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Assessment of Fatigue Crack Initiation Behaviour in Ti-6Al-4V Alloy Using a
Coarsened Surrogate Model
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The microstructure and fatigue crack initiation process of Ti-6Al-4V alloys were measured using a multimodal technique combining
synchrotron X-ray microtomography and electron backscatter diffraction (EBSD) serial sectioning techniques. Various microstructural design
variables were generated to describe the shape, size and crystallographic information of the polycrystalline microstructure that is the fatigue
crack initiation point. The microstructural information was coarsened based on the similarity between the design variables and their correlation
with fatigue crack initiation. An objective function describing the resistance to fatigue crack initiation was also established. By combining these
variables, the relationship between the microstructural information and fatigue crack initiation resistance was described by a metamodel in the
form of a multidimensional response surface using a support vector machine. A limited number of design variables with a high correlation with
transgranular and intergranular fatigue cracking were identified, and the optimum or weakest microstructural patterns for fatigue crack initiation
were quantitatively represented. This approach is expected to allow much more efficient microstructure control to enhance the fatigue crack
initiation resistance than has previously been possible with the conventional surface-based approach. [doi:10.2320/matertrans.MT-L2025002]
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1. Introduction

In general, detection of fatigue cracks with high accuracy
immediately after their initiation is technically difficult. In
addition, no current theoretical model can accurately predict
crack initiation [1]. Therefore, the determination of fatigue
crack initiation is usually accompanied by some ambiguity.
In other words, there are no agreed-upon criteria at what
size, from lattice defects to macroscopic cracks, fatigue crack
initiation is judged to have occurred. Therefore, in many
cases, the propagation process of short fatigue cracks is
added to fatigue crack initiation to some extent, and fatigue
crack initiation is judged to have occurred when the crack
length reaches a relatively large specific dimension. There-
fore, even when the fatigue life is predicted, the fatigue crack
initiation life is not considered but is evaluated via fatigue
crack propagation analysis assuming an initial crack [2].

In terms of the actual fatigue crack initiation process,
inclusions and pores can be the initiation sites, as in
aluminium alloys [3]. In practical alloys, fatigue cracks tend
to form in persistent slip bands at low stress amplitudes and
at grain boundaries at high stress amplitudes [4]. In persistent
slip bands, fatigue cracks are initiated by the intrusion-
extrusion mechanism, particularly on slip planes oriented in
an oblique direction (e.g., 45°) to the stress axis [4]. It is also
known that different forms of fatigue crack initiation, such
as in persistent slip bands and at grain boundaries, inclusions
and pores, cause the fatigue life to vary [5]. In addition, the
formation of compressive residual stresses and hardened
microstructures in the surface layer by shot peening, etc. can
delay fatigue crack initiation and lead to improved fatigue life
[6]. Therefore, control of the microstructure is important to
increase the resistance to fatigue crack initiation after the
relationships between the microstructure and fatigue crack
initiation mechanisms are understood. Of these mechanisms,
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fatigue crack initiation at inclusions and pores can be
suppressed by relatively simple microstructure control, such
as refining the inclusions and pores and/or reducing their
number density. Control of the remaining persistent slip
bands and grain boundaries is less straightforward, as they
are related to various aspects of the polycrystalline micro-
structure, such as the crystal orientation and grain size and
shape.

The effects of the grain size [7], Schmid factors related to
the crystal orientation [8] and grain boundary characteristics
[9] on fatigue crack initiation have been investigated via
surface observation. Prediction of S-N curves based on such
information has been attempted [10]. Image-based crystal-
plasticity finite element analysis has also been used to
understand the experimental results [11]. Understanding the
influence of polycrystalline microstructures is particularly
important for titanium alloys, in which the slip system is
limited compared to steel and aluminium. For example, Liu
et al. investigated the fatigue crack initiation behaviour in
titanium alloys with a bimodal microstructure and studied
the relationships of crack initiation at basal planes with the
Schmid factor and the angle between the loading axis and
the c-axis [12]. However, all previous experimental and
analytical evaluations have been two-dimensional, relying
on surface information, and the formation of slip zones, etc.
has only been qualitatively interpreted [8].

The authors have proposed a statistical analysis method
in which various morphological and crystallographic factors
describing microstructures are taken as microstructural
design variables, and their relationships with an objective
function describing deformation, damage and fracture are
described by a metamodel [13]. This allows a limited number
of design variables with a strong correlation with the
objective function to be extracted and the values of the
design variables describing the optimum or weakest micro-
structure to be obtained, thus allowing efficient design of
microstructures. In a specific method, the values of the
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various design variables are directly measured via high-
resolution 3D imaging, and if necessary, 3D image-based
simulation is used to predict the values of the target variables
for analysis. The influence of the particles dispersed and
polycrystalline microstructure of aluminium on the material
strength and hydrogen embrittlement was analysed using
this method [14-17]. In the present study, this method
was applied to the problem of fatigue crack initiation in
titanium alloys, with the aim of quantitatively presenting a
microstructure with superior resistance to fatigue crack
initiation.

2. Experimental and Analytical Methods

2.1 In-situ observation of fatigue crack initiation

The material analysed was the same Ti-6Al-4V alloy as
that previously reported [18, 19]. The received material was
hot rolled at 800°C and annealed at 900°C for 96 hours. The
specimens have a bimodal microstructure consisting of the
o phase and a + B lamellar phase. The volume fraction of
the o + P lamellar phase is 35%, and the average grain size
of the a phase is approximately 20 um. The plate specimens
were electropolished, and seven fatigue specimens with the
same geometry (cross-section of 500 um x 500 um) as that
previously reported were prepared [18, 19].

Based on the S—N diagram in Fig. 1, the maximum stress
was set to 700MPa or 750MPa, -corresponding to
approximately 80% or 86% of the 0.2% proof stress of the
material, and a sinusoidal loading waveform with a stress
ratio of R = 0.1 and a frequency of 15 Hz was applied. After
20,000 loading cycles were applied to all specimens, crack
initiation was observed in 3D via projection X-ray computed
tomography (CT). When cracks were not observed, the
number of cycles was increased by 5000 each time to see
if crack initiation occurred. During the observation, a load
equal to 50% of the maximum fatigue stress was applied to
facilitate crack detection. The observations were performed
at the high-resolution imaging beamline BL20XU at the
synchrotron radiation facility SPring-8. The X-ray energy
used was 30keV, and the exposure time was 50ms. 3D
images with a voxel size of 0.49 um® were reconstructed from
1800 projected 2D images acquired with a camera length of
53mm. The effective spatial resolution was approximately
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Fig. 1 S-N diagram obtained at R = 0.1 and a frequency of 15 Hz.

1 um, which is the theoretical spatial resolution of projected
X-ray CT.

Initially, the a and o + B phases were separated by a
segmentation process, followed by Watershed processing to
estimate the locations of grain boundaries. After fatigue tests,
the specimens were not fractured and the electron backscatter
diffraction (EBSD) serial sectioning method was used to
obtain more accurate information on the locations and
morphologies of the grain boundaries to correct the post-
watershed images. The slice thickness of the 3D polycrystal-
line microstructure images obtained by serial sectioning was
Sum, and the step size of the EBSD measurements was
0.7 pm.

2.2 Statistical analysis of fatigue crack initiation

To correlate the individual grain and grain boundary
properties obtained by 3D imaging with the presence or
absence of, and susceptibility to, fatigue crack initiation, the
polycrystalline microstructure in relation to fatigue crack
initiation was quantitatively evaluated with numerous design
variables. When fatigue crack initiation occurred within the
grains, the initiation locations were restricted to within the a
phase. Therefore, 22 design variables describing the geo-
metric and crystallographic features of the o phase grains
were prepared, as shown in Table 1. In contrast, when fatigue
cracks initiated at the grain boundaries, it was observed in the
specimens that the cracks initiated at a grain boundary
between two a phase grains. Therefore, 20 design variables
describing the geometric and crystallographic information
of the two a phase grain pairs were prepared, as also shown
in Table 1. Coarsening was then performed using principal
component analysis and global sensitivity analysis, taking
into account the similarity between the design variables and
their correlation with the objective function. Details of the
methodology can be found in a previous report [13].

The presence and ease of fatigue crack initiation was
quantified and used as the objective function, 7, to be
optimised. Specifically, the following equation was used.

_ {700V (log Ny
=) (v ®

where o is the maximum stress under fatigue loading, N is the
number of the cycle at which fatigue crack initiation was first
observed, and Ny, is the minimum value of N in the grains
where fatigue cracks were observed. In a phase grains where
no fatigue crack initiation was observed, / = 0 was assumed.
All the design variables and the objective function were
dimensionless so that the upper 5% and lower 5% of the
points in the distribution of the values of each design variable
and the objective function were between 0 and 1 [13].

The relationship between the o phase polycrystalline
microstructure and fatigue crack initiation resistance was
modelled by meta-modelling using the few design variables
that were ultimately selected. Because the amount of fatigue
crack initiation data in this study is limited, a support vector
machine was used, which could accurately represent the
output data from a limited amount of input data. After the
optimum values of the selected design variables were
determined (i.c., the values that can minimise the objective
variable), the relationship between any two design variables
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Table 1

Design variables for transgranular and intergranular fatigue crack initiation.

Transgranular crack initiation

Category Variables Remark
L Grain Shape  f; = W, /L, Length to width ratio in the x-y plane
L=W,IT, Shape elongation in the loading direction (y-z plane)
=L T, Shape elongation perpendicular to the loading direction (x-z plane)
fi=6ym % Shape deviation from a sphere expressed with V and §
fs = 48m? % Shape deviation from a sphere expressed with /" and M
fo=4m % Shape deviation from a sphere expressed with S and M
f,=216 ‘;_: Shape deviation from a cube expressed with V and §
fy =288 % Shape deviation from a cube expressed with /" and M
fo=16 % Shape deviation from a cube with S and M
Ge? Elongation index
S0 = 72[1 £
6V
M Integral of mean curvature
II. Grain size L, Length in the x direction
w, Width in the y direction
T, Thickness in the z direction
A Surface area
14 Volume
D Diameter
G Geodesic distance on grain surface
IIL. Orientation BS Basal Schmid factor
PS Prismatic Schmid factor
PyS Pyramidal Schmid factor
S Maximum Schmid factor among BS, PS and PyS

Intergranular crack initiation

1. Shape F,F,, F; Ratio of aspect ratios of grains expressed with £, £, and f;
F, Fs, Fq Ratio of spherical deviations of grains expressed with f,, f5 and f
F,, Fg, Fy Ratio of cubic deviations of grains expressed with £, f; and f,
F Ratio of elongation indices
Ry Ratio of integral of mean curvature
II. Grain size R, Ratio of surface area
Ry Ratio of grain volume
R Ratio of diameter
Rg Ratio of geodesic distance
III. Orientation Rgg Ratio of basal Schmid factor values
Ry Ratio of prismatic Schmid factor values
Rpys Ratio of pyramidal Schmid factor values
Ry Ratio of maximum Schmid factor values

Misorientation angle between neighbouring grains
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and the objective function was visualised using response
surface methodology. In this case, the design variables not
used to construct the response surface were held constant at
their respective optimum values. The details of the meta-
modelling process are also described in a previous paper [13].

3. Results and Discussions

3.1 Fatigue test results

Figure 2 shows 3D X-ray CT images of specimen gauge
sections. The titanium matrix and its microstructure are
obscured, and only the fatigue cracks are shown. A total of 13
fatigue cracks were observed in 5 specimens. In specimens B
and G, multiple fatigue crack initiation was observed after
20,000 cycles. In contrast, the initiation of only one fatigue
crack was observed in specimens A and C up to 35,000
cycles. The geometric and crystallographic information of
the o phase grains or grain boundaries at which three
identified transgranular cracks and six intergranular cracks
were generated was obtained by EBSD serial sectioning.
Additionally, 257 randomly selected o phase grains in which
fatigue cracks did not develop were also selected for analysis.

3.2 Coarsening

Figure 3 and Fig. 4 summarise the coarsening results for
transgranular and intergranular cracks. First, in terms of
the removal of similar design variables, combinations for
which the angle between the eigenvectors of the two design
variables was less than 5° (Fig. 3(a) and (b)) were extracted
by principal component analysis, and the design variables
with smaller contributions were removed. In addition, a
global sensitivity analysis was applied to the remaining
design variables, and they were ordered by the correlation
coefficients, as shown in Fig. 4(a) and (b). For transgranular
cracking, the design variables correlated with fatigue crack
initiation were all related to the grain shape. There was also
a weak correlation with the crystallographic orientation and
little correlation with the grain size. For transgranular
cracking, the metamodels with high correlation coefficients,
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Fig. 2 3D morphologies of fatigue cracks immediately after their initiation.
X-ray CT images were volume rendered to show the locations and 3D
morphologies of the fatigue cracks in each specimen. (online color)

i.e., M (integral of the mean curvature of the grain surface),
f6 (spherical deviation of a grain), f; (aspect ratio of a grain in
the x-y plane), f3 (aspect ratio of a grain in the x-z plane),
/7 (cubic deviation of a grain) and BS (Schmid factor for basal
slip), were selected to generate a metamodel.

In contrast, for intergranular cracks, there was a strong
correlation with the crystallographic orientation and a weak
correlation with the grain shape and size. The correlation
coefficients for RS (maximum Schmid factor ratio of two
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Fig. 3 Results of the first-stage coarsening process for design variables using principal component analysis for both (a) transgranular and

(b) intergranular fatigue crack initiation. (online color)



Assessment of Fatigue Crack Initiation Behaviour in Ti-6A1-4V Alloy Using a Coarsened Surrogate Model

977

lShape M Spatial distribution

Size
M
Je
g
g A5
&
g fi
5 BS
A PS
V
TZ

0.1 0.2
Pearson correlation coefficient

0.0 0.3

(a) Transgranular crack

Design parameters
=
P

01 02 03 04
Pearson correlation coefficient
(b) Intergranular crack

0.0 0.5

Fig. 4 Results of the second-stage coarsening process for design variables using global sensitivity analysis for both (a) transgranular and

(b) intergranular fatigue crack initiation. (online color)

grains across a grain boundary), F (spherical deviation ratio
of two grains across a grain boundary, defined using the
volume and surface area), F'| (ratio of the aspect ratios in the
x-y plane of two grains across a grain boundary), F, (ratio of
the aspect ratios in the y-z plane of two grains across a grain
boundary), Rg;, (ratio of the diameters of two grains across a
grain boundary), R, (ratio of the surface areas of two grains
across a grain boundary) and Fs (ratio of the spherical
deviations of two grains across a grain boundary, defined
using the volume and mean curvature) were selected to create
a metamodel.

3.3 Response surfaces between microstructural features
and fatigue crack initiation resistance

Figure 5 illustrates the response surfaces that were created
using the combination of design variables that exhibited the
most evident dependence on the objective function and were
straightforward to comprehend in terms of their physical
meaning, out of the many combinations of design variables
that were ultimately retained. The black data points in the
graphs represent the design variable values for a phase grains
in which cracks formed, while the white data points represent
the design variable values for o phase grains in which cracks
did not form. The yellow points indicate the microstructure
for which the objective function predicted by the metamodel
is the lowest (optimum microstructure). Figure 6 shows the
projection of the response surface curves onto the design
spaces to facilitate location in the design spaces of the
predicted optimum microstructures and the damaged micro-
structures in the fatigue test.
(1) Transgranular cracking

First, attention is given to the response surfaces between
the resistance to transgranular crack initiation and fi/fs in
Fig. 5(a) and Fig. 6(a). The weakest point for fatigue crack
initiation are f; =0 and f; = 0 after normalisation, corre-
sponding to a flattened oblong shape. The optimum point are
f1 =1 and f; = 1 after normalisation, corresponding to flatter
and rather oval grains. This is consistent with the fact that, in
general, o phase grains flattened and elongated in the loading

direction have their internal stresses easily increased and
have a low resistance to fatigue crack initiation. Next, the
Schmid factors for basal slip in Fig. 5(b) and Fig. 6(b), also
for transgranular fatigue cracks, show that the weakest point
occurs at BS = 1 and the optimum point occurs at BS = 0.44,
but the dependence is much lower. This corresponds to the
low correlation coefficient of the Schmid factor for basal slip
in Fig. 4.
(2) Intergranular cracking

The dependence of the objective function for intergranular
crack initiation on Rg, F7, F; and Ry, is shown in Fig. 5(c)—
(d) and Fig. 6(c)—(d). In Fig. 5(c) and Fig. 6(c), the weakest
point correspond to F7 =1 and Rg=0. This indicates a
case in which the shapes of the two a phase grains across a
grain boundary are similar in terms of spherical deviation and
in which the maximum Schmid factors of the two a phase
grains across the grain boundary are extremely different. This
corresponds to the case in which the Schmid factor of only
one grain is practically large in the experimental data. In
contrast, the optimum crystallographic microstructure in
terms of intergranular fatigue crack initiation corresponds
to F7=0.39 and Rs=0, iec., when the grain shapes,
quantified by the spherical deviation, for the two o phase
grains across a grain boundary are different and when the
difference in the Schmid factors of the two o phase grains is
large. The response surface has a larger slope near the
optimum point, whereas the areas of the F; and Rg values
near the weakest point are larger. This suggests that precise
microstructural control is required to improve the fatigue
crack initiation resistance. In Fig. 5(d) and Fig. 6(d), the
dependence on Ryg;, is relatively small, which corresponds to
the relatively low correlation coefficient of Ry, for basal slip
in Fig. 4. The weakest point corresponds to Ry, = 1 (the two
a phase grains across a grain boundary are of similar sizes),
and the optimum point corresponds to Ry, = 0 (the difference
in the size between the two grains across a grain boundary
is the maximum). Figures 5(e) and 6(e) show that the
dependence on F is also relatively small compared to that
on F7. The weakest point corresponds to F; = 0.67, and the
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Fig. 5 3D response surface curves for (1) transgranular and (2) intergranular fatigue cracks. A representative combination of a couple of
selected design variables and the objective function (i.e., the susceptibility to fatigue crack initiation) are shown in each figure. The levels
of the objective function values of the response surface curves are expressed as colour contours. (online color)

optimum point corresponds to F} = 0. Thus, grains with
similar aspect ratios are more prone to fatigue cracking.

3.4 Interpretation of the findings and their industrial
applications

To wvisually and intuitively understand the statistical
analysis results, the o phase grains and grain pairs
sandwiching grain boundaries closest to the weakest and
optimal microstructures predicted by the metamodels in
Fig. 5(a)-(d) were extracted and are shown as 3D
representations of X-ray CT images in Fig. 7. Intuitively,

Fig. 7(a)—(b) shows that transgranular fatigue crack initiation
is more likely to occur in o phase grains with retarded
recrystallisation and coarse and distorted shapes that are
elongated in the loading direction. The complexity of the
grain shape promotes crack initiation due to strain local-
isation. Coarse o phase grains also initiate slip deformation
earlier, forming larger slip displacements and facilitating
crack initiation. Conversely, relatively fine o phase grains
that have been suppressed in growth due to the pinning effect
of grain boundary particles or immediately after the onset of
recrystallisation can be said to have a greater resistance to the
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Fig. 6 3D response surface curves projected onto the design spaces for (1) transgranular and (2) intergranular fatigue cracks. A
combination identical to that in Fig. 2 of a couple of selected design variables and the objective function are shown in each figure. The
levels of the objective function values of the response surface curves are expressed as colour contours. (online color)

initiation of fatigue cracks. The reason why grain size is not
included in the extracted design variables is that there is
originally a high correlation between the grain shape and
size, which is described by the shape variables with a greater
contribution in the metamodel. In fact, the equations for
design variables f;—fj¢p include some size-related design
variables. The occurrence of transgranular fatigue cracks
was unexpectedly found to be less sensitive to the
crystallographic orientation. This suggests that the orientation

of the basal planes alone does not dictate fatigue crack
initiation, as fatigue crack initiation may also occur on the
pyramidal and prismatic planes.

Additionally, regarding the occurrence of intergranular
fatigue cracks, the probability increases when there are
adjacent o phase grains of similar size, shape and Schmid
factor, as shown in Fig. 7(c)—(d). In particular, if the Schmid
factors of the a phase grain pair are both high and if the two
grains across a grain boundary both undergo early principal
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Fig. 7 The actually observed grains and grain pairs closest to the weakest
and optimal microstructures predicted by the metamodels in Fig. 3(a)—(d)
were extracted and are shown as 3D representations of X-ray CT images.
(online color)

slip, then the mismatch in deformation at the grain boundary
will be large because an orientation difference in the principal
slip system will statistically appear. This is thought to be
an important driving force for intergranular fatigue crack
initiation.

The above findings are further discussed in relation to the
actual microstructural control processes of metallic materials.
Transgranular fatigue cracking is more likely to occur in a
phase grains with retarded recrystallisation and coarse and
distorted geometries that are elongated in the loading
direction. The recrystallisation rate is influenced by alloying
elements, temperature and time. Some recrystallisation is
necessary, but too much coarsening after recrystallisation
can actually reduce the resistance to transgranular fatigue
cracking, especially if there are discrete particles that can
confine the recrystallisation. In terms of intergranular fatigue
cracking, a bimodal polycrystalline microstructure with
moderately advanced recrystallisation is preferable. Search-
ing for the optimum bimodal microstructure while being
aware of any reduction in the resistance to transgranular
fatigue cracking is therefore important.

The evaluation of the grain size and sphericity based on 2D
morphological information of cross sections obtained using
scanning electron microscopy or other means has been the
basis of conventional microstructure control. In this study,
3D observations of the polycrystalline microstructure were
carried out, and when transgranular fatigue crack initiation
was observed, the design variables M, f, fi, f3, f7 and BS,
which are highly correlated with the crack initiation
resistance, were measured. Control of the 3D geometry of
the crystal grains was found to be particularly important. In
contrast, Rs, F7, Fy, F3, Rgia, Ra and F5 are important when
intergranular fatigue crack initiation is observed, and control
of the distributions of the grain shape and grain orientation
by controlling the recrystallisation process is useful. The
combination of 3D observation and 3D quantitative
evaluation of the crystallographic orientation and grain
properties is expected to enable more efficient suppression
of fatigue crack initiation than ever before. In this study,
X-ray CT using synchrotron radiation was used for this
purpose. This technique is difficult to use in routine material
design and evaluation processes. Recently, however, 3D
morphological and crystallographic information of grains has
been obtained at the laboratory level using EBSD serial
sectioning and diffraction contrast tomography (DCT)
methods [20]. The microstructure control described above
is expected to become more realistic through the use of these
methods.

4. Conclusion

In this study, the microstructure and fatigue crack initiation
process of a Ti-6Al-4V alloy were measured using a
multimodal approach combining synchrotron X-ray CT and
EBSD serial sectioning. A variety of microstructural design
variables describing the shape, size and crystallographic
information of the polycrystalline microstructure were
generated, and a limited number of design variables that
strongly correlated with fatigue crack initiation were
extracted. A statistical analysis method was then used to
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describe the relationship between these variables and the
objective function describing the fatigue crack initiation
resistance in a metamodel. The design variables with high
correlations were identified for both transgranular and
intergranular fatigue cracking, and the values of the design
variables describing the optimum or weakest microstructure
were obtained to quantitatively represent the microstructure
with excellent resistance to fatigue crack initiation. This
approach is expected to provide much more efficient
microstructure control than conventional microstructure
control.
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