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Local 3D short fatigue crack closure behavior was investigated in Ti-6Al-4V alloy using ultra-high-resolution X-
ray microtomography (XMT). The results show that the inhomogeneous distribution of plasticity-induced and
roughness-induced crack closure is caused by the variation of crack path morphologies. These crack path mor-
phologies exhibited heterogeneous plastic deformation at the crack-tips due to the anisotropic nature of a grains
and varying extents of crack tilting and twisting caused by the interaction of the crack front with a/a boundary or

a/a + p interface. It was revealed via surrogate-based statistical analysis that the Schmid factor has the strongest

effect on crack growth rate.

1. Introduction

Crack closure is widely accepted to predominantly increase the
resistance force to fatigue crack growth in metallic materials by
reducing the stress range experienced at the crack tip [1]. Hence the
crack driving force from Paris-Erdogan law [2] is modified by replacing
the stress intensity amplitude, AK with the effective stress intensity
factor,AKey = Kmax —K. Various crack closure mechanisms have been
proposed to explain the near-threshold fatigue crack growth behavior.
These include plasticity-induced crack closure (PICC), roughness-
induced crack closure (RICC) and oxide-induced crack closure (OICC)
[3].

Closure mechanisms have been traditionally investigated based on
simple two-dimensional (2D) interpretations of closure phenomenon.
From these 2D approaches, valuable insights on the micromechanics of
closure such as the effects of crack deflection have been acquired.
However, these approaches cannot capture the true nature of a three-
dimensional (3D) crack whose complex morphology includes the
contribution of mixed-mode I, II, and III displacements. Especially, in
short fatigue cracks where the crack is highly crystallographic causing
crack plane tilt and twist [4,5] which in turn generates highly complex
closure behavior. Accordingly, the elucidation of short crack closure
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mechanisms with the knowledge of the true nature of 3D fracture
morphology can only be achieved using 3D approaches.

3D visualization of cracks and the accompanying crack closure in
materials is now possible using state-of-art X-ray tomography offering
an accurate and rapid method to investigate the fracture process. Using
X-ray microtomography (XMT), Toda et al., [6], evaluated the local
mixed-mode crack driving forces along a crack front and the contribu-
tions of near-tip contact in aluminium alloy. A complex crack closure
behavior caused by a combination of modes II and III displacements was
observed which would otherwise not be possible via post-failure ana-
lyses or other 2D methods for the determination of crack driving forces
such as digital image correlation. The association of crack closure pro-
cesses with the crystallographically rough fracture surfaces has also
been reported in [7,8]. By plotting the relationship between crack
opening displacement and mode I stress intensity factor, Limodin et al.,
[9], showed that non-uniform distribution of crack closure influences
the local stress intensity factor which result in inhomogeneity of crack
growth rates along the crack front. Ravi et al, [10] confirmed experi-
mentally that the underlying crack closure mechanism for short fatigue
cracks is the reversal of stresses at the crack tip. According to these
authors, the spatially heterogeneous crack closure is caused by the non-
uniform compressive stress distribution which is governed by the stress
state of grains in the near-front region.
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Nomenclature

a Crack depth in thickness direction

CTOD  Crack tip opening displacement

da/dN  Fatigue crack growth per cycle: where, N is the number
of cycles

Ky Crack closure load level

K; Mode I stress intensity factor

Kinax Stress intensity at maximum load

Knin Stress intensity at minimum load

R Stress ratio (=Kiin/Kmax)

PICC Plasticity induced crack closure

RICC Roughness induced crack closure

oy Yield stress

AK Stress intensity factor range

The present authors have recently investigated 3D short crack
closure behavior in Ti-6Al-4V alloy via synchrotron XMT at a spatial
resolution of 1 ym [11]. By separating near-front closure (mainly PICC)
and behind-front closure (mainly RICC), the role of crack tilting (mode
II) and crack twisting (mode III) in the overall closure behavior in the
near-front region was revealed. Such complex 3D fracture behavior in
the near-front region could be assessed thanks to the high spatial reso-
lution of 1 ym. However, at the maximum stress intensity factor of
7.1MPa\/ m applied in the previous study [11], the estimated crack tip
opening displacement (CTOD) is about 0.33 pm which is much smaller
than the spatial resolution of 1 pm. As such, at this spatial resolution
level, crack closure in the near-front region would be overestimated.
Therefore, in Ti-6Al-4V alloy, a spatial resolution level of 1 pm is not
sufficient to accurately assess short crack closure behavior in the near-
front region.

Improved spatial resolution of submicron level have been made
possible owing to the introduction of high-resolution Fresnel zone plates
(FZP) in X-ray microscopy experiments in the hard X-ray region [12]. To
investigate materials such as titanium alloy, high-energy X-rays which
bears a unique advantage of high penetration into materials [13,14] are
required. About a decade ago, available X-ray energy was limited to
about 10 keV because of the difficulty to fabricate high aspect ratio FZPs
[12]. In 2017, a breakthrough in the FZP technique at SPring-8 was
realized by Takeuchi et al., [15] who developed the apodization FZP
significantly increasing the X-ray energy available for nano-tomography
to 30 keV with the capability of achieving spatial resolution level of up
to 0.1 um. This high-resolution imaging technique provides a unique
possibility to accurately characterize short crack closure behavior in the
near-front region and assess its mixed-mode (I, II, and III) nature in ti-
tanium alloys.

In this study, high-energy imaging-type XMT was employed to assess
local 3D crack closure behavior in relation to the underlying micro-
structure and its influence on crack growth rate in Ti-6A1-4V alloy with a
bi-modal microstructure. Ultra-high spatial resolution of 0.15 pm was
achieved using this technique which is one order of magnitude higher
than previously achieved spatial resolution for crack closure observation
[6,7,10,11]. This high spatial resolution enabled detailed monitoring of
3D crack morphology evolution with fatigue cycling (4D observation)
and its interaction with the underlying phases i.e., a phase and o + p
lamellar. In addition, the actual crack morphology including very fine
details such as ridges on the fracture surface and crack closure in near-
front region could be accurately assessed. To relate the local crack
growth behavior to crystallographic orientations, the underlying
microstructure around the crack path was analyzed using electron
backscatter diffraction (EBSD) coupled with serial sectioning. Owing to
the large and diverse sets of information on the crack morphology and
crack closure obtained using the ultra-high-resolution imaging-type
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XMT and details of the microstructure from EBSD, surrogate-based sta-
tistical analysis was performed to apportion the contributions of the
various factors (i.e., crack closure, crack tip opening displacement,
deflection angle, Schmid factor, and equivalent diameter) to the short
crack propagation rate.

2. Material and experimental methods
2.1. Material and sample preparation

Ti-6Al-4V alloy with a chemical composition (in mass%) of Al 5.50
~6.75,V 3.50 ~ 4.50, Fe 0.40, 0 0.20, H0.15, C 0.08, and N 0.05 and Ti
balance was investigated in this study. This alloy was hot rolled at
800 °C resulting in a 50% overall thickness reduction from an original
thickness of 10 mm. After which, it was tempered up to 900 °C for 96 h
and subsequently cooled down to room temperature in the furnace. After
the thermomechanical treatment, the volume fractions of hexagonal
closed-packed primary o phase and a + p lamellar was roughly 65% and
35%, respectively. The average primary o grain size was about 20 pm
and the average a-lath widths in o + p lamellar was approximately 1 pm.
The microstructure of this alloy is as shown in Fig. 1. Since dual-phase
Ti-6Al-4V alloys are prone to large microtextured regions that strongly
influence fatigue crack initiation and growth [16,17], the analysis of the
texture of the material is important to understand fatigue behavior. The
equiaxed a grains of the Ti-6Al-4V alloy with a bi-modal microstructure
employed in this work showed random orientations around the crack
path as shown in Fig. S1.

A specimen with a cross-section of 800 pm x 800 pm was machined
from the heat-treated material using electron discharge machining
(EDM). To remove surface microcracks, the specimen was electro-
chemically polished using a mixture of 6% perchloric acid, 59%
butoxyethanol, and 35% methanol by volume. The final gauge section
area was 600 pm x 600 pm. To restrict the crack initiation position and
follow the main crack in the specimen during fatigue cycling, a notch of
60 pm in length by 20 pm in depth by 4 pm in width was machined on
the gauge section using focused ion beam. In-situ fatigue tests were then
performed on the specimen as described in the next section.

2.2. In-situ fatigue tests and crack imaging

2.2.1. Fatigue tests

Load-controlled fatigue tests were performed using a piezoelectric
fatigue testing machine applying sinusoidal loading with a load ratio, R
= 0.1 at a frequency of 15 Hz. The specimen was subjected to a
maximum stress of 622 MPa, corresponding to 70% of the yield stress.
To observe crack growth behavior and evolution of the crack
morphology with crack extension, fatigue cycling was performed and

Fig. 1. Microstructure of Ti-6Al-4V alloy after thermomechanical treatment
obtained using scanning electron microscope.
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stopped intermittently. To eliminate any effects of notch plasticity on
the small fatigue crack growth [18], it was ensured that the analyzed
crack fronts were outside the notch and the short crack plastic zone
region. The applied maximum stress induced a maximum monotonic
plastic zone of about 10 um that was estimated under plane strain

2
conditions by;r, =L (ffiy') [19]. Plane strain condition was confirmed to

be predominant for the analyzed specimen with a cross-section of 600
pm by 600 pm since 2.5(K;/ay)® is about 180 pm at the largest crack
front which is much smaller than the specimen width. Consequently, the
3D crack morphology and its development through the microstructure
with progressive fatigue cycling was visualized at 6 steps. These 6 steps
were at 7000, 9400, 11200, 12700, 14200, and 16,300 cycles corre-
sponding to average short crack lengths, a of approximately 43 um, 48
um, 54 um, 56 um, 70 um, and 84 um, respectively. The average crack
lengths were determined by averaging the local crack lengths for each
2D slice along the crack front line. The local crack length, a was defined
as the distance between the notch and crack tip at a defined angle 6 (see
the illustration in Fig. S2). The Cartesian coordinates (x, y, z) of the 3D
cracks were converted to polar coordinates (r, 6, 2) using the approach
described in [20]. The 2D slices were then binarized and the crack tip
coordinates for each 2D slice were determined. The description of the
number of cycles, the corresponding surface crack lengths, and the load
levels at which scanning of the crack and crack closure was performed
are given in Table 1.

2.2.2. 3D tomographic imaging

High resolution in-situ XMT was performed at BL20XU in SPring-8,
Japan to scan the growing crack inside the microstructure and the
accompanying crack closure behavior. This in-situ observation of 3D
crack growth and closure behavior over time (so-called 4D) was very
challenging especially with regards to the design of the mechanical
testing rig, the demand for the preparation of a specimen that was small
enough to fit the field of view and long scanning time of about 3 days
which was laborious and expensive. A monochromatic X-ray beam with
photon energy of 30 keV was produced by a liquid nitrogen-cooled Si
(111) double crystal monochromator. A material test rig was set at
approximately 80 m from the X-ray source. To characterize the entire 3D
crack morphology and accurately examine crack closure in the near-
front region in a single specimen, two XMT set-ups were employed
namely, projection-type XMT and imaging-type XMT.

(a) Projection-type XMT

Projection-type XMT has the advantage of a large field of view
making it possible to scan the entire specimen’s gauge section. As such,
projection-type XMT was utilized to observe the whole 3D crack shape
and crack morphology development with fatigue cycling. In this setup, a
2048 x 2048 pixels CMOS camera was positioned 53 mm behind the
sample to capture the projection images (Fig. S3). A spatial resolution of
1 pm was achieved in the reconstructed slices with isotropic voxels of
0.5 pm edges.

Scanning of the specimen’s gauge section to observe the 3D crack
morphology and crack growth was performed at 80% of the maximum

Table 1
Fatigue tests and scanning load levels.

Number of Average crack Surface crack Scanning load
cycles depth, a length, 2¢ levels

7000 43 ym 144 pm 80% load
9400 48 um 159 um 80% load
11,200 54 um 169 um 80% load
12,700 56 ym 175 pm 80% load
14,200 70 um 197 um 80% load
16,300 84 um 215 pm 10-80% load*

*Maximum load: 206.4 N.
*Load increments of 10% up to 80% of the maximum load for crack closure
observation at 16,300 cycles
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load level corresponding to a load of 165.1 N. Since Ti-6Al-4V alloys are
susceptible to creep at room temperature [21], the maximum applied
load of 165.1 N was decided after load-drop tests confirmed the absence
of cold dwell fatigue during the holding time for scanning of up to 20
min as reported in [11]. Scanning was done at each of the average short
crack lengths, a of about 43 ym, 48 pm, 54 um, 56 ym, 70 pm, and 84 pm,
respectively. The details of fatigue tests and scanning load levels are
summarized in Table 1. At each step, 3600 scans during 180° stage
rotation were captured with exposure time of 50 ms per scan.

(b) Imaging-type XMT

As mentioned, because of the small CTOD below 1 pm in short fa-
tigue cracks in Ti-6Al-V alloy, the characterization of crack closure
mechanisms in the near-front region requires high spatial resolution
level. Consequently, imaging-type XMT, with the ability to achieve
ultra-high spatial resolution was employed to investigate near-front
crack closure behavior. In the imaging-type XMT set-up (see Fig. S3),
a rotating condenser zone plate that illuminates the specimen was
placed between the X-ray source and the sample. An apodization FZP
that magnifies the image and a phase plate that generates phase contrast
were placed downstream between the specimen and the detector. A
second CMOS detector of 2048 x 2048 pixels was placed 165 m behind
the specimen in a different experimental hutch. A remarkably high
spatial resolution of 0.15 pm measured substantially in the recon-
structed images using edge response technique [22,23]. This high spatial
resolution enabled the accurate visualization of the crack front, crack
morphology, and crack closure in the near-front region. Because the
field of view for imaging-type XMT is limited to about @60 pm, a local
region at the crack front with typical short crack morphology was
selected for scanning.

Local observation of crack morphology development with crack
extension was undertaken at the near-front region of the cycling steps.
Scanning was performed at 80% of the maximum load level. Crack
closure observation was performed at the last step corresponding to an
average crack length, a of 84 ym. Scanning was performed from 10% to
80% of the maximum load level at intervals of 10% load. For the above
observations, 3600 projections scanning 180° were captured to recon-
struct a single 3D image at each load level. The exposure time per scan
was 100 ms. Following which, the images were volume rendered as
described in [11].

2.3. Microstructure analysis

The underlying microstructure around the crack path was analyzed
using EBSD technique coupled with serial sectioning. Here, the fatigued
specimen containing a short crack of an average crack length, a = 84 ym
was mechanically polished through the thickness by serial sectioning to
perform EBSD analysis around the crack path. To acquire high quality
EBSD data, ion milling was performed on the surface. EBSD analysis was
then performed around the crack path at a step size of 0.5 pm to
investigate the crystallographic orientations of the grains around the
short fatigue crack path. This serial sectioning process was repeated 67
times with a section thickness of 2 um to obtain the 3D grain shapes.

3. Results

3.1. Global 3D crack morphology and growth variation over time (4D)
using projection-type XMT

Fig. 2 shows the extracted 3D crack morphology and its evolution
with fatigue cycling analyzed using projection-type XMT. Herein, the
underlying Ti-6Al-4V alloy matrix is not displayed. The 3D cracks
correspond to the short crack at average crack lengths, a of about 43 um,
48 um, 54 um, 56 pm, 70 um, and 84 um in Fig. 2 (a), (b), (c), (d), (e), and
(f), respectively. As seen in Fig. 2, the extracted 3D cracks are highly
intricate with high fracture surface roughness and consist of overlapped
crack segments, deflections, and facet paths. The torturous crack
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Fig. 2. The complex 3D short fatigue crack morphology consisting of crack deflections, facet paths, and crack branching and its evolution over time (4D) obtained at
80% of the maximum applied load level using projection type XMT at a spatial resolution level of 1 um. Only the segmented cracks are shown here: the underlying Ti-

6Al-4V matrix is not displayed.

morphologies indicate crack growth in mixed-mode I, II, and III despite
the specimen being loaded in mode I. In dual-phase Ti-6Al-4V alloy,
crack path deviation occurs as the crack front encounters the interface
between a grains and o + p lamellar owing to their distinct inherent
resistance to crack growth. In addition, due to low restraint on cyclic
slip, crack growth along a single slip plane in each grain is promoted in
the short crack regime. Therefore, as the crack front approaches o grains
with varying crystallographic orientations, crack path deviation occurs
due to misorientation between the favorable slip planes [4,20,24]
leading to the generation of rough fracture surfaces. Crack path
deflection may entail tilting which refers to the inclination of the crack
plane with respect to the loading direction where tilt angle is defined as
the angle between the intersecting lines of the two favorable slip planes
on the cross-section and twisting which is due to out-of-plane shear
where the twist angle is defined as the angle between the intersecting
lines of the two favorable slip planes on the grain boundary plane [10].

Also, noteworthy Fig. 2 is the non-uniform increase of crack length
along the crack fronts with fatigue cycling. This crack growth rate
variation along the crack front with fatigue cycling can be clearly
visualized from the quantified crack growth rate between the crack
fronts as presented in Fig. 3. Note that the crack growth rates in Fig. 3
are plotted against the distance along the crack front measured for the
largest crack front at 16,300 cycles. The average crack growth rates for
the first three steps i.e., between 7000 and 9400, 9400 and 11,200 and

11,200 and 12,700 cycles are 2.7 x 107, 3.4x 107°, 1.4 x 10~° m/
cycle, respectively as shown by the dashed lines in Fig. 3 (a), (b), and (c).
In comparison, in the last two steps corresponding to between 12,700
and 14,200 and 14,200 and 16,300 cycles, the average crack growth
rates are 6.9 x 10~ and 6.4 x 10~° m/cycle in Fig. 3 (d) and (e),
respectively. It is expected that the increase in crack length would result
in higher crack growth rates because of the increase in plastic zone size
with crack extension. In addition, the inherent resistance of the under-
lying titanium alloy phases i.e., « phase and o + p lamellar plays a major
role in the observed crack growth rate variation. Large portions of the
crack fronts in the first 3 steps lie in a + p lamellar which is known to
have a high resistance to crack propagation [25] while those of the last
two steps lie mostly in a-phase as illustrated in Fig. 3 (f). Moreover, the
fracture surface morphology which results from the crack interaction
with the underlying microstructure contributes to the heterogeneity of
crack growth rate along the crack front. Consider the crack plane to left
of the notch in Fig. 2 (b) at 9400 cycles, which was inclined at about 75°
with respect to the preceding crack plane. Such pronounced crack plane
deviation from the nominal mode I crack growth direction has been
reported to reduce the local mode I stress intensity factor experienced at
the crack front [26] which possibly slowed the crack growth of this crack
segment with fatigue cycling. To understand this complex crack growth
behavior, the imaging-type XMT results together with analysis of
microstructure will be presented from the next section.
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Fig. 3. Crack growth rate variation along the crack

front lines and its evolution with fatigue cycling.
The crack propagation rates between 7000 and
9400 cycles, 9400 and 11,200 cycles, 11,200 and
12,700 cycles, 12,700 and 14,200 cycles, and
14,200 and 16,300 cycles are presented in (a), (b),

(c), (d), and (e), respectively. The dashed lines
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3.2. Assessment of local 3D crack morphology and crack closure using
imaging-type XMT

3.2.1. Advantage of imaging-type XMT

Fig. 4 demonstrates the importance of the cutting-edge imaging-type
XMT technique. In Fig. 4 (a) a segment of the crack in the near-front
region of the crack at the average crack length, a of 84 um is shown.
This crack segment was captured using projection-type XMT. The same
crack segment captured using imaging-type XMT is presented in Fig. 4
(b). Comparing the crack shapes in Fig. 4 (a) and (b) clearly indicates the
limitation of projection-type XMT in determining the true crack front
position and visualizing the actual crack morphology. Some segments at
the crack front and the regions numbered 1, 2, and 3 were not captured
using projection-type XMT which are clearly observed using imaging-
type XMT as seen by the highlighted regions in Fig. 4 (a) and (b). As

7000 cycles
9400 cycles
11200 cycles
12700 cycles
14200 cycles

16300 cycles

previously mentioned, this is because the crack opening of these crack
segments is below the 1 pym spatial resolution attained using projection-
type XMT. Therefore, crack closure would be overestimated using pro-
jection XMT approach. Evidently, the accurate evaluation of the crack
morphology and closure in the near-front region requires ultra-high
spatial resolution levels.

3.2.2. Local 3D crack morphology using imaging-type XMT

Fig. 5 shows the local 3D crack morphology of a selected region at the
crack front that was followed for the 6 fatigue cycling steps using
imaging-type XMT. These crack segments at average crack lengths, a of
about 43 um, 48 um, 54 um, 56 um, 70 pm, and 84 um are presented in
Fig. 5 (a), (b), (c), (d), (e), and (f), respectively. These local crack seg-
ments were scanned in the near-front region of the cracks that were
shown in Fig. 2. An illustration of the field of view of imaging-type XMT
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Fig. 4. 3D crack image captured using projection-type XMT at a spatial reso-
lution of 1 pm is shown in (a) and (b) the 3D crack image obtained using
imaging-type XMT at a spatial resolution of 0.15 um showing actual crack front
and crack morphology. Both cracks were captured at 80% of maximum load
level at an average crack length of a = 83 um corresponding to 16,300 cycles.

on the cracks captured using projection-type XMT is provided in Fig. S4.

The surface topologies and crack front geometry are highly complex
even in the near-front region as visualized in Fig. 5. Significant crack
plane twist i.e., out-of-plane shear of the crack plane relative to the
overall crack growth direction (TD-direction) is observed in Fig. 5 (a).
This twisted crack plane shows small crack extension with fatigue
cycling as observed in Fig. 5 (b), (c), and (d). This indicates that crack
propagation resistance is higher in this region than the adjacent crack
segments. Crack twist causes a considerably longer fracture path as the
crack propagates on a different plane from the preceding crack plane
which slows down the crack growth rate [27,28]. After the crack grows
out of the twisted crack segment, significant crack extension is observed
in Fig. 5 (e) and (f). For an originally advanced crack segment, con-
straints are exerted by the surrounding uncracked matrix reducing the
mode I stress intensity factor [29]. This suggests a redistribution of the
crack driving force into the neighbouring locally lagging crack front.
The underlying microstructural features and its effects on crack growth
rate is presented in the subsequent sections.
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Fig. 5. Local 3D crack growth behavior over time (4D) captured at 80% of the
maximum load level using imaging-type XMT technique at a spatial resolution
level of 0.15 pym. The crack segment at 7000 cycles (a = 43 um), 9400 cycles (a
= 48 ym), 11,200 cycles (a = 54 pm), 11,200 cycles (a = 56 pm), 14,200 cycles
(a = 70 pm), and 16,300 cycles (a = 84 um) are shown in (a), (b), (c), (d), (e)
and (f), respectively.
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3.2.3. Local 3D crack growth rates and effects of microstructure

To visualize the crack growth behavior at the near-front region, the
crack segments in Fig. 5 were superimposed and the result is presented
in Fig. 6 (a). The non-uniform extension of the crack along the crack
front with increase in number of cycles is visualized. To understand this
complicated crack growth behavior, the underlying microstructure was
investigated. In Fig. 6 (b), the o grains along the crack fronts are
superimposed on the cracks that were shown in Fig. 6 (a). Herein, the
grain color coding corresponds to the EBSD inverse pole figure (IPF) map
for the rolling direction (RD) which corresponds to the loading direc-
tion. The exposed crack segments between o grains are the regions
where the crack grows through o + p lamellar which was not displayed
to simplify the figure. A summary of the Schmid factor of the three slip
systems i.e., basal, prismatic, and pyramidal in each grain with respect
to the macroscopic load and the grain size of the investigated o grains
are provided in Table 2.

The local crack propagation rates between the crack fronts as a
function of the distance along the crack front is presented in Fig. 7. From
this graph, the crack growth rate varies with fatigue cycling and is highly
fluctuated along the crack fronts characterized by periods of

(a)

35 um

Unit: [cycles] 85 um

7000 9400

(b)

35 um
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Table 2
Crystallographic and geometric features of the fractured a grains
Grain Prismatic plane Basal plane Pyramidal plane Equivalent
D Schmid factor Schmid Schmid factor diameter (um)
factor
Gl 0.46 0.11 0.44 24.1
G2 0.37 0.34 0.42 22.6
G3 0.42 0.21 0.49 10.7
G4 0.49 0.04 0.45 33.1
G5 0.49 0.06 0.46 22.2
G6 0.47 0.20 0.49 211
G7 0.28 0.48 0.31 12.4
G8 0.49 0.12 0.47 15.6
G9 0.49 0.16 0.48 14.8
G10 043 0.11 0.41 19.9

acceleration and deceleration. This crack growth behavior is strongly
linked to the underlying microstructure. As visualized in Fig. 6 (b), the
crack grows through three o grains labelled G1, G2, and G3 between
7000 and 9400 cycles. G1 and G2 have larger equivalent diameters of
24.1 pm and 22.6 pm, respectively compared to that of G3 which is 10.7

M i1200 12700 M 14200 M 16300

Fig. 6. The superimposed 3D cracks from 7000 cycles (a = 43 um) to 16,300 cycles (a = 84 um) captured at 80% of the maximum load using imaging-type XMT
technique at a spatial resolution level of 0.15 um are shown in (a). In (b), the a grains along each crack front are superimposed on the 3D cracks shown in (a). Grain
color coding correspond to the IPF map for the rolling direction (RD) which corresponds to the loading direction.
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Fig. 7. Crack growth rate variation as a function of the distance along the crack
front. The crack growth rates between 7000 and 9400 cycles, 9400 and 11,200
cycles, 11,200 and 12,700 cycles, 12,700 and 14,200 cycles, and 14,200 and
16,300 cycles are presented.

um. The maximum Schmid factors of G1, G2, and G3 are 0.46, 0.43, and
0.49, respectively. Despite G3 having the highest Schmid factor, crack
growth in G3 is lower than in G1 and G2 as seen by the drop of crack
growth rate between 7000 and 9400 cycles (pink line) as highlighted in
Fig. 7. It is probable that the small grain size of G3 contributed to the
observed small crack growth with fatigue cycling. Due to the proximity
of the crack front of the crack at 7000 cycles to the grain boundary of G3,
it is likely the dislocations emitted at the crack tip were blocked at the
grain boundary. This in addition to the highly twisted crack plane
behind G3 as shown in Fig. 6 (a) may have contributed to a reduction in
the crack driving force slowing down the crack growth.

Notably in Fig. 7 is the crack retardation with fatigue cycling be-
tween 11,200 and 12,700 cycles in which the crack growth rates along
the crack front were mostly below 2 x 10~° m/cycle. One reason for this
crack retardation is that between G1 and G5 in Fig. 6 (b), part of the
crack front grows through o + p lamellar which is known to have a high
resistance to crack growth [25]. In addition, high misorientation of
about 35° was measured between the incoming crack plane in G3 and
the outgoing cracked plane in G6. As discussed in [24,30], since short
cracks grow along a single plane in each grain, the misorientation be-
tween the favorable slip planes of neighboring grains could be the key
factor that controls crack growth across the grain boundary. The crack
has to change direction as it enters the neighboring grain and in a case
where crack plane twist is involved, the wedge of material between the
twisted crack planes must be fractured for the crack to pass through the
grain boundary offering more resistance to crack growth [5,27]. Note
that it has been reported in the same material as the one investigated in
the current study that the crack plane can deviate from the favorable
plane (plane with high Schmid factor) and grow on an unfavorable slip
plane [20]. These authors report that the crack can switch to prismatic
slip plane from the preferred basal plane in short crack regime in Ti-6Al-
4V when the Schmid factor of the basal plane is low while that of the
prismatic plane is high. In addition, the interaction between the 3D
crack and grains may induce a low mismatch angle with the neighboring
cracked grains causing the crack to switch from one slip system to
another as it grows from one grain to the next.

The highest crack growth rates were observed between 14,200 and
16,300 cycles as presented in Fig. 7. After 14,200 cycles, the crack
crosses the grain boundaries of G4, G5, and G6 and grows into grows
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into G7, G8, G9, and G10 with Schmid factors of 0.48, 0.49, 0.48, and
0.43, respectively as seen in Fig. 6 (b) and highlighted in Fig. 7. It seems
that this high Schmid factors especially in G7, G8, and G9 may be one
factor that contributed to the ease of crack growth through these grains.
However, note that the crack propagation rate is not uniform along the
crack front: crack growth rate can be seen to decrease from about 28-40
um along the crack front in Fig. 7 (orange line). For this crack segment,
cracked plane in G10 is inclined at about 45° to the preceding cracked
plane in G7. This coupled with the local deflection inside G10 as high-
lighted in Fig. 6 (b) could be the probable cause for the low crack growth
rate. On the other hand, in G8 and G9, crack growth occurred primarily
in almost straight paths with high alignment between the incoming
crack planes and the outgoing crack planes. This may have contributed
to the high crack growth rates between 0 and 28 pm along the crack
front. The above result is consistent with the report by [20] in their
analysis of 3D short crack interaction with the underlying microstruc-
ture of Ti-6Al-4V alloy in which high crack growth rate in straight paths
compared to zig-zag paths was reported. In addition to the microstruc-
tural features and crack morphology, the local stress field is altered by
crack closure.

3.2.4. Local 3D crack closure behavior

The local 3D crack closure behavior was observed at the average
short crack length, a of 84 um which corresponds to 16,300 fatigue
cycles. The open cracks (orange color) at 80%, 70%, 60%, 50%, 40%,
30%, 20%, and 10% of the applied load level are shown in Fig. 8. The
loss of crack surface with load decrease represents the closed segments
(white regions). An example of closed crack segment is highlighted on
the 3D crack that was captured at 60% of the maximum applied load
level in Fig. 8 (c).

With load decrease, heterogenous spatial distribution of closed
patches is observed in Fig. 8. Some crack segments near the crack front
remain open even at the minimum load level of 10% as shown in Fig. 8
(h). This closure behavior is strongly associated with the tortuosity of
the crack. Crack planes that are highly inclined to the overall crack
growth direction show early contact at the point of deflection (see
Fig. S5). The sharp crack plane deflection resulted from the change in
crack path direction at the grain boundary of neighboring a grains with
high misorientation angle as seen in Fig. 6. This suggests that high
misorientation angle between adjacent a grains plays a significant role
in the generation of RICC.

A significant increase in closed patches was observed as the load was
decreased from 60% to 40% load level as seen in Fig. 8 (c), (d), and (e).
After which, the closed patches slightly increased with load decrease
from 30% to 10% load as seen in Fig. 8 (f), (g), and (h). Therefore, it can
be inferred that the macroscopic crack closure load level lies between
60% and 40% load levels. This crack closure is quantified as fractional
area of closed patches against the load level in Fig. 9. Due to the dis-
tribution of the load steps at which closure was observed, from the plot
of fractional area of closed patches against the applied load level in
Fig. 9, the closure load level is not definite but can be estimated to be
about 40% of the maximum applied load level i.e., the start of non-
linearity of fractional area of closed patches. As described in [31],
crack closure level can be detected definitely utilizing the unloading
elastic compliance method. This compliance technique was applied to
estimate the closure load level utilizing the 3D data obtained using
imaging-type XMT and compared with the result obtained from frac-
tional area of closed patches plot. Note that the result of the compliance
is obtained from the plot of load vs CTOD which is analogous to response
obtained using near-tip strain gauge. From the result presented in Fig. 9,
the crack closure load level is 57% of the maximum load level at
compliance offset of about 2% [31]. Note that the compliance result is
strongly associated with PICC since CTOD is measured in the near-tip
region. Therefore, the contributions of localized phenomenon far from
the crack front such as variation of fracture surface roughness and the
associated RICC is not included. Conversely, the plot of fractional area of
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Fig. 8. Local 3D crack morphology and spatial distribution of closed patches captured at an average crack length, a = 84 pm corresponding to 16,300 cycles. The
crack closure behavior is observed with load decrease from 80% load level shown in (a) to 10% load level in (h). These images were obtained using imaging-type

XMT technique at 0.15 pm spatial resolution level.
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Fig. 9. Estimated closure load level from fractional area of closed patches
(PICC + RICC) with load decrease compared to that obtained using compliance
method utilizing the 3D crack closure data.

closed patches estimates the actual 3D crack closure behavior by
capturing the closure behavior both in the vicinity of the crack front and
away from the crack front.

To understand local crack closure behavior, RICC and PICC were

separated and analyzed individually. Note that since 2.5(K;/ay)® is
about 180 um at the largest crack front i.e., average crack length a = 84
um, plane strain condition is expected to be predominant for the
analyzed specimen with a cross-section of 600 pm by 600 pm. Therefore,
the cyclic plastic zone (CPZ) which undergoes compressive yielding at
the minimum load was estimated under plane strain conditions given by;

2
r, = % (2%) [19]. Note that the CPZ is dependent on the crystallo-

graphic orientations of the grains. This is because the measured CPZ
ranged between approximately 1.5-3 um along the crack front which is
much smaller than the a grain size of about 20 um. Therefore, the CPZ
will vary grain by grain depending on their orientation with respect to
the loading direction [32,33]. It is also worth mentioning that the
calculated CPZ from the above equation assumes a circular-shaped CPZ
which introduces some inaccuracies since the real plastic zone shape is
elongated in the loading direction. In this study, the closed patches
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within the CPZ were assumed as mainly due to PICC and those in the
remaining crack segment outside the CPZ as mainly RICC. This separa-
tion of RICC and PICC is illustrated in Fig. 10 (a) where the region be-
tween the blue dashed line and the crack front represents the CPZ. Here,
the crack that was captured at 50% load level which was previously
presented in Fig. 8 (d) has been superimposed with the crack front line of
the crack at 80% load level and projected onto ND-TD plane. In Fig. 10
(a), both near-front contact in the CPZ (mainly PICC) and contact away
from the vicinity of the crack front (RICC) are observed.

The fractional area of closed patches within the CPZ (mainly PICC)
and in the region outside the CPZ (RICC) at 50%, 30% and 10% load
levels are shown in Fig. 10 (b) and (c), respectively. Herein, the frac-
tional area of closed patches was defined as the ratio of the closed
patches at each load level to the total open crack area of the analyzed
region at the maximum applied load of 80%. A fractional area of closed
patches of 0 means that the crack is fully open while 1 indicates com-
plete closure.

A general trend of increase in fractional area with load decrease for
both PICC and RICC is observed in Fig. 10 (b) and (c). One important
observation is the complete contact within the CPZ in some sections
along the crack front (between 10 pm and 25 pm) at 50% load level
while some sections are not fully closed even at the minimum load of
10% (i.e., between 25 pm and 35 um) as seen in Fig. 10 (b). This implies
that locally, the complete contact of fracture surfaces occurs at different
load levels along the crack front. Therefore, heterogeneous crack-tip
shielding would be realized along the crack front. From 3D observa-
tions, the inhomogeneous distribution of RICC seen in Fig. 10 (a) and (c)
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can be directly linked to the varying extent of fracture surface roughness
i.e., crack tilting and twisting and presence of ridges on the fracture
surface due to crack front interaction with local microstructure as pre-
viously described in Fig. 8. For example, the high misorientation angle
of about 50° measured between G7 and G10 in Fig. 6 (b) caused a large
crack deflection angle of about 46° at the grain boundary resulting in
early contact at the sharply deflected point as indicated in Fig. 8 (c). As
such, the three-dimensional assessment of crack closure using 3D tech-
niques such as X-ray tomography provides a means to evaluate both the
mechanisms that control crack closure locally and the determination the
macroscopic crack closure level as presented in Fig. 9.

3.2.5. Effect of crack closure on crack growth rate

In order to examine the influence of crack closure on crack propa-
gation behavior, the local deformation behavior at the propagating
crack front was investigated. The crack driving force in mode I was
directly measured from the 3D data in form of local crack tip opening
displacement (CTOD). The relationship between the crack deflection
angle, RICC, PICC, and CTOD on crack growth rate is presented in
Fig. 11.

The measured crack deflection angle is fluctuated along the crack
front ranging from 32 to 69°which is expected given the variation of the
fracture surface roughness observed in Fig. 8 (a). Here, the deflection
angle is defined as the inclination between the previous and the current
crack front. Note that the presented crack deflection angle in Fig. 11 is
only for the small region investigated using imaging-type XMT and the
whole crack front for this crack segment was inclined with respect to the
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Fig. 11. The complicated crack growth rate caused by the influence of several
interacting factors including crack deflection angle, roughness-induced and
plasticity-induced crack closure and crack tip opening displacement (CTOD).
The deflection angle, fractional area of closed patches, and CTOD were
analyzed at the average crack length of a = 84 pm corresponding to 16,300
cycles while crack growth rate was analyzed between the crack fronts at 14,200
and 16,300 cycles.

previous crack front. Also from Fig. 11, CTOD fluctuates along the crack
front ranging from about 0.17 um to 0.53 um which suggests a variation
in the extent of local deformation. This can be associated with the het-
erogeneous inherent resistance of the underlying grains to deformation
and crack closure variation which affects the minimum CTOD. There is a
general trend of decrease in crack growth rate with decrease in CTOD.
However, note that locally, some locations with low CTOD such as the
location marked A with CTOD of up to 0.2 um, does not directly translate
to reduced crack propagation rate. This can be attributed to the effects of
the adjacent crack segments to the left and right of the section marked A
with relatively higher CTOD of more than 0.4 um. Therefore, because of
the 3D effect, it difficult to interpret the effects of the different factors
such as crack closure and CTOD on crack growth rate for each point
along the crack front.

4. Discussion
4.1. Surrogate-based statistical analysis

The experimental evidence presented above demonstrates the
importance of ultra-high spatial resolution to accurately assess near-
front crack morphology and the accompanying crack closure behavior.
Even though a general view of the effects of the different interacting
factors on crack propagation rate is acquired from Fig. 11, it is not clear
to what extent each of these competing factors contribute to the
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observed crack growth rate variation. To solve this issue, statistical
methods that can extract common trends and patterns from such large
and complex datasets are invaluable. Statistical analysis is particularly
indispensable for the characterization of mechanical properties of ma-
terials which are heavily dependent on microstructure. But, because of
the variability of microstructural patterns in specimens prepared from
the same material, many fatigue tests or tensile tests must be performed
to reliably describe the mechanical properties of a single material. One
statistical method that can effectively address this issue is surrogate-
based statistical approach [34] which employs surrogate models to
approximate the relationship between multiple input variables (design
parameters) and the output (objective function) using a limited number
of high-fidelity data such those obtained using X-ray tomography. By
leveraging surrogate-based methods, complex engineering design opti-
mization problems such as predicting material properties via the iden-
tification of microstructures that lead to certain desired mechanical
properties [35,36,37] has been explored in recent years. The application
of surrogate-based statistical analysis in the current study is possible
owing to the large and diverse sets of information on crack morphology
and crack closure obtained using the ultra-high-resolution XMT and
details of the microstructure obtained via EBSD coupled with serial
sectioning.

To apply surrogate-based statistical analysis, various processing
steps are undertaken. In the present analysis, one objective function
(crack propagation rate) and six design parameters i.e., crack deflection
angle, PICC, RICC, CTOD, Schmid factor, and equivalent diameter of the
fractured o grains were prepared to describe the crack and the micro-
structural features. The distributions and units for each parameter were
as follows; crack deflection angle ranged from 32 to 69°, PICC was be-
tween 0.1 and 0.7, RICC 0.1 to 0.42, CTOD 0.17 to 0.52 pm, Schmid
factor 0.43 to 0.49, equivalent diameter 10.7 to 33.1 um, and crack
growth rate 3.9 x 10~° to 6.4 x 10~° m/cycle. Since all these factors
have varying ranges and units, the data for all parameters were
normalized to range between 0 and 1. Principal component analysis
(PCA) [38] was employed to check for multicollinearity between the
input variables which occurs when two or more independent variables
within the dataset are highly correlated consequently undermining the
statistical significance of an independent variable. None of the six design
parameters were found to have high correlation based on a pre-
determined threshold angle (i.e., less than 5°) between the eigenvectors
of these variables on the plot of the first and second principal component
analysis. After which, global sensitivity analysis [39] which evaluates
how the uncertainty in the output can be apportioned to the un-
certainties in the input variables was employed to rank the contributions
of the above design parameters based on their Pearson correlation co-
efficient (PCC) [40] with crack growth rate. The values of PCC range
between —1 to + 1 where a value of —1 or + 1 indicates complete
correlation while 0 indicates no correlation between the measured
variables. Due to the relatively small data sets (i.e., 195 data points in
this study), support vector machine which is a surrogate modelling
technique that can effectively handle high-dimensional data [41] was
employed. To visualize the multi-dimensional output from surrogate
model, response surface methodology [42] was used to explore the
relationship between the objective function and design parameters. The
above methodology for surrogate-based optimization is described in
detail in [43].

4.2. Relationships between various factors that influence short fatigue
crack propagation rate

Fig. 12 shows the PCC for Schmid factor, equivalent diameter,
deflection angle, CTOD, RICC, and PICC with crack growth rate. The
correlation values of these factors with crack growth rate are 0.84, 0.64,
0.41, 0.40, 0.38, and 0.23, respectively. The most contributing input
variable to crack growth rate appears to be the Schmid factor with a
correlation value of 0.84. It is important to note that the weak
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Fig. 12. Correlation between maximum Schmid factor, equivalent diameter,
crack deflection angle, crack tip opening displacement (CTOD), roughness
induced crack closure (RICC), and plasticity induced crack closure (PICC) with
crack propagation rate.

correlation between PICC and RICC with the crack growth rate (Fig. 12)
does not imply that closure has less influence on crack propagation rate.
In fact, below 50% of the applied load level, PICC and RICC occur
without exception along the crack front as observed in Fig. 10 which
shields the crack front from the full range of the applied stress. The weak
dependency is because the closure load levels associated with PICC and
RICC occur almost evenly and at the same time on the investigated crack
segment and hence the effects on crack growth rate is not highly varied.
Also, since this analysis was limited to small crack segment with a dis-
tance of about 0.8 um between individual slices, it is expected that the
crack growth rate of adjacent crack segments would be influenced by the
crack closure of neighboring segments. Based on the above discussion,
all the design parameters were considered in the surrogate-based sta-
tistical analysis.

The rough estimate of the multi-dimensional result of the surrogate-
based statistical analysis i.e., 7D (six input variables and one objective
function) is summarized using 3D response surface curves which can be
interpreted by the human mind as shown in Fig. 13 and Fig. S6. At a
glance, it is easy to visualize the optimum and the weakest features from
these response surface curves. Only the representative and most effec-
tive variables which are shown in Fig. 13 will be discussed. Herein, the
3D response surface curves that explore the relationship between
equivalent diameter and Schmid factor, RICC and Schmid factor, PICC
and Schmid factor, and deflection angle and CTOD with the crack
propagation rate and their 2D projections are shown in Fig. 13 (a), (b),
c), and (d), respectively. In Fig. 13 (a) the relationship between the
Schmid factor and the equivalent diameter which showed the highest
correlation values with crack propagation rate (Fig. 12) is shown. Note
that in Fig. 13 (a), the many points with repetitive normalized equiva-
lent diameter and Schmid factor values are because several slices are
contained within a single grain. The optimum point occurs when the
equivalent diameter is small, and the Schmid factor is low while the
weakest point is at large equivalent diameter and high Schmid factor. It
is well known that fine grains leads to an increase in grain boundaries
which act as barriers to dislocations impeding crack growth [44,45].
Short fatigue crack growth in stage I regime is driven by slip and hence
the maximum Schmid factor may be used to represent the crack driving
force. It is interesting to note that the weakest point did not correspond
to the maximum Schmid factor as seen in Fig. 13 (a). However, it should
be noted that only a few grains were investigated in this study.
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Nevertheless, previous authors have reported that high Schmid factor
may not necessarily imply high crack growth rate [28,46]. This is
because the Schmid factors were evaluated based on the macroscopic
load with the assumption that each grain is under uniform uniaxial stress
state. However, stress heterogeneity is induced because of the elastic
anisotropy of a grains and the influence of the crack on the local stress
field. It should be noted that the underlying phases i.e., a and o + p and
the different grain orientations strongly influence the fracture
morphology and the level of deformation at the crack front (described
using the CTOD parameter) which in turn determines the degree of RICC
and PICC. Therefore, exploring the dependency of crack propagation
rate on these factors may further explain the acceleration or deceleration
of the crack.

The significant role of RICC and PICC in increasing the resistance to
the crack propagation when the Schmid factor is relatively high is
demonstrated in Fig. 13 (b) and (c). This is especially pronounced at
normalized RICC and PICC of above 0.6 and 0.4 which correspond to
closure load level of equal to or more than 30% and 50%, respectively.
Here, the area of the surface response curve with low crack growth rates
i.e., normalized values of below 0.5 increases. In general, an increase in
RICC and PICC with a decrease in the Schmid factor leads to low crack
growth rates as seen in Fig. 13 (b) and (c), respectively. However, the
dependency of crack growth rate on RICC and PICC is limited to the
region where the normalized Schmid factor lies below 0.5 which cor-
responds to the Schmid factor of 0.47. Above a Schmid factor of 0.47, the
crack growth rate becomes insensitive to changes in crack closure i.e.,
the response surface curve is flat implying the stronger effects of high
Schmid factor. Interestingly, for the relationship between PICC and
Schmid factor with the crack growth rate in Fig. 13 (c), the optimum
point occurs at a normalized PICC of 0.7 and not at the maximum value
of 1. Since the 3D response surface curve is a rough approximation of the
multi-dimensional output from the surrogate model (7D in the current
analysis), the shift of the optimum point may result from the fact that
other design parameters which influence crack growth rate are kept
constant during the generation of the 3D response surface curves. For
instance, the optimum point in Fig. 13 (¢) which corresponds to the
points with the lowest crack growth rates were located on the crack
segment which was locally deflected in the interior of a grain (G10) very
close to the crack front as highlighted in Fig. 6 (b). This deviation within
a grain is associated with the fact that prismatic slip can occur on three
independent planes in a single crystal. The measured CTOD along the
crack front of this deviated crack segment was mainly below 0.3 pm as
observed between 28 and 40 pm along the crack front in Fig. 11. These
factors possibly reduced the mode I crack driving force in turn slowing
down crack growth.

Indeed, the increase in crack growth rate resistance with increase in
crack deflection angle and decrease in CTOD is evident in Fig. 13 (d).
However, it should be noted that the short crack propagation rate be-
comes insensitive to changes in crack deflection angle of below 38° and
CTOD of above 0.4 um i.e., the response surface curve is flat. The slight
increase in crack growth at higher deflection angle and low CTOD as
seen in Fig. 13 (d) was caused by crack overlap in this region which
exhibited large crack extension with fatigue cycling (Fig. 6 (a)) which
was not considered in the surrogate model. Moreover, as reported in
literature, shear-driven Mode II crack growth mechanism can dominate
basal cracking in the short crack regime [17,47]. Therefore, crack ac-
celeration at low CTOD in mode I (Fig. 13 (d)) could be due to crack
growth being driven by other crack driving forces such as mode II dis-
placements. This is expected for the highly crystallographic short crack
with significant level of crack tilt as reported in Fig. 6. It would be
interesting to confirm the trends discussed above on a larger experi-
mental dataset. This could be possible through imaging of two or more
regions of interest using imaging-type XMT to obtain a larger dataset for
analysis.

This study demonstrated the potential for the combination of
projection-type XMT and ultra-high-resolution imaging-type XMT
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the red and yellow dots, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

techniques for the 3D analysis of short fatigue crack closure and growth
behavior over time using a single specimen and in one setting. Using
projection-type XMT, the whole gauge section can be imaged to identify
areas with phenomenon of interest and the setup can be changed to
imaging-type XMT to zoom in to the identified region of interest. It is
possible to then superimpose the images acquired using projection-type
XMT and imaging-type XMT to see what happens in the region of interest
and explain certain localized phenomenon utilizing ultra-high spatial
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resolution levels. Consequently, this study revealed the importance of
ultra-high-resolution imaging-type XMT for the accurate assessment of
short fatigue cracks and crack closure especially in high strength ma-
terials such as titanium alloys where the crack opening displacement
(COD) is very small. The extracted trends using projection XMT from
previous studies [6,7,8] which showed strong effect of fracture surface
roughness on RICC generation were confirmed in this study using
imaging-type XMT. However, at the spatial resolution level of 1 um,
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small features on the fracture surface such as ridges, and local small
undulations which are shown to increase incidence of RICC are not
captured and can only be visualized using ultra-high-resolution imag-
ing-type XMT. In terms of PICC, by superimposing the same crack
segment obtained using projection-type XMT and imaging-type XMT,
this study showed that the actual crack front is not captured using
projection XMT which implies that PICC cannot be accurately quanti-
fied. Therefore, imaging-type XMT technique is invaluable for the
analysis of fatigue cracks in materials with low CTOD levels of below 1
um which is typically seen in high strength materials.

5. Conclusion

The three-dimensional (3D) crack closure behavior of a short fatigue
crack in Ti-6Al-4V alloy with a bi-modal microstructure was investi-
gated, in-situ, using ultra-high resolution XMT. Owing to the unprece-
dented spatial resolution of about 0.15 pm achieved in this study, the
intricate 3D fracture morphology with mixed-mode I, II, and III nature
was readily visualized. The main findings of this study can be summa-
rized as follows:

1. In 3D, the closure load level varies locally resulting in heterogeneous
shielding along the crack front. Through the separation and analysis
of roughness-induced and plasticity-induced crack closure, it was
elucidated that these mechanisms are controlled by the variation of
crack path morphologies which exhibited heterogeneous plastic
deformation at the crack tips caused by the anisotropic nature of o
grains and varying extents of crack tilting and twisting (i.e., mode II
and III displacements) due to the interaction of the crack front with
the interface between a and o + f§ lamellar or the boundary between
a grains with different crystallographic orientations.

2. Short crack growth behavior is highly complex and is influenced by
the underlying microstructure, the resulting fracture morphology
caused by crack front interaction with the local microstructure, and
the accompanying crack closure which are highly variable in 3D.
Using surrogate-based statistical analysis, the actual dependency of
crack growth rate on the above factors was revealed. A general trend
of decrease in Schmid factor with decrease in equivalent diameter
was found to enhance crack growth resistance. In contrast, beyond
certain levels, crack growth rate becomes insensitive to changes in
the level of RICC, PICC, deflection angle, and CTOD which are
strongly dependent on the underlying microstructure. High RICC and
PICC of equal to or more than 30% and 50% closure load level,
respectively was found to increase the crack growth resistance when
the Schmid factor lies below 0.47. But above the Schmid factor of
0.47, crack growth rate becomes insensitive to changes in crack
closure implying the stronger effects of high Schmid factor. It was
also revealed that changes in crack deflection angle of below 38° and
CTOD of above 0.4 um does not have any effect on the short crack
growth rate which remains high irrespective of the values beyond
these limits.
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