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ABSTRACT:

Synchrotron radiation computed tomography is an emerging nondestructive
method for fracture analysis in materials. Herein, the in situ small-crack growth of a
beta titanium alloy, Ti—-22V—4Al, was monitored by a combination of microtomography
(micro-CT) and nanotomography (nano-CT). The 3D characteristics of small cracks
and the corresponding stress intensity factor range (AK) were obtained by micro-CT;
the cracks initiated at ~10% fatigue life. In the low-AK regime, the scatter of the crack
aspect ratio and the deviation in the crack propagation rate were significant; however,
they decreased with increasing AK, reflecting the microstructural effect on small-crack
propagation. The microstructure of the beta titanium alloy was successfully visualized
by nano-CT. Consequently, the crack—surrounding-microstructure interactions
evidenced that the fatigue cracks initiated from the center of the beta grain wherein the

alpha-phase was less precipitated.

Keywords: Non-destructive inspection; crack initiation; small-crack growth; beta

titanium; nanotomography



1. Introduction

Beta titanium alloys have been attracting much attention as promising structural
materials owing to their excellent mechanical properties and corrosion resistance.
While they have been increasingly employed in the aerospace industry [1-3], research
on their fatigue behavior has gained considerable importance in the recent past [4—11].
The fatigue crack in beta titanium alloys is mostly initiated at a crystallographic level,
which belongs to a small-crack regime rather than a large-crack regime. The difference
between the small- and large-crack behaviors has been thoroughly investigated, which
has led to a consensus that they cannot be treated equally. Small cracks exhibit a
considerably higher propagation rate during the early stage than large cracks, and they
are more vulnerable to microstructural factors [12—15]. These results indicate that
small-crack growth experiments are crucial for accurately estimating their behaviors in
the initial stage of fatigue fractures.

However, conventional small-crack growth experiments suffer from several
significant shortcomings. Because small cracks were analyzed only on the basis of the
specimen surface, little information was obtained regarding the internal structure of the
specimen. For instance, the investigation of the crack-shape evolution during the
growth, which can be critical for determining the crack intensity, is unclear and
challenging. In addition, because of the small order of the initiated crack size
(approximately 10 pm), observing the mutual interactions between the crack and its
surrounding microstructure is difficult, particularly in the direction of depth. To
overcome these shortcomings in small-crack growth experiments, a nondestructive
inspection technique with a high spatial resolution is required.

Synchrotron radiation X-ray computed tomography (SR-CT) has recently
emerged as a novel method for fatal-defect detection [16—18] and direct investigation
of the failure process [19-29]. Projection-type X-ray microtomography (micro-CT) is
a widely used SR-CT technique. This technique can provide a spatial resolution in the
order of micrometers and a field of view (FOV) in the order of millimeters, which

facilitate the batch detection of naturally initiated small cracks. However, the



micrometer-order spatial resolution is inadequate to investigate the crack and
microstructural effects at an early stage with only a few grains. High-energy phase-
contrast X-ray nanotomography (nano-CT) has been recently proposed and has
attracted much attention [30,31]. While conventional nano-CT requires an extremely
small sample with a size in the order of hair thickness to allow sufficient X-ray
penetration, high-energy nano-CT enables a sample size up to the millimeter order; thus,
nondestructive inspection can be conducted while meeting industrial standards. In this
study, the applied nano-CT has a spatial resolution of approximately 100 nm, which
allows for an in-depth analysis of microstructural factors and their visualization to a
great extent. However, the narrow FOV of nano-CT poses a challenge in locating the
initiated crack. Therefore, micro-CT and nano-CT must be employed synthetically to
understand the relationship between the local microstructure and behaviors of small-
crack growth. In our previous nano-CT studies, we observed the crack and its
surrounding microstructure in an alpha + beta titanium alloy Ti—-6A1-4V [30]. However,
nano-CT imaging of beta titanium alloys is still a challenge because the high density of
beta stabilizer elements (e.g., vanadium and manganese) reduces the X-ray
transmittance to a greater extent than titanium and alpha stabilizer elements (e.g.,
aluminum) do. In other words, satisfying the optimized conditions for nano-CT imaging
in beta titanium alloys is highly challenging.

Herein, we applied the beamline BL20XU at SPring-8, a third-generation
synchrotron radiation facility located in Hyogo, Japan [32]; it provides both micro-CT
and nano-CT, which can be toggled freely, called multiscale tomography [33]. An in
situ small-crack growth test of a beta titanium alloy was conducted on the beamline.
Micro-CT was used to detect the initiated crack and its propagation behavior. Nano-CT
was subsequently applied to investigate the mutual interactions between the initiated

crack and its surrounding microstructure.

2. Materials and Methods

2.1 Material and specimen



The experimental material was a commercial metastable titanium alloy, Ti-22V—
4Al, (Material code DATS51) developed by Daido Steel Co., Ltd., Japan [34]; its
chemical composition includes 4.15% Al, 21.17% V, 0.15% Fe, 0.14% O, 0.013% C,
and 0.0124% H. The as-received material was a @18 mm x 250 mm round bar. The
heat-treatment process was as follows: a solution treatment at 1023 K for 1 h followed
by water quenching and then aging at 823 K for 4 h followed by air cooling. Here, the
heating rates of solution treatment and aging were greater than 2000 K/h and 1000 K/h,
respectively. The microstructure and mechanical properties of the heat-treated material
are presented in Fig. 1 and Table 1, respectively. The alpha phase precipitates unevenly
from the grain boundary, leading to a microstructure with a beta-phase residual in the
center of the grain and an acicular alpha phase near the grain boundary. The average
grain size is 20 pm.

To obtain adequate X-ray transmittance, the specimen diameter should be
sufficiently small. In this study, the control volume of the specimen was first lathe-
turned to a diameter of 0.8 mm with a length of 3 mm, as shown in Fig. 2. To remove
the hardened layer due to the lathe-turning process, the control volume was sequentially

polished using #800—#2000 emery papers to achieve a diameter of 0.7 mm.

20pm

Fig. 1 SEM image of the microstructure of the heat-treated Ti—-22V—4Al alloy

with coarse, acicular alpha-phase precipitation.

Table 1 Mechanical properties of the heat-treated alloy, Ti—-22V—4Al.

0.2% Proof Stress | Tensile Strength | Elongation | Reduction of Area
[MPa] [MPa] [Yo] [Yo]
850 967 21.9 58.2
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Fig.2  Configuration of the specimen (units: mm).

2.2 Instrumentation of fatigue testing setup

An in situ piezo fatigue-testing machine was developed to perform fatigue tests on
the beamline, as illustrated in Fig. 3. The employed piezo actuator was PSt 150/10/200
VS15 (Piezomechanik Co., Ltd). The working range of the voltage was from —30 V to
150 V, providing a maximum stroke of 270 um. The capacities of the tensile and
compressive loads were 600 N and 3800 N, respectively. During the imaging process,
the entire system was set on a rotation stage. According to Fig. 3, X-rays originate from
the left direction, pass through the PMMA (polymethyl methacrylate) cylinder and the
specimen, and finally enter the image detector. In addition, to avoid overheating of the
piezo actuator, an air coolant was introduced through the air inlet. A digital servo
controller (Shimadzu 4830) was applied to generate a waveform and to control the

fatigue test.
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Fig. 3 In situ piezo fatigue-testing setup.

2.3 Imaging conditions

The beamline BL20XU at SPring-8 includes two experimental hutches, which are
separated from each other by 160 m. The sample (the specimen installed in the in situ
fatigue-testing machine) was set up in the first hutch. The imaging mode can be
switched between micro-CT and nano-CT without moving the sample. In the micro-CT
mode, the X-rays directly pass through the sample and are detected by the image
detector located at the first hutch. Upon switching to the nano-CT mode, a condenser
zone plate and a pinhole are induced, and the imaging detector in the first hutch is
removed by stepping motors. Accordingly, the X-rays pass through an apodization
Fresnel zone plate and a Zernike phase plate and are finally captured by the image

detector at the second hutch. Additional details on the employed CT system can be



referred to in the literature [30,33]. For both the employed imaging modes, the sample
was rotated about the longitudinal axis from 0° to 180° with a step of 0.1° during the
imaging process, which provided 1800 radiographs per scan. The imaging conditions
of micro-CT and nano-CT were determined by individual experiments. The details are
listed in Table 2. The conditions of nano-CT were optimized for microstructural

visualization, as discussed in Section 4.1.

Table 2 Imaging conditions of micro-CT and nano-CT.

Imaging mode Micro-CT Nano-CT
X-ray energy (keV) 30
Binning mode 1 x1
Exposure time (ms) 25 4000
Voxel size (um) 0.5 0.0387
Sample—detector distance (m) 0.06 ~160
Field of view (mm x mm) 1 x1 0.063 x 0.063
Total scan duration (min) ~10 ~120
2.4 Testing procedure

The fatigue properties of the experimental material are demonstrated in Fig. 4 [35].
Owing to the limit of beamline operation time, the test condition was determined as the
maximum stress of 650 MPa, which was 76% of the proof stress under a stress ratio R =
—1 to reach a relatively short fatigue life. The corresponding fatigue life was
approximately 10*cycles. For the in situ small-crack growth test, the experimental steps
were as follows. First, a micro-CT image was captured prior to the fatigue test. The
fatigue test and CT imaging were then repeated. The intervals of the loading cycles (AN)
and CT mode were determined for each purpose. To capture the small-crack initiation,
micro-CT was conducted with a AN of 500 cycles until 2000 cycles. Micro-CT images
were obtained at 0, 500, 1000, 1500, and 2000 loading cycles. Subsequently, nano-CT
was performed on the initiated crack for additional local microstructural details. After
2000 cycles, CT imaging was conducted with a AN of 1000 cycles to clearly observe
the crack-propagation behavior until the specimen was fractured. The testing frequency
was set at 10 Hz. To open the crack, a tensile load equivalent to 50% of the maximum

stress was applied to the specimen during CT imaging.



The obtained CT images were analyzed using ImageJ software [36]. A schematic
of a crack with relevant parameters is shown in Fig. 5. The horizontal crack length at
the specimen surface, 2a (hereinafter called “crack length”), and crack depth, b, were

specifically focused in this study.
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Fig. 4 Fatigue properties of the experimental material under a stress ratio, R = —1.

Fig. 5 Schematic of the crack and relevant parameters.

3. Micro-CT results

3.1 Crack-initiation status

During the tests, multiple small cracks were initiated at the specimen surface. The
crack initiation location on a plane perpendicular to the loading axis as well as the

crack-initiation life (Vi) and crack-initiation length (2aini) are illustrated in Fig. 6 (a).



The side view of the specimen as well as the images of the cracks initiated on the virtual
cross section parallel to the longitudinal direction are demonstrated in Fig. 6 (b). In this
study, Ni and 2aini of each crack were defined as the number of cycles and the crack
length upon crack detection, respectively.

As described in Section 2.4, micro-CT imaging was conducted at 0, 500, 1000,
1500, and 2000 cycles to detect the initiated cracks. The first four cracks are detected
at 1000 cycles, which is approximately 10% of the average fatigue life. These four
cracks, labeled counterclockwise from C-1 to C-4, were randomly distributed on the
specimen surface. In addition, another crack, C-5, which was initiated at 1500 cycles,
was detected at the same location as that of C-1 in the XY plane but a different Z axis.
The average 2aini of the five cracks was 9.3 um, which was much smaller than the
average grain size (20 um), implying that crack initiation was successfully captured. In
the present study, these five cracks were chosen for the further investigation of the

crack-growth behaviors.
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(a) Crack-initiation location on the plane perpendicular to the loading axis, with the

corresponding initiation life and crack length values
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(b) Crack-initiation location on the side-view of the specimen and the images of the cracks
initiated on the virtual cross section parallel to the longitudinal direction

Fig. 6 Crack-initiation status.

3.2 Crack-propagation process

As an example, the propagation process of C-1 until 7000 cycles is depicted in Fig.
7, which shows the micro-CT images projected on a plane perpendicular to the loading
axis. The crack depths and lengths (b and 2a, respectively) were measured from these
images. In the CT images, the low-density materials or the defects and voids appear
darker than their surroundings. Therefore, the shadow features in Fig. 7 indicate an
open crack. After the crack is initiated, it propagates symmetrically from the center. The
relationship between the crack length, 2a, and number of cycles, N, for all five cracks
is demonstrated in Fig. 8. The fatigue life of this specimen was 9751 cycles, and C-1

was the main crack that led to the final fracture.
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Fig. 7 Propagation process of crack C-1: Micro-CT images projected on a

plane perpendicular to the loading axis.
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Fig. 8 Relationship between the crack length and number of cycles.



3.2.1 Crack-shape evolution and the corresponding stress intensity factor

According to Fig. 7, crack C-1 exhibits a semi-elliptic shape before 4000 cycles
(Fig. 7 (a)—(e)), and changes into a semicircular shape after 5000 cycles (Fig. 7 (f)—(h)).
To describe the crack shape, the aspect ratio of the crack (b/a) was plotted with respect
to the crack length, as shown in Fig. 9. In general, the deviation in b/a of all five cracks
is relatively large in the small crack-length region. However, when the crack length
increases, the deviation in b/a becomes less pronounced, and the value of b/a
approaches 1. This indicates that microstructural factors affect the propagation of a

small crack, which leads to a less stable crack shape than a large crack.
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Fig. 9 Relationship between the aspect ratio of the crack, b/a, and crack length, 2a.

For comparison with the large cracks, we adopted the stress intensity factor range,
AK, for the small cracks. To calculate AK corresponding to the current crack shape, we

have used the method proposed by Nisitani et al. [37], as shown in Eq. (1):
AK = F,AoVbh, (1)
where AK is the stress intensity factor range at the crack front; F| represents a factor

related to the aspect ratio in terms of the crack geometry, b/a, and the ratio of the crack

depth to the specimen radius, b/r. Some F1 values are listed in Table 3. The calculated



values were linearly interpolated according to the crack length and shape. Ao indicates

the range of applied positive stress.

Table 3 F1 values in terms of the crack geometry, b/a, and the ratio of the crack depth

to the specimen radius, b/r [37].

b/r
0 0.125 0.250 0.375 0.5
b/a
1 0.66 0.665 0.683 0.714 0.758
0.5 0.884 0.890 0.980 0.976 1.064

3.2.2 Crack propagation rate

A comparison between the da/dN values of all five cracks against AK is presented
in Fig. 10. The crack lengths and shapes of these five cracks are dissimilar, as shown in
Fig. 8 and Fig. 9; however, their da/dN-AK curves exhibit a good agreement, signifying
that the shape evolution of naturally initiated cracks does not critically affect the da/dN—
AK curves. In addition, with a decrease in AK, the deviation in da/dN increases. Tokaji
et al. also conducted a AK-decreasing test using a compact tension specimen of Ti—
22V—4Al, represented by the dashed line in Fig. 10 [9]. In the high-AK regime (over 4—
5 MPaVm), the da/dN-AK in the present study was consistent with that of large cracks.
In contrast, in the low-AK regime, most of da/dN of small cracks were faster than that
of large cracks at the same AK. The above results can be explained by the fact that a
smaller crack follows a path with less resistance, and its growth can be hindered by the

local microstructural factors.
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3.3 Crack-initiation process

The five cracks initiated naturally but at different cycles. Yoshinaka et al. defined

e d . D
the crack initiation rate, (ﬁ ), as shown in Eq. (2), which is comparable to the crack
1

propagation rate but describes the speed of crack initiation [38].

da Aini

dNl; T N =N, @)

Here, aini is half of the initial crack length, Ni is the number of cycles corresponding to



the detection of the first crack (crack initiation life), and Ni1 is the number of cycles
one step before Ni during the CT scanning. Because of the consistent scanning intervals
at the early stage of the experiment, Ni—Ni-1 was 500 for all five cracks, thus eliminating
the influence of dissimilar crack initiation lives. The initiation rate of all five cracks
against AK are illustrated in Fig. 11, along with the integration of the crack propagation
rate shown in Fig. 10 for comparison. The crack initiation rate was plotted at
approximately 10® m/cycles, which is 5 to 10 times larger than the crack propagation
rate in the early stage. Meanwhile, the crack initiation rate has a more concentrated
distribution than the crack propagation rate. Therefore, the crack initiation process has
a consistent mechanism regardless of the number of cracks and occurs faster than the
subsequent propagation process. In a previous study, we pointed out that the cracks in
beta titanium alloys are initiated by slippage in a grain [11], which further implies that
the rapid crack-initiation process is due to the low crack-growth resistance in a grain
with a favorable slip-system orientation. Other studies on the crack-initiation process
also infer similar results. Yoshinaka et al. reported that the internal crack initiation rate
in Ti-6Al-4V 1is similar among various cracks and faster than the subsequent
propagation rate [38]. Meanwhile, in an alpha titanium alloy, Pilchak et al. discovered
that the crack initiated on the alpha grain facet in the faceted growth mode is one or two

orders of magnitude faster than that in the striated growth mode [39].
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4. Nano-CT results

4.1 Optimization of the test conditions for microstructural visualization

Microstructural visualization by nano-CT is sensitive to many parameters, such as
the specimen diameter, material chemical composition, X-ray energy, and imaging
exposure time, and qualitative discussions of these parameters are complicated. In this
section, the results of experiments conducted for optimizing the nano-CT-imaging
conditions are presented. The FOV of all subsequent nano-CT images is approximately
60 pm x 60 pm.

In general, increasing the exposure time and decreasing the X-ray energy are often
considered as simple, useful techniques to improve the image quality using existing X-
ray equipment. In particular, the latter is effective from the viewpoint of increasing the
X-ray absorption coefficient and its sensitivity between different phases in a material.
The nano-CT images of the exact location of the specimen at the exposure times of
1000 ms and 4000 ms are illustrated in Fig. 12 (a) and Fig. 12 (b), respectively. The

specimen had a diameter of 0.7 mm and was imaged under 30 keV; its corresponding



transmittance was approximately 18%. The grain boundary was barely observed at an
exposure time of 1000 ms. In contrast, the grain boundary and acicular alpha-phase
precipitation are discernible at 4000 ms of exposure. In addition, we attempted to apply
a lower X-ray energy (20 keV) using a thinner specimen with 0.2 mm diameter. In this
case, the corresponding transmittance was 21%, which is similar to the results
mentioned previously. The 20 keV nano-CT image presented in Fig. 13 was obtained
under an exposure time of 1000 ms (same as that in Fig. 12 (a)). The microstructural
details, such as grain boundary, acicular alpha-phase precipitation, and residual beta-
phase, are more clearly observed in Fig. 13 than in Fig. 12 (a) and Fig. 12 (b), indicating
that the decrease in X-ray energy significantly improves the quality of microstructural
visualization. However, conducting fatigue tests with a specimen of 0.2 mm diameter
is challenging and may not attract industrial attention. Therefore, we adopted the
second-best condition of Fig. 12 (b) using a specimen of 0.7 mm diameter with 30 keV

X-ray energy and 4000 ms exposure time.

(a) Exposure time: 1000 ms (b) Exposure time: 4000 ms
Fig. 12 Nano-CT-imaging conditions in terms of the exposure time (specimen

diameter: 0.7 mm; X-ray energy: 30 keV; transmittance: ~18%).



Fig. 13 Nano-CT-imaging conditions in terms of the X-ray energy (specimen
diameter: 0.2 mm; X-ray energy: 20 keV; transmittance: ~21%, exposure time: 1000

ms).

4.2 Crack initiation site in the microstructure

The crack initiation site in the microstructure of beta titanium alloys is much
debated. Tokaji et al. mentioned that the crack presumably initiates from the alpha phase
or the grain boundary in Ti-22V—4Al [40]. Uematsu et al. pointed out that cracks
initiate in the beta grain with rich alpha-phase precipitation in Ti-22V—-4Al [41].
Shiozawa et al. reported that the crack originates inside a beta grain in Ti—15V-3Cr—
3Sn—3Al (Ti-15-3-3-3) [42]. Therefore, we focused on revealing the mutual
relationship between the crack initiation site and microstructure using nano-CT.

The 3D morphology of crack C-1 at 1500 cycles is shown in Fig. 14, and the sliced
images are presented in Fig. 15. The grain boundary and acicular alpha phase are
discernible from Fig. 15 (a) and (b), which are the nano-CT images resliced in the
directions of crack length and depth, respectively. First, the crack does not cross the
grain boundary in either image, which indicates that the crack initiates inside the beta
grain rather than the grain boundary. In addition, the crack is located at the center of the
grain. As mentioned in Section 3.2, the crack propagates symmetrically, which implies
that the crack presumably initiates from the center and not near any side of the grain
boundary. Although it is difficult to recognize the acicular alpha-phase precipitation

near the crack, the comparison of the microstructure and nano-CT images in Fig. 1 and



Fig. 13, respectively, reveals that the grain center mostly has a residual beta phase.
These results indicate that the crack likely initiates from a residual B phase without
alpha-phase precipitation. Liitjering et al. reported that fracture deformation in high-
strength Al and Ti alloys preferentially occurs at the grain boundary owing to the soft
precipitation-free zones (PFZs) lacking solute atoms [43]. Although this conclusion is
inconsistent with our findings, the PFZ theories support the findings of this study. This
is because the PFZs in our material also exist in the center of the grain owing to the
incomplete alpha-phase precipitation process from aging. Therefore, the PFZs at both
the grain boundary and the grain center can deform; the crack is initiated at either of
these locations.

The nano-CT image projected on a plane perpendicular to the loading axis is
shown in Fig. 15 (c). Similar to that observed in the micro-CT images in Fig. 7, an open
crack is reflected by the shadow feature. The crack propagation is restrained by the
grain boundary, as indicated by the red arrow. This phenomenon is referred to as the
grain boundary blocking effect, which occurs when the crack size is similar to or below
the grain size order [44—46]. Therefore, we can conclude that, at the early stage of a

crack, its facet-like behavior and boundary blocking effect can be captured by nano-CT.

Specimen surface < Crack

Propagation direction

Fig. 14 3D morphology of C-1 at 1500 cycles by nano-CT.
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Fig. 15 Nano-CT images of main crack C-1 at 1500 cycles.

5. Conclusions

This paper presents an investigation of small crack initiation and propagation
behavior observed by multiscale X-ray tomography involving micro-CT and nano-CT.
The following conclusions were obtained:

1. Crack initiation and propagation were investigated by micro-CT. Multiple
cracks were initiated at the 1000th and 1500th cycles, equivalent to approximately 10%
of the fatigue life (fractured at 9751 cycles). The average crack-initiation length was

9.3 um, which was much smaller than that of the grain size.



2. The main crack propagated with a semi-elliptic shape until 4000 cycles and
subsequently evolved into a semicircular shape. Similarly, other subcracks also
exhibited an unstable crack-shape behavior at the early stage but approached a
semicircular shape during their propagation.

3. The propagation rates of the five detected cracks illustrated a good agreement
with the da/dN-AK curve, indicating that the crack-shape evolution was negligibly
related to da/dN-AK. Moreover, with the decrease in AK, the deviation in the crack
propagation rate increased. On the other hand, the crack initiation rate exhibited lesser
deviation and was larger than the crack propagation rate, which can be explained by the
uniform crack-initiation mechanism and the relatively low crack-growth resistance in
the beta grain.

4. Both the microstructural details of the beta titanium alloy and the mutual
interactions between the crack and its surrounding microstructure were clearly
recognized by nano-CT. The crack was initiated inside the beta grain, which lacked
alpha-phase precipitation. In addition, the grain boundary blocking effect could also be
captured.

5. According to the results of nano-CT, the microstructural effect can account for
the phenomenon mentioned in conclusions 2 and 3, thereby evincing that the
microstructural effect plays a significant role in the small-crack behavior in beta

titanium alloys.
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