified
in Fig. 5(c). In fact, the underlying phases have been iden-
tified, as shown in Fig. 5(b), as the ductile ferrite phase and
the less ductile martensite phase,” which can be associated
with the significant mode III tilting shown in Fig. 5(c). Fre-
quent changes in tilting direction are confirmed at marten-
site/ferrite interfaces, together with some martensite/ferrite
interfacial crack extension where the crack front line

© 2012 ISJ
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Crack tip
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Fig. 7.
the figure.

becomes more complicated. A typical example is indicated
by the arrows in Figs. 5(b) and 5(c). It can be inferred that
the retarded sections of the crack front might be associated
with the existence of the martensite grains.

3.4. Quantitative Assessments of Crack Extension
Behavior

Figure 6(a) shows the variations in measured CTOD
along the crack front line at an applied load of 60 N. The
CTOD value tends to roughly increase when going from left
to right. It appears to increase locally four to five times over
intervals of approximately 10 to 50 #m along the crack front
line, probably because of the crack/microstructure interac-
tion that was shown in Fig. 5. This is because the length
range over which the CTOD values are locally elevated cor-
responds to the dimensions of the ferrite/martensite grains
that are shown in Fig. 5(b). The local CTOD elevation can
also be associated with the occurrence of local crack deflec-
tion shown in Fig. 6(b), providing evidence for the effects
of the underlying grain dual phase structure.

Figure 7 shows examples of crack-tip strain field shown
on three different virtual cross-sections that has been calcu-
lated between applied loads of 33.6-60.0 N. It is clear that
the strain distribution is far different from that obtained in
typical elastic-plastic fracture mechanics. Although the
measurement does not provide an exceedingly high spatial
density in displacement markers, due to the relatively small
number of microstructural features visible that can be uti-
lized as strain markers, it appears most likely that the strain
distribution has been affected significantly by the underly-
ing microstructure. Figure 7 also shows how the crack-tip
strain field varies from place to place. In Fig. 7(c), vertical
elongation of the crack-tip strain field is observed in both
upper and lower directions. This characteristic geometry of
the crack-tip strain field can be associated with the existence
of considerably elongated inclusion particles in the vicinity
of the crack-tip. Such particles can be clearly recognized in
Fig. 5(c) as ten to twelve needle-like inclusions that align in
the vertical direction.

6. Summary

X-ray microtomography was employed to observe a
fatigue crack and microstructural features in S15C steel. A

© 2012 IS
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(c) 350 pum in lateral distance

The examples of crack-tip strain field shown on three different virtual cross-sections. Equivalent strain is shown in

high-resolution experimental configuration enabled surpris-
ingly superior spatial resolution of better than 1.3 gm after
optimizing experimental parameters. The specimen size
employed in the present study was comparable to that used
in similar experiments on lighter materials such as alumi-
num, whose results have been reported in recent literature.
The spatial resolution level achieved in the present study is
clearly advantageous compared to the limited past trials on
ferrous materials. Owing to the high spatial resolution
achieved, the details of a crack were readily observed, along
with evidence of the interaction between the crack and a
dual phase microstructure. After preliminary investigation
of the obtained images, two kinds of measurement methods,
previously developed by the present authors, were used to
quantify crack-tip opening displacement and crack-tip
strain, and provided evidence of microstructure/crack inter-
actions.

It may be concluded that the use of 4D microtomography
observation, combined with advanced image-analysis tech-
niques, might offer a highly effective means of investigating
various issues relating to ferrous materials. The high-reso-
lution microtomography observation achieved in the present
study is of crucial importance to the development and appli-
cation of such techniques.
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