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Abstract

Two types of synchrotron radiation computed tomography (SR-CT)—projection CT (micro-CT)
and phase-contrast imaging CT (nano-CT)—were used to observe internal fatigue cracks in (a+f3)
Ti-6Al1-4V alloy. Micro-CT detected cracks in the specimen at ~1 pm spatial resolution, and the
nano-CT provided magnified images at ~200 nm spatial resolution. The crack initiation sites were
clarified as the a—phase for both the surface and internal cracks; however, their opening behaviors
differed. A sharp crack tip was observed in the surface crack, and the crack tip opening
displacement (CTOD) increased with an increase in the applied load. By contrast, a blunted crack
tip, similar to that of a crack in a vacuum, was observed for the internal crack, and its CTOD
remained almost constant regardless of the applied load. These phenomena are likely to explain the
different behaviors of surface and internal cracks, particularly the slower growth rate of internal

cracks, which leads to a longer fatigue life in the very high cycle fatigue regime.



1 Introduction

Ti-6Al1-4V has many attractive properties, including high specific strength, superior heat
resistance, and remarkable corrosion resistance. In particular, its excellent fatigue properties make
it suitable for use in mechanical components subject to severe cyclic loading. However, in the very
high cycle fatigue (VHCF) regime, fracture occurs from the initiation and propagation of small
cracks starting from inside the material' ®. The mechanism of this phenomenon remains unknown
because the initiation site size is approximately 10 pum, and thus too small to be detected by
commonly used X-ray computed tomography (CT). The difficulties involved in performing
nondestructive observations of small internal cracks have become a bottleneck in the study of the

VHCEF of this alloy.

In recent years, synchrotron radiation CT (SR-CT) has gained increasing attention as a novel
nondestructive inspection (NDI) technique in the field of material strength and failure analysis’.
This technique has also been utilized in fatigue research to investigate crack behavior in metallic
materials® 4. In particular, third-generation synchrotron radiation facilities equipped with insertion
devices, such as ESRF in France, APS in the US, and SPring-8 in Japan, can provide high-
brightness synchrotron radiation of very high intensity, which makes it possible to carry out an
NDI with a high spatial resolution of 1 pm or less. This excellent ability makes it possible to detect
internal defects and observe small fatigue cracks nondestructively. For instance, Serrano-Munoz et
al. studied the influence of casting defects on the fatigue crack initiation in A357 Al alloy?®.
Messager et al. conducted in-sifu ultrasonic fatigue tests along with microtomography, and
captured the internal crack initiation from an artificial casting defect in A357 Al alloy®. Tubei et al.

investigated the three-dimensional closure behavior of small cracks in Ti-6A1-4V'!,

In addition to these attempts, our team has also applied SR-CT (as provided by the SPring-8
facility) to detect internal cracks in (a+B) Ti-6Al-4V'>"'7. In our previous study, we succeeded in
observing small internal cracks by employing a projection CT (micro-CT) and found that the
internal crack propagated at an extremely slow rate (between 10713 to 107'! m/cycle). However, the
details of the initiation and propagation processes of the internal cracks are not yet fully understood
owing to the insufficient resolution of the crack images. Therefore, we herein introduced phase-
contrast imaging CT with a high spatial resolution in a nano meter order, referred to as nano-
CT'™!, The nano-CT enabled the visualization of microstructure. Liu et al. used nano-CT to
investigate the three-dimensional microstructures of the fine granular area in high strength steel®’.

Additionally, we successfully observed the mutual interaction between a small surface crack with

the local microstructure by nano-CT in a beta titanium alloy Ti-22V-4Al?!. Therefore, it is



expected that clearer images of small internal cracks than those of micro-CT with the surrounding
microstructure could be obtained. In this work, the difference between the opening behavior of
small internal cracks and that of surface cracks was compared, and the possible reasons for the

slow growth of internal cracks were discussed.

2 Experimental procedure
2.1 Material and specimen

The material used was the (a+p)-type Ti-6Al-4V alloy provided by Daido Steel Co., Ltd.,
Japan. The chemical composition of the material was Al: 6.12, V: 4.27, O: 0.16, N: 0.002, C: 0.02,
Fe: 0.15, and H: 0.0029, and the balance wt% as Ti. First, the ¢ 780 mm ingots were forged into ¢
440 mm bars and then gyratory forged into ¢ 20 mm bars for preparing the specimens. The ¢ 20
mm bars were heat-treated with a solution treatment at 1203 K for 3.6 ks, followed by air cooling
and then aging at 978 K for 7.2 ks. Fig. 1 shows a scanning electron microscope (SEM) image of
the microstructure after heat treatment. The SEM image shows a two-phase microstructure with
equiaxed alpha grains and grains containing alternating lamellae of alpha and beta phases. The
average size of both types is approximately 10 um. Three tensile tests were conducted following
ISO 6892-1 standard series using ¢ 4 mm specimens, and the following mechanical properties were
obtained: tensile strength of 943 MPa, 0.2 % proof stress of 860 MPa, elongation to failure of 17 %,
area reduction of 40 %, and Vickers hardness of 316 HV.

Fig. 1 SEM image of the microstructure of the applied (a+p) titanium alloy Ti-6Al-4V,
consisting of a two-phase microstructure with equiaxed alpha grains and grains containing
alternating lamellae of alpha and beta phases.



Fig. 2 shows an internal crack observed through micro-CT using an hourglass-shaped
specimens with a straight section of ¢ 1.8 mm x 3 mm in our previous study'>!'®. A small crack was
recognized in the figure; however, the image quality was not sufficient. To increase the X-ray
transmittance for a clearer image of the crack, we prepared a thinner specimen with a diameter of
0.8 mm, as shown in Fig. 3. The specimens were lathe-turned from the above-mentioned round
bars. The surface was finished using #120 to #2000 grit emery paper with a depth of approximately
50 um to eliminate the work-hardened layer; hence, we finally reached a control volume part with

¢ 0.7 mm x 3 mm. The X-ray transmittance at the control volume of this specimen at 30 keV was
21%.

Loading direction

(a) Low magnification (b) High magnification

Fig.2 Micro-CT image of an internal crack by using ¢ 1.8 mm specimen'®; (a) shows the low
magnification image and (b) shows the high magnification image. Tensile loading corresponding
to 78% of the maximum stress was applied during CT observation; the fatigue loading number
was 5 x 10° at omax = 650 MPa under R = 0.1
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Fig.3 Specimen configuration (unit: mm).



2.2 Condition of fatigue tests

The basic fatigue properties were examined using a hydraulic servo fatigue testing machine
prior to the CT observation. Fig. 4 shows an S—N diagram of the ¢ 0.7 mm specimens used in this
study with the data from ¢ 1.8 mm specimens under R = 0.1'>'6, The fatigue data were
distinguished based on the position at which the crack was initiated. The circles in Fig. 4 indicate
the surface fracture, the triangles indicate the internal fracture, and the diamonds indicate the
combined fracture, which corresponds to the data obtained from the fracture by the coalescence of
internal and surface cracks®. No significant difference was observed between the fatigue data of the
¢ 0.7 mm and ¢ 1.8 mm specimens. Based on the S—N diagram, omax = 650 MPa was determined as
the maximum stress used in the CT experiments to obtain internal fractures at a relatively small
number of cycles while avoiding the surface fracture. In this study, the CT observations were made

at N=4.0 x 10° and 4.2 x 10° cycles. The fatigue test frequency for CT imaging was set at 140 Hz.
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Fig.4 S-N diagram under the condition of R = 0.1 and test frequency of 120-250 Hz.
Maximum stress of 650 MPa under 140 Hz was applied to the specimen in the experiments
performed at SPring—S8.

2.3 Experimental setup and imaging conditions

SR-CT was conducted at beamline BL20XU at SPring-8. This beamline offers two different
types of CT: a projection CT (micro-CT) and a phase-contrast imaging CT (nano-CT)?>%. The two
CTs can be switched at any time. Fig. 5 shows an outline of the experimental setup for CT. In both
systems, radiation from the light source (hybrid-type in-vacuum undulator) was diffracted by a
double crystal monochromator (Si 111-111), and the specimen was irradiated with monochromatic

X-rays. The spatial resolution of micro-CT was approximately 1 pm'®2*. The nano-CT utilizes the



phase shift of the X-rays, enabling more sensitive imaging. A Fresnel zone plate was used as an
objective X-ray lens to magnify the observed image, and a Zernike phase plate was employed to
convert the phase shift into the intensity. The spatial resolution of the nano-CT was ~200 nm'°.
More details including their achieved spatial resolution are described elsewhere!®!*?*. Micro-CT
was used to detect the internal cracks in the specimen, and nano-CT was used to observe the crack
shape, the opening behaviors, and their relationship with the surrounding microstructure. During
the observation, the specimen was set in a loading fixture (see Fig. 6). For micro-CT, no tensile
load was applied during imaging. In the case of nano-CT, various tensile loads were applied to
observe the crack opening behaviors (details in section 3.2). In both CTs, the X-ray energy was
30.0 keV, and the specimen was rotated about the longitudinal axis from 0° to 180° in steps of 0.1°.
At each step, the X-ray intensity was measured with an exposure time of 0.5 s for the micro-CT
and 1.0 s for the nano-CT. The CT imaging conditions are presented in Table 1. The voxel sizes for

micro-CT and nano-CT were 0.51 and 0.0654 pum, respectively.

Specimen
Double crystal monochromator i Detetor
Slit T
o /’,// Monochromatic _.
; / X-ray r SR
Undulator Si-111 —L B
(Light source) 4\: —__ b

Rotating table

(a) Projection computed tomography (micro-CT)

Specimen

Monochromatic Condenser zone plate

Fresnel zone plate

X-riay () (FZP) Detector
‘
-> ==
-> !
Cross Center Zernike phase plate

slit beam stop

Rotating table

(b) Phase contrast imaging computed tomography (nano-CT)

Fig. 5 Observation system of BL20XU at SPring—8; (a) shows the projection CT and (b) shows
the phase-contrast imaging CT.
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Fig. 6 Loading fixture setup during imaging'>!®.

Table 1 Conditions of CT imaging

CT Type X-ray energy | Sample-detector | Projection | Field of view | Voxel size
(keV) distance number (mm X mm) (um)
(m)

Projection CT

(micro-CT) 0.03 1.0 x 1.0 0.51
Phase-contrast 30.0 1800

imaging CT 165" 0.057 x 0.057 0.0654

(nano-CT)

* This value is for reference purposes only.

3 Results
3.1 Results of Micro-CT

Observation using micro-CT at N = 4.0 x 10° cycles revealed that one surface crack and six
internal cracks had already initiated in the specimen. Then, at N = 4.2 x 10% cycles, another surface
crack initiated, which indicates that the initiation of internal cracks could occur earlier than that of
surface cracks. The positions of the cracks are schematically illustrated in Fig. 7, which shows the
cracks were distributed roughly evenly, and no densely initiated regions were observed in the
examined volume. Then, the cracks were sliced along the line of the largest gradient for the cross-
sectional views as shown in Fig. 8, and the horizontal distance between two crack tips was defined
as the crack length. The cracks are arranged in numerical order of the crack length (from longest),

and the “S-2” is the latest initiated surface crack. The crack length of the surface cracks were 15.6



pum and 7.6 um. The maximum, minimum, and average crack length for the internal cracks were
9.3 um, 6.3 um, and 7.8 um, respectively. These values were comparable to or slightly smaller than

the average grain size.

Regarding the image quality, the small crack can be recognized more easily and clearly in the
¢ 0.7 mm specimen than in the ¢ 1.8 mm specimen (see Fig. 2). Nevertheless, the resolution of the
crack images by micro-CT was still insufficient to measure the opening behavior and clarify the

relationship between the crack and the surrounding microstructure.

s-2 S

Fig. 7 Crack initiation sites in the observation region. z(o) is the longitudinal direction of the
specimen; the cracks are numbered in order of the crack length (from longest).

Surface crack

Small fatigue cracks detected by the projection type CT (micro-CT). (S-1) and (S-2)
show the surface cracks; (I-1) ~ (I-6) show the internal cracks.

3.2 Results of nano-CT
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To obtain a clearer image and the opening behavior of the small cracks, we applied nano-CT
at N = 4.2 x 10°cycles to the surface crack (S-1) and two internal cracks (I-1) and (I-6) in Fig. 8.
All three cracks were imaged under a tensile load equivalent to the maximum fatigue test stress
(0/omax = 100%) and the no-loading condition (¢/omax = 0%). Additionally, 10%, 20%, 30%, 40%,

60%, and 80% loading conditions were applied for the surface crack (S-1) and internal crack (I-1).

As an example, the 3D images of surface crack (S-1) and internal crack (I-1) are shown in Fig.
9. Similar to the micro-CT images, the cracks were sliced along the largest gradient, which are
shown by the black dashed lines. Fig. 10 shows the sectional views of the cracks under various
tensile loads by nano-CT. The shapes and sizes of the cracks were much more clearly observed
with nano-CT than with micro-CT. In addition, the a- and B-phases, which cannot be distinguished
in Fig. 8, were also identified. Both surface and internal cracks were initiated in the a-phase and
inclined at 36°-55° from the loading direction. This suggests that the slip in the a-phase could be
the reason for crack initiation, regardless of whether the crack is initiated at the surface or internal
region.

The crack tips are highlighted using white arrows in Fig. 10. The surface crack reached the
adjacent B-grain ((a+f) phase); similarly, both tips of the internal cracks also reached the (-grain.

These results suggest that B-grains resist the subsequent growth of a crack initiated in the a-phase

for both surface and internal cracks.

£ g

bSi B
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< <

3 3
(a) 3D images of the surface crack (S-1) (b) 3D images of the internal crack (I-1)

Fig. 9 3D images built using nano-CT. Black dashed line represents the image slice location.



Surface crack (S-1)

0/0 0= 40 % 0/0,,,=100 %

Internal crack (I-1)

0/0,,0=0 % 0/0 0= 40 %

Internal crack (I-6)

0/0 0= 0 % 0/0 ,0:=100 %

Fig. 10 Crack opening behavior observed using the phase-contrast imaging CT (nano-CT).
White arrows show the crack tips.

A clear difference between the surface and internal cracks was observed, focusing on the
crack shape and opening behavior. The tip of the surface crack was very sharp, and the crack
gradually opened with increasing applied load. By contrast, both tips of the internal cracks were
blunted, and the opening displacement near the crack tip of the internal crack was larger than that
of the surface crack. The internal crack likely remained unchanged with respect to the applied load.
To confirm the tendencies quantitatively, we measured the crack opening displacement at 0.5 pm
behind the crack tip for one surface crack (S-1) and two internal cracks (I-1 and I-6); this
measurement was repeated six times for each crack tip. The averaged value from both crack tips
was regarded as the CTOD of the internal crack, and that from a single crack tip was regarded as
the CTOD of the surface crack. The standard deviation of each plotted CTOD for the surface crack
(S-1) was less than 0.029 um, while those for the internal cracks (I-1 and I-6) were less than 0.051



and 0.045 um, respectively. Fig. 11 shows the relationship between the CTOD and the applied load
of the cracks. The CTOD of the internal cracks were larger than that of the surface crack, although
the crack lengths were similar. In addition, the CTOD of the surface crack gradually increased with
increasing load, and remained consistent after 40% tensile stress; however, that of the internal

cracks remained almost constant, regardless of the applied stress.

@ Internal crack (I-1) O Surface crack (S-1)
B Internal crack (I-6)
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Fig. 11 Comparison between crack tip opening displacement (CTOD) of the surface crack and
internal cracks under various tensile loadings.

4 Discussion

Previous studies on Ti-6Al-4V indicated that internal cracks are similar to the cracks in a
vacuum in terms of fractography and crack propagation rate>>?%, The fracture surface topography
exhibited a granular feature with rounded edges in both the internal cracks and cracks in a vacuum.
Meanwhile, the crack propagation rate of internal cracks was plotted in the range of 107" to 107!!
m/cycle, which is in good agreement with that of the cracks in a vacuum. In this study, we obtained
the CTOD behavior of the internal crack; therefore, the similarity of CTOD between the internal
cracks and cracks in a vacuum is worth discussing in this section.

Researchers have studied crack tip behavior in air and vacuum for various metallic materials.

1?7 found that crack blunting occurred in a vacuum for aluminum alloys 2024-

For example, Wanbhil
T3 and 7075-T6; McEvily et al. reported a blunter shape of the fatigue crack tip and a larger CTOD
in a vacuum than those in air for stainless steels 304 and 316, and aluminum alloy 2219%. In
addition, Gach et al. pointed out that the crack tip opening angle was greater in vacuum than in air

for an austenitic stainless steel and aluminum alloy 7020%. Although the material used in this study,



Ti-6Al-4V, is different from the above, the dissimilarities of crack tip behaviors between vacuum
and air were identical to those of the internal and surface cracks in this study. This agreement
provides further evidence that the internal crack in Ti-6Al-4V is comparable to a crack in vacuum.
Based on the above findings, the blunter behavior of the internal fatigue crack tip can be explained
by the easier plastic deformation in a vacuum’®3!. Meanwhile, because of the absence of strain
localization due to the shortage of oxygen®’, water vapor>, and hydrogen®, the occurrence of

embrittlement fracture (which contributes to a sharp crack) is hardly favored in a vacuum.

Regarding the CTOD tendency in Fig. 11, the CTOD of internal cracks remain constant
regardless of the applied stress; similarly, the CTOD of surface cracks were also found to be
consistent after 40% of the applied stress. Morris reported that the grain boundary could confine the
plastic deformation in a small crack regime so that the CTOD could become insensitive to the
external tensile load®®. In this study, both the surface and internal crack tips in Fig. 10 reached the
grain boundary, which might be another factor, in addition to the rounded crack tip, contributing to
the constant CTOD of cracks in a grain-size order. Conversely, considering that ACTOD (i.e., the
CTOD ranges from no-stress to maximum tensile stress) corresponds to the driving force for crack
growth, a small ACTOD of internal cracks indicates that internal cracks initiated in the a-phase
cannot easily propagate as compared to the surface cracks. The crack opening behaviors could
differ in terms of several factors including the crack orientation, distance from the crack tip, and
the local microstructure. Thus, although further investigations are required to fully understand the
internal crack behavior, the above finding does not contradict the longer fatigue life of internal

fractures.

5 Conclusion

Two types of SR-CT—micro-CT and nano-CT—were employed to detect internal fatigue
cracks in Ti-6Al-4V alloy. Micro-CT detected cracks in the specimen, while nano-CT provided

high-resolution magnified images. The main findings are as follows.

1. Both surface and internal cracks initiated in the a-phase, and both types of cracks were
inclined at 36°-55° from the loading direction. This suggests that slippage in the a-phase can

be the reason for crack initiation, regardless of the type of crack.

2. The surface cracks exhibited sharp crack tips, and their CTODs were sensitive to the applied
load. By contrast, the internal cracks had a blunt crack tip, which was similar to the shape of

the fatigue crack in a vacuum. The CTODs of the internal cracks were larger than those of the



surface cracks and remained almost constant, regardless of the applied load. These findings do
not contradict the fact that internal cracks in the VHCF regime have longer lives than surface

cracks.
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Highlights

1. Small internal cracks with local microstructure were observed using nano-CT in Ti-6AI-4V.
2. Both surface and internal small cracks in Ti-6Al-4V initiated from the alpha phase.

3. Surface cracks tips are sharper and more sensitive to external load than internal crack.

4. Internal cracks have similar crack opening behaviors to those of cracks in a vacuum.



