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Figure 7. Apparent fracture toughness predictions (m = 13.0) and comparison with the experimental
results. Structural steels operating at the DBTZ.

From the results shown in Figures 4-7, the following observations can be made:

1. The LM predictions derived from the proposed default values of the material critical distance
(Ly) capture a significant part of the physics of the notch effect, given that the LM prediction
adequately follows the tendency of the experimental results, which have been obtained for a
wide variety of structural steels and conditions. The results are particularly accurate considering
fitting Equations (11) and (12) and the average value of the material fracture toughness (Kmat)
for each particular steel and working temperature. These fitting equations significantly reduce
the conservatism obtained from the lower bound values proposed in [31].

2. The most conservative results have been obtained in Lower Shelf conditions when using the
lower bound value of m (m = 1.6). Even under such circumstances, the resulting apparent fracture
toughness estimations may be significantly higher than the corresponding fracture toughness
obtained in cracked conditions, so the potential reduction of conservatism is still important.

3. If the LM evaluations are to be used in structural integrity assessments, although the use of Kmat
(average value of the material fracture toughness obtained in cracked conditions) captures most
of the notch effect adequately, it may be unsafe on many occasions due to the high scatter of the
fracture processes. This means that it sometimes provides apparent fracture toughness values higher
than those measured experimentally (see Figures 4 and 6). In order to provide a fracture analysis
tool to be used in structural integrity assessments, it is necessary to propose a methodology that is
capable of providing safe predictions of the apparent fracture toughness. With this purpose, it is
proposed to use a 95% confidence level value of the fracture toughness (Kmat,0.95)-

4. Thus, the most accurate, yet conservative, methodology for the apparent fracture toughness
estimation arises from the combination of K.t 0,95 (as the material fracture toughness) and the m
values derived from Equations (11) and (12), for LS and DBTZ conditions respectively.

5. Summary

The aim of this paper has been to provide a simple accurate methodology to estimate both the
critical distance of structural steels and the corresponding apparent fracture toughness predictions
derived from the Theory of Critical Distances, and, particularly, from the Line Method. This has been
done through a set of proposed factors (m values) that multiply the material ultimate tensile strength,
avoid any need for previous calibration, and allow default values of the critical distance (L;) to be
obtained. The m factors have been provided as fitting curves depending exclusively on the material
ultimate tensile strength. Results are also shown when using previously proposed m lower bound
values, which provide more conservative estimations of the material apparent fracture toughness.
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The methodology has been applied to four structural steels (5275]R, S355]2, S460M, and S690Q)
tested on notched conditions (U-shaped notches) and operating at both the Lower Shelf and the
Ductile-to-Brittle Transition Zone. The experimental values of the apparent fracture toughness (KX,)
and the notch radii values have been normalized by the corresponding fracture toughness (Kmat or
Kimat,0.95) obtained in cracked conditions and by the default values derived for the critical distance (L;)
respectively, representing the 394 tests in (KN, /Kmat) — (0/Lg)"/? plots.

The results demonstrate the capacity of the proposed methodology to provide safe estimations
of the apparent fracture toughness whilst capturing a significant part of the notch effect and, thus,
reducing the conservatism associated with the assumption that notches behave as cracks.
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Abstract: In order to examine the feasibility of applying synchrotron radiation pCT imaging to alloy
steels for non-destructive inspection of inclusions for potential origins of internal fatigue damage in the
very high cycle region, synchrotron radiation pCT imaging was utilized for repeated non-destructive
observation of Cr-Mo steel. An ultrasonic fatigue testing machine was used in aid of the repeated
observation. As a result, it was found that the synchrotron radiation uCT imaging with 70 keV was
useful for non-destructive observation of inclusions of more than 10 um, one of which may be an
internal fatigue origin. No identifiable damage was observed around every inclusion, and in the base
metal, at least up to 70% of fatigue life was observed in the imaging volume.

Keywords: fatigue; X-ray techniques; alloy steel; synchrotron radiation; nCT imaging; internal
fatigue fracture

1. Introduction

Alloy steels may suffer from a fatigue fracture called a “Giga cycle fatigue” or a “Very high cycle
fatigue,” which is a fatigue phenomenon as a result of cyclic loading in excess of 107 cycles. The fatigue
fracture in the very high cycle region often originates from an inclusion such as metallic oxide. A small,
dark area, whose diameter is a few 10 pm, is observed around the inclusion when optical microscopy is
used, and a fine granular fracture surface was observed in the dark area if scanning electron microscopy
is used. The circular area is referred to as a “fish eye” [1], and the dark area in the center of a fish eye is
referred to as “optical dark area (ODA)” [2] or “Fine granular area (FGA)” [3]. In this study, we use a
terminology “ODA” to indicate the area. The diameter of ODA is a few tens um.

It has been suggested [4—6] that the nucleation and the formation of ODA consume most of
the fatigue life for an internal fatigue fracture. Thus, it is important to elucidate the mechanism of
nucleation and the formation process of ODA. Several experimental papers [4-6] have been reported for
tackling with the problem. Kuroshima et al. [4] conducted elaborative experiments in which specimens
subjected to cyclic loading were cut and polished until inclusions were found, and concluded that
penny-shaped microcracks around many inclusions nucleated in the early stage of very high cycle
fatigue of Cr-Mo steel, but the propagation of the microcracks was very slow and the size of the
microcracks slightly increased just before fatigue failure. Lu and Shiozawa [5] and Ogawa et al. [6]
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measured the crack growth rate of internal fatigue crack of high C-Cr spring steel by using a beach
mark technique and concluded that the crack growth rate in ODA was extremely slow compared to
that of surface cracks. For titanium alloys, internal fatigue fracture in the very high cycle region can be
seen [7,8]. Yoshinaka [7] reported non-destructive observation of internal fatigue crack nucleation and
propagation of Ti-6Al-4V by using synchrotron radiation uCT imaging. However, to the best of our
knowledge, there are no results in the literature regarding non-destructive observation of nucleation
and propagation of the ODA of ferrous alloys. Therefore, synchrotron radiation uCT imaging was
used in this study for the non-destructive observation of Cr-Mo steel subjected to fatigue loading up to
108 cycles.

Synchrotron radiation pCT imaging is a micro computed tomography imaging technique that
uses high energy X-ray of about 100 keV available in synchrotron radiation facilities, and a high spatial
resolution on the order of pm can be achieved even if the target material is a heavy metal such as
Fe [9]. In this study, SPring-8 in Hyogo, Japan was used, which is one of the largest third-generation
synchrotron facilities. Since the available time of a beamline in SPring-8 was limited to within 48 h,
an ultrasonic fatigue testing machine with the cyclic frequency of 20 kHz was used to exert fatigue
loading on site, allowing us to conduct repeated pCT imaging of an identical specimen from an intact
condition, i.e., before applying cyclic loading, to fatigue-loaded conditions up to 108 cycles within 48 h.

The aim and novelty of the present work are to examine the feasibility of non-destructive inspection
of inclusions, one of which may be an internal fatigue origin site, and to examine the feasibility of
detection of internal fatigue damage, i.e., fatigue crack nucleation and progress, in alloy steels using
synchrotron radiation pCT imaging in aid of an ultrasonic fatigue testing technique for reducing
fatigue testing periods on site. In addition, the fatigue strength was compared with the prediction
using the Vickers hardness and inclusion size, the so-called Murakami’s approach [10], to confirm the
effect of the strain rate on the fatigue strength in this study.

2. Material and Methods

2.1. Material

Cr-Mo steel, JIS SCM420H, was used. The chemical composition is shown in Table 1. Specimens
were annealed at 900 °C for 45 min, oil quenched, and tempered at 180 °C for 120 min. The proof stress
was about 850 MPa, the tensile strength was about 1200 MPa, and the Vickers hardness was 435 Hv.
The specimen’s surface was mirror finished after heat treatment to minimize the influence of surface
roughness on the quality of radiographs.

Table 1. Chemical composition of SCM420H (wt%).

C Si Mn P S Cu Cr Ni Mo Fe
0.2 0.18 0.8 0.02 0.02 0.01 1.12 0.01 0.19 Bal.

2.2. Ultrasonic Fatigue Testing Machine

An ultrasonic axial fatigue testing machine is mainly composed of a piezoelectric oscillator, an
amplifying horn, a specimen, and a controller, as shown in Figure 1 [8]. Sinusoidal electrical input from
the signal generator vibrates the piezoelectric oscillator at about 20 kHz. The amplitude of the vibration
is, however, only a few um and not enough to bring fatigue failure to a specimen. Thus, the cyclic
vibration of the piezoelectric oscillator is amplified using an amplifying horn. The specimen had the
first natural frequency at about 20 kHz of axial vibration mode and was resonated by the external
input from the amplifying horn. In this study, an hourglass type specimen was designed by using
theoretical formulas [11], and then the specimen shape was tuned by using finite element analysis to
obtain exact resonance. The specimen shape and the profiles of axial stress amplitude are presented in
Figure 2. In this shape, the maximum axial stress amplitude was achieved at the center of the necked

153



Metals 2019, 9, 527

region of the specimen, whose diameter was 2.5 mm. The stress concentration factor K; at the root of
the necked portion was 1.03. The stress ratio R was —1. Fatigue tests were conducted in air with forced
cooling using compressed air. Intermittent loading was used to keep the specimen temperature below
100 °C. A loading time of 0.3 s and a dwelling time of 0.4 s were set for the intermittent testing.

Tensile-
compressive
oscillator

Mounting
part

| Signal generator |

Amplifying
horn

c |

Specimen

[~
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Figure 1. Configuration of an ultrasonic fatigue testing machine.
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Figure 2. Specimen shape and the profile of the axial stress amplitude, along with the specimen axis.

The stress amplitude was estimated as follows. First, the relation between the axial displacement
amplitude at the end of a specimen and the stress amplitude at the center in the necked region was
calculated using finite element analysis. During fatigue testing, the axial displacement at the end of a
specimen was monitored using a gap sensor, and the stress amplitude was estimated by substituting
the measured axial displacement amplitude into the analytical relation.

To detect fatigue crack initiation, the resonance frequency was monitored during fatigue testing.
If the resonance frequency decreased by 50 Hz, fatigue testing was interrupted.
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Preliminary fatigue tests were conducted in order to decide the fatigue strength in the very high
cycle region of the prepared specimens, and we decided to conduct fatigue testing at g, = 650 MPa
for synchrotron radiation uCT imaging because it is anticipated that a specimen will fail in the range
between 107 to 108 cycles by internal fracture from inclusion.

2.3. Synchrotron Radiation uCT Imaging

Synchrotron radiation uCT imaging was conducted at the beamline BL22XU at SPring-8.
The maximum X-ray energy was about 70 keV. A specimen was placed on a rotating table so that the
specimen axis was arranged on the rotating axis. The set-up of synchrotron radiation pCT imaging is
shown in Figure 3. Radiographs were taken at intervals of 0.2 degrees from 0 degrees to 180 degrees;
the total number of radiographs was about 900 images. The area of radiographs was equal to the area
of incident X-ray, which was H2.1 mm x W4.0 mm, where the width was wider than the diameter of
the necked portion of the specimen, i.e., 2.5 mm. The pixel size was 6.5 um. The stress amplitude at
the top and bottom edge of the imaging volume was 95% of the maximum applied stress amplitude of
the measured area. During uCT imaging, a specimen was subjected to a static tensile load of 500 MPa,
which was lower than the fatigue strength at 10° cycles, by using an in-house tensile loading apparatus
in order to open if an internal crack(s) exists. The in-house tensile loading apparatus was mainly
composed of an acrylic tube and a coil spring; a specimen was placed in the acrylic tube, fixed at
the one end of the acrylic tube, and loaded with the coil spring by tightening a screw located in the
other end. A preliminary uCT imaging using a specimen with a fatigue crack from the surface was
conducted to assess the feasibility of crack detection. The radiograph of the crack tip implied that it
seemed to be possible to identify an internal fatigue crack if the size is on the order of 10 um.

SPring-8

Slit #2
Monochromator I

X-ray CCD
camera

Slit #1

Figure 3. Set-up of the synchrotron radiation pCT imaging.

The first uCT imaging was conducted for a specimen before fatigue testing (N = 0). Then, several
sets of fatigue loading were repeated by using an ultrasonic fatigue testing machine and pCT imaging.
The cumulative numbers of cycles at uCT imaging were 0, 107, 2 x 107, and 108. Owing to the
time limitation for pCT imaging at SPring-8, the repeated nCT imaging was conducted for only
one specimen.

For reconstruction of radiographs, software provided by SPring-8 [12] was used.

2.4. Determination of Fatigue Life of the Specimen Used for the Repeated uCT Imaging

After the nCT imaging experiment at SPring-8, the specimen was subjected to fatigue loading until
fatigue failure in our laboratory by using the same fatigue testing machine and conditions mentioned
above. The specimen failed when the cumulative number of cycles reached 1.4 x 108 cycles from an
internal inclusion as shown in Figure 4. The result means that repeated uCT imaging was conducted at
0%, 7.1%, 14.2%, and 70.9% of the fatigue life in the experiments. The chemical composition of the origin
was characterized by using EPMA (JXA-8530F, JEOL, Tokyo, Japan) and was identified as an inclusion
of Al and Ca oxide with a 30 um diameter. It should be noted that the cracked position was 3.1 mm far
from the center of the imaging volume, which was, unfortunately, out of the imaging volume.
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100 um

Figure 4. Fatigue origin of the specimen used for the repeated synchrotron radiation pCT imaging.
3. Results

An example of a radiograph is shown in Figure 5, and an example of the reconstructed image of
a cross section is shown in Figure 6. In the reconstructed image, a block of black pixels is observed.
The block of black pixels was considered to be an inclusion [9]. At least 47 inclusions were identified
within the imaging volume. Figure 7 shows the locations of the inclusions identified from the
reconstructed images before fatigue loading. The projected positions in the vertical and horizontal
sections are shown in the left and right figure, respectively. Most of the block size varied from 2 to
6 pixels, which corresponds to 12 pm to 36 um in diameter. Since an inclusion size as a fatigue origin is,
in general, 10 pm or more, the uCT imaging technique used can identify inclusions that may be fatigue
origins. In other words, 47 potential fatigue crack origins were non-destructively monitored using the
uCT imaging technique in the experiment, even though the repeated uCT imaging was conducted for
only one specimen due to time limitation.

Figure 5. Example of a radiograph.
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Figure 7. Locations of inclusions.

Then, reconstructed images before and after fatigue loading were compared for investigating
crack formation from inclusions. An example of reconstructed images of an inclusion subjected to
almost the maximum stress amplitude, which is labeled “21” and thick circled in Figure 7, is shown
in Figure 8. If a fatigue crack exits around an inclusion, crack opening occurs due to the applied
load exerted by the in-house tensile loading apparatus during uCT imaging. Thus, the contrast of a
reconstructed image around the inclusion may change if there is a fatigue crack around the inclusion.
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However, for every identified inclusion, no identifiable contrast change was observed before and after
fatigue loading.

N=0 N=2x107 N=1x108

Figure 8. Reconstructed images of an inclusion #21 at every observation step.

Similarly, crack nucleation in the base material, so-called matrix cracking, was carefully inspected,
but no identifiable crack nucleation was observed in the base material.

4. Discussion

As mentioned in Introduction, it is thought that most of the fatigue life is consumed by the
formation of ODA and the crack growth rate in ODA is very slow, whereas penny-shaped microcracks
around many inclusions nucleate in the early stage of very high cycle fatigue [4-6]. Although the
internal fatigue origin was not included in the observation volume, no identifiable internal fatigue
crack around every inclusion was observed and there was at least up to 70.9% of fatigue life in the
imaging volume.

In this study, we could not inspect the formation of ODA from the reconstructed images after
fatigue loading. There might be several possible reasons to interpret the results. The first possible
reason is that there is fatigue damage around inclusions, but the size is so small that the fatigue damage
cannot be detected by this set-up. The second possible reason is that fatigue damage occurs just before
the final break, and so there is no damage around inclusions in the pCT images. The resolution of
the reconstructed images was limited to 6.5 um, and the incident angle of X-ray was needed to be set
almost parallel to the crack plane of ODA. For more detailed in-situ-inspection of ODA formation,
improvements of resolution and experimental set-up should be required.

The fatigue crack nucleated from an inclusion in this study. Thus, the fatigue strength is compared
with the prediction of Murakami’s approach [10], which is widely used for predicting fatigue strength
for alloy steels. The diameter of the inclusion of the fatigue origin was about 20 um, and the Vickers
hardness was 435 HV. Substituting the values into the following equation for internal inclusion gives
an estimate of the fatigue strength for the specimen.

_ 1.56(HV +120)
v 1/6
( Varea)

The predicted fatigue strength is 540 MPa, which is 110 MPa lower than the applied stress
amplitude in this experiment. It is known that a higher strain rate by ultrasonic fatigue testing may
results in higher fatigue strength [13]. The higher fatigue strength in this experiment was possibly
caused by a higher strain rate.

@
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5. Conclusions

In this study, synchrotron radiation pCT imaging of Cr-Mo steel subjected to cyclic loading in
excess of 108 cycles was conducted in order to examine the feasibility of applying synchrotron radiation
uCT imaging to alloy steels for the non-destructive inspection of inclusions for potential origins of
internal fatigue damage in the very high cycle region.

1.  The proposed experimental set-up allows us to observe inclusions of more than 10 um
nondestructively, one of which is the potential origin of an internal fatigue crack.

2. No identifiable internal damage was observed within the imaging volume at least up to 70%
of the fatigue life. For more detailed in-situ-inspection of ODA formation, improvements of
resolution and experimental set-up should be required.
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