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Statistical realizations of three-dimensional digital microstructures with dif-
ferent crystallographic orientation distributions, grain shapes, and grain size
distributions are subjected to uniaxial cyclic straining to compare the cases of
bulk and free surface on driving forces for fatigue crack formation. Crystal
plasticity finite element simulations are conducted using both fully periodic
(more representative of the bulk) and traction-free (i.e., free surface) boundary
conditions for duplex Ti-6Al-4V and rolled Al 7075-T6. Following elastic–
plastic shakedown, mesoscale volume-averaged fatigue indicator parameters
(FIPs) are computed within fatigue damage process zones of grains and are fit
to known extreme value distributions (EVDs). Owing to differences in crys-
tallographic slip symmetry, FIPs for fcc Al 7075-T6 statistically occur much
closer to the traction-free surface than for hcp Ti-6Al-4V. Additionally, surface
versus bulk EVDs of FIPs vary differently for the two material systems,
indicating a coupled role of microstructure and surface proximity that had not
been previously elucidated.

INTRODUCTION

Understanding the physical mechanisms that
govern fatigue behavior of polycrystalline duplex
Ti-6Al-4V (Ti64) and Al 7075-T6 (Al7075) is crucial
in naval aviation applications. Al7075 is a precip-
itation-hardened alloy used extensively in aero-
space structural applications because of its high
strength and low density. In applications that
demand additional strength with cost as a sec-
ondary factor, Ti64 is used for its high-temperature
strength, corrosion resistance, and high strength-
to-weight ratio. Due to increased anisotropy of the
hcp crystal structure, crystallographic effects dom-
inate Ti64, whereas the increased symmetry of fcc
Al7075 renders it more sensitive to grain morphol-
ogy. As such, the mechanisms of fatigue crack
formation and growth in the high cycle fatigue
(HCF) regime differ for these alloys and depend on
their microstructure attributes. The presence of a
free surface exerts additional influence beyond that
of bulk interactions, which may significantly affect

driving forces for fatigue crack formation.1,2 This
effort builds on a previous study by Przybyla and
McDowell,3 in which driving forces for surface
versus subsurface fatigue crack formation were
examined for different Ti64 microstructures.
Microstructure-sensitive crystal plasticity finite
element method (CPFEM) models are used to
assess the surface and bulk responses of these
two alloys.

The effect of certain microstructure attributes on
fatigue life is clear: a finer grain size leads to
improved fatigue resistance due to shorter mean
free paths for slip, and grain boundaries promote
retardation of crack growth.4 However, the effects of
other key attributes (crystallographic texture, grain
shape, and grain size distribution) are not obvious
or intuitive, particularly regarding how neighboring
grains/phases affect slip near the free surface. This
work explores interactions between these key
microstructure attributes, comparing the effects of
bulk and free surface cases on driving forces for
fatigue crack formation in Ti64 and Al7075.
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METHODOLOGY

To examine the interactions among crystallo-
graphic texture, grain shape, and grain size varia-
tion and how they are affected by the presence of a
free surface, different variants of Ti64 and Al7075
microstructures are instantiated with the open
source Dream.3D5 software. Statistical volume ele-
ment (SVE) ensembles are subjected to fully
reversed cyclic straining using CPFEM models
specific to each alloy. Volume-averaged fatigue
indicator parameters (FIPs) are calculated within
damage process zones of each grain, with reference
to specific slip systems. FIPs are used as surrogate
measures for driving forces for fatigue crack forma-
tion. Due to the rare-event nature of fatigue, these
FIPs are fit to known extreme value distributions
(EVDs) to distinguish and rank order the minimum
fatigue resistance of variant microstructures as a
function of loading and boundary conditions. FIPs
from the simulations with traction-free boundary
conditions are located with respect to their distance
from the SVE boundary to assess the relative
influence of the free surface on fatigue crack
formation compared with bulk microstructure.

Dream.3D Microstructure Generation

Dream.3D5 is used to instantiate ensembles of
SVEs for different microstructure variants of Ti64
and Al7075 for use with the CPFEM models. Typical
CPFEM simulation outputs include fields of stress,
strain, and inelastic strain, from which common
macroscopic quantities of interest may be deter-
mined, such as elastic stiffness or yield strength.
The size of the representative volume element
(RVE) for these particular macroscopic quantities
is relatively small compared with that for local
responses such as maximum cyclic plastic strain
and local driving forces such as FIPs for fatigue
crack formation due to their rare-event nature.6,7

Accordingly, ensembles of statistical samples (i.e.,
SVEs) are used to compute the statistical distribu-
tion of FIP responses.8 Each SVE ensemble consists
of 30 SVEs, and unique SVE instantiations are
employed for both fully periodic (representative of
bulk material response) and traction-free (i.e., free
surface on one set of parallel faces) simulations. The
latter condition is representative of a sheet of
material with a relatively high surface area-to-
volume ratio. It is therefore important to establish
that the sheet thickness is large enough to capture
near-bulk conditions at the center. SVE instantia-
tions for both material systems are cubic with (30)3

elements.
The Ti64 SVEs vary in both texture and grain size

distribution, whereas composition is held constant
at 50% a phase and 50% a + b colony phase. Ti64
textures are chosen based on previous work and
literature, and they include b-annealed (determined
by EBSD and achieved by annealing above the a–b
transus temperature and cooling at an appropriate

rate9,10), random (typical of powder metallurgy
components), and basal-transverse and transverse
(because of unidirectional rolling at 800�C and
960�C, respectively11,12). Orientation distribution
function (ODF) pole figures are shown in Fig. 1.
The lognormal grain size is set to 60 ± 15 lm for
simulations comparing the effects of different tex-
tures and straining directions, whereas simulations
aimed at comparing the effects of grain size distri-
butions employ an average lognormal grain size of
60 lm with standard deviations of 10 lm, 20 lm,
and 30 lm using the random and transverse tex-
tures. These two textures are chosen to study the
effects of grain size distribution because they rep-
resent the extremes of the Ti64 textures simulated.
Regarding the effects of grain size distribution, the
random texture is uniaxially strained only in the X
direction, whereas the transverse texture is uniax-
ially strained in the X and Z directions [left–right
and into-out of the page direction relative to the
0001h i (leftmost) pole figure in Fig. 1d, respectively;

this convention is retained throughout this work].
The cubic SVE volume is set to (300 lm)3, with an
average of 264 grains per SVE. In addition to ODFs,
Dream. 3D also incorporates misorientation distri-
bution functions to consider target grain disorien-
tation distributions.

Three textures of Al7075 are chosen, which
include cubic (observed after recrystallization or
homogenization heat treatment13), random, and
rolled (observed after cold rolling14); ODF pole
figures are shown in Fig. 1. The lognormal grain
size is set to 14 ± 2 lm for simulations comparing
the effects of different textures and grain elonga-
tion. An average lognormal grain size of 14 lm with
standard deviations of 2 lm, 4 lm and 6 lm is used
to study the effects of grain size distributions for the
three Al7075 textures with equiaxed grains. Zhao
and Jiang15 found the Al7075 grain elongation ratio
after cold working to be as severe as 7:1:1, and so a
range of grain elongation ratios was chosen to study
their effect on fatigue response, which includes 1:1:1
(equiaxed), 3:1:1, 5:1:1, and the experimentally
observed 7:1:1. The cubic SVE volume is set to
(75 lm)3, with an average of 278 grains per SVE.

Crystal Plasticity Finite Element Method
Models

The microstructure-sensitive CPFEM models
employ a multiplicative decomposition of the defor-
mation gradient, a rate-sensitive power law slip
system flow rule, and associated hardening
rules.16–18 The models are implemented as User
MATerial (UMAT) subroutines into the ABAQUS19

finite element package. Hennessey et al.16 investi-
gated various constitutive models for the mechan-
ical modeling of Al7075, specifically considering
different back stress formulations for the crystal
plasticity. The model was calibrated to match
experimental stress–strain data, including
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asymmetric strain-controlled cycling and mean
stress relaxation behavior. The initial Ti64 crystal
plasticity model, which accounted for three-dimen-
sional slip system geometry and microstructure
variation such as dislocation structure and crystal-
lographic texture, was developed by Mayeur and
McDowell.17 Although Ti64 colony grains consist of
alternating laths of secondary a and b phases, they
are homogenized because of computational con-
straints.17 Zhang et al.18 expanded the constitutive
model to capture length scale effects associated with
dislocation interactions between various
microstructure features for both monotonic and
cyclic loading. Smith et al.10 calibrated elastic
constants, critical resolved shear stress (CRSS)
values, and other power law flow rule parameters.
One of the limitations of these models is that slip
transfer between grains/phases is not explicitly
considered, whether within a–b colonies or at a–a
or primary a boundaries with colonies; these inter-
faces are treated as impenetrable to slip in this

present model. Hence, detailed digital rendering of
grain/phase boundaries is not warranted in the
present work.

Loading Parameters

Simulation parameters are held constant for both
alloys. Three fully reversed (Re ¼ �1) uniaxial
straining cycles are applied at a strain rate of
0.001 s�1 to a maximum strain of 0.8% (correspond-
ing to HCF conditions, in which loading at the
macroscale is below the polycrystal yield point of the
materials considered), with zero initial strain and
zero initial back stress, to promote elastic–plastic
shakedown. Preliminary analysis has shown that
volume-averaged FIPs vary by < 1% after addi-
tional straining cycles, and so three cycles suffice for
elastic–plastic shakedown (and FIP saturation).
Loading is quasi-static, and the strain rate is used
to determine the time step for the simulations.
Temperature is assigned as 300 K and straining is

Fig. 1. Sample SVE instantiations for equiaxed Ti-6Al-4V (top left) and rolled Al 7075-T6 (7:1:1 grain elongation ratio) (top right). From left to
right: 0001h i, 1010h i and 1210h i ODF pole figures for Ti-6Al-4V textures: (a) b-annealed, (b) basal-transverse, (c) random, and (d) transverse.
001h i, 011h i and 111h i ODF pole figures for Al 7075-T6: (e) cubic, (f) rolled, and (g) random.
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initiated in compression. The traction-free surfaces
for Al7075 are normal to the Z-axis, so that the free
surface is representative of the normal direction
relative to the rolling process, while straining is
performed in the X-axis, representative of the
rolling direction. The traction-free surfaces for
Ti64 are set normal to the Y-axis, and uniaxial
straining is performed in the X- and Z-axis. These
straining directions are studied in Ti64 because the
strong anisotropy of the hcp crystal structure is
expected to cause pronounced effects of load
orientation.

Fatigue Indicator Parameters

The use of FIPs as surrogate measures for the
driving force to form fatigue cracks has been
extensively documented.8,20,21 Fatemi and Socie22

proposed a critical plane-based FIP, defined as

FIPFS ¼
Dcmax

p

2
1 þ k

rmax
n

ry

� �
ð1Þ

where Dcmax
p is the maximum cyclic plastic shear

strain range, rmax
n is the peak stress normal to the

slip plane of Dcmax
p ,ry is the macroscopic yield

strength of the material, and k is a constant that
controls the influence of the normal stress; k is
typically between 0.5 and 1. McDowell and Berard23

showed that FIPFS can be used to correlate the rate
of microcrack propagation by analogy to the DJ-
integral of elastic–plastic fracture mechanics. Sev-
eral types of FIPs can be defined,20 which may aim
to model crack formation along slip bands within
individual grains or crack formation along grain
boundaries because of the accumulation of net
plastic strain, which leads to intergranular fatigue
crack formation and growth. Other fatigue param-
eters include measures of local stored energy
density.24

Castelluccio and McDowell25 reported close cor-
relation between a crystallographic version of the
Fatemi–Socie FIP (FIPa) and the cyclic crack tip
displacement range (DCTD) for cracks lying along
the interface of slip bands and matrix in a single
crystal and in homogeneous single crystals. This
allows for the use of a relatively coarse mesh to
compute FIPa, whereas measurements of DCTD
would require highly refined elements, which would
be computationally prohibitive. Consequently, FIPa

serves as a surrogate measure of fatigue crack
formation driving force within individual grains and
is defined as

FIPa ¼
Dcap
2

1 þ k
ran
ry

� �
ð2Þ

where Dcap is the range of cyclic plastic shear strain
on slip system a without ratcheting,21 with the peak
stress normal to this slip plane defined as ran. Here,
k and ry retain their meaning from Eq. 1. While

FIPFS is calculated using the stress and plastic
strain tensors at each element, FIPa is calculated
using quantities specific to each slip system. In this
work, FIPa values are computed based on Dcap and ran
calculated during the final straining cycles with k ¼
1 for Ti64 and k ¼ 10 for Al7075 (this higher value
of k was previously determined to correlate better
between various loading conditions of Al7075 to
experimental fatigue lives26). The effect of the
parameter k on the fatigue rank ordering of
Al7075 is examined later. Hereafter, we will focus
on FIPa and refer to it simply as FIP.

FIPs are computed for each element integration
point in the discretized microstructures and must be
appropriately volume averaged, since fatigue crack
formation occurs over some finite damage process
zone. This also alleviates mesh sensitivity via
regularization.25,27 The averaging volume is held
fixed across different simulations so that appropri-
ate comparison can be made between different
textures, grain morphologies, and loading condi-
tions. Although FIPs may be averaged over entire
grains, this smears out extreme values of individual
element FIPs. Additionally, different grain size
distributions will lead to different averaging vol-
umes. Castelluccio and McDowell27,28 introduced
the concept of grain ‘‘banding,’’ in which the digital
grains of SVEs are split into bands representative of
the material’s crystallographic slip planes to be used
as the volume-averaging domains (see Fig. 2a).
Band width is usually maintained at one or two
elements. This reduces the FIP averaging domain to
regions within the grain, but results in bands of
significantly varying volumes. In this work, each
grain is banded as proposed by Castelluccio and
McDowell, but the bands are then further divided
into sub-band regions (see Fig. 2b). Each band is
analyzed so that combinations of a selected number
of adjacent elements (in this work, eight) may be
identified and designated as unique sub-band
regions. Volume averaging then takes places over
these regions, providing a regularized volume-aver-
aging scheme and an associated non-local FIP.

The 12 octahedral slip systems of the fcc crystal
structure have identical initial resistance to slip and
consist of four slip planes, each with three slip
directions. Grains of fcc Al7075 are banded along
these four planes, as shown in Fig. 2a. In contrast,
the low symmetry of the Ti64 hcp crystal structure
results in slip systems with different CRSS values;
slip activity is dominated by the basal and prismatic
slip systems because of their relatively lower CRSS
values.10,18 Because the pyramidal slip systems in
Ti64 are more difficult to activate, their slip planes
are not included in the banding process to compute
associated FIPs. Ti64 grains are banded along the
single basal and three prismatic slip planes; exper-
imental findings show that fatigue crack formation
and growth in Ti64 occur predominantly on these
slip systems.29,30
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Extreme Value Statistics

For each SVE ensemble, the single highest sub-
band averaged FIP of each grain is identified. These
FIPs are compiled and fit to the Gumbel (type I)
EVD,3,31–33 defined as

FYn
ynð Þ ¼ exp �e�an yn�unð Þ

h i
ð3Þ

where FYn
ynð Þ is the probability that the value Yn

will be £ yn, un is the characteristic largest value of
the sampled population, and an is an inverse
measure of dispersion of the largest value of the
population. Although each compiled list contains
nearly 8100 FIPs (� 270 grains per SVE for 30
SVEs), the highest 50 are chosen because they are
expected to be most detrimental to fatigue resis-
tance. These highest 50 FIPs from each ensemble
are sorted in ascending order, and their probability
is estimated by

FYj
yj
� �

¼ j� 0:3

nþ 0:4
ð4Þ

where n is the number of FIPs examined and j is the
rank order of the corresponding FIP. For plotting
and regression purposes, the Gumbel distribution is
rewritten as a linear function of y in the form of

ln ln
1

FYn
ynð Þ

� �� ��1

¼ anyn � anun ð5Þ

in which an is the slope and �anun is the y-intercept.
In this linearized form, a true extreme value
Gumbel distribution appears as a straight line.
FIPs from different ensembles fit to this linearized
form of the Gumbel distribution then facilitate the
rank ordering of fatigue resistance between differ-
ent microstructure variants.

RESULTS

To quantify possible effects of the traction-free
surface on cyclic slip intensity, the relative differ-
ence between stress and plastic strain is computed
for 30 Ti64 and Al7075 SVEs representing the same
microstructures with random crystallographic tex-
ture, i.e., 30 SVEs are subjected to uniaxial cyclic
straining with both fully periodic and traction-free
boundary conditions.3 Stress and plastic strain is
then averaged across planes one element thick,
oriented normal to the traction-free boundaries, and
compared between the two sets of simulations. The
relative difference of the stress component in the
direction of applied straining r11 and effective

plastic strain (i.e., eeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=3ð Þep : ep

p
where ep is

the plastic strain tensor) is defined as

Er ¼
xf � xp
		 		

xf
; ð6Þ

where xf and xp represent either the stress or plastic
strain defined above for traction-free and fully
periodic boundary conditions, respectively. The
maximum relative difference at the free surface
for r11 and eeff reaches 0.78% and 22.0% and is as
low as 0.05% and 1.3% in the center of the SVE,
respectively, for Ti64. While there appears to be
some influence of the free surface at the center of
the SVEs, this effect is minimal and compares
favorably with previous work,3 in which the relative
difference of the effective plastic strain remained as
high as 13% at the center of the SVEs. For Al7075,
the maximum relative difference at the free surface
for r11 and eeff reaches 8.0% and 15.3% and is as low
as 6.7% and 6.9% in the center of the SVE,
respectively. The high symmetry of the fcc Al7075

Fig. 2. (a) Banding scheme for an SVE with equiaxed grains that depicts a single grain banded along four different slip planes. (b) Four unique
sub-band regions in the white band are highlighted.
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crystal structure results in stronger interactions
between the microstructure and free surface com-
pared with Ti64. This suggests that further studies
with larger thicknesses might be pursued for
Al7075, thereby allowing for an improved consider-
ation of the change of constraint from the free
surface to the bulk of the material.

Figure 3a and c presents the highest 50 non-local,
sub-band averaged FIPs (hereby referred to simply
as FIPs) compiled from distinct grains for surface
and bulk simulation SVE ensembles of equiaxed
Al7075 that vary solely in texture for k ¼ 10 and
k ¼ 1, respectively. The parameter k (which controls
the influence of the normal stress component in
Eq. 2) affects the resulting FIP magnitudes, but not
the rank ordering of the FIPs. The differences in
FIP magnitudes and importance of the parameter k
are critical when using FIPs to determine crack
growth rates or absolute fatigue lives, as was done
by Castelluccio and McDowell.28,34 However, this
work solely considers the relative rank ordering of
different types of microstructures.

The cubic and rolled textures exhibit the lowest
and highest FIPs, respectively, indicating the rolled
texture’s higher propensity to form fatigue cracks

(for the specific case of uniaxial straining in the
rolled direction). The random texture exhibits mod-
erate FIPs. Free surface effects intensify FIP
response; traction-free boundary conditions
increase FIPs significantly for the random and
rolled textures, but only slightly for the cubic
texture. Additionally, cubic textured FIPs at low
cumulative probabilities tend to merge, whereas
they remain separate at all probabilities for the
random and rolled textures. The ten highest FIPs
from each SVE ensemble are plotted as a function of
their distance from the SVE boundary (i.e., the
centroid of the eight-element sub-band region over
which the FIPs are averaged) to examine possible
interactions between the free surface and crystallo-
graphic texture (shown in Fig. 3b and d). FIPs from
the fully periodic simulations (with labels ‘‘P’’) and
their locations are included to show their tendency
to form throughout the SVE, whereas the traction-
free surface FIPs (with labels ‘‘NP’’) have a much
stronger propensity to lie closer to the free surface.

Elongation of grains in Al7075 due to rolling may
have significant effects on fatigue behavior.15 Fig-
ure 4a and b presents the highest 50 FIPs compiled
from unique grains for surface and bulk simulation

Fig. 3. Gumbel EVD of the highest 50 Al 7075-T6 FIPs (equiaxed grains) with varying texture for surface (NP) and bulk (P) boundary conditions
using (a) k ¼ 10 and (c) k ¼ 1 in Eq. 2. Location of the ten highest FIPs using (b) k ¼ 10 and (d) k ¼ 1 in Eq. 2 with respect to the free surface
(i.e., SVE boundary).
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SVE ensembles of Al7075 with rolled and random
texture, respectively, and varying grain elongation.
FIPs for equiaxed grains (grain elongation ratio of
1:1:1) are the highest in magnitude and steadily
decrease, with the most severe elongation (7:1:1)
exhibiting the lowest FIPs. The random texture is
simulated with only equiaxed and 7:1:1 grain elon-
gation ensembles to verify that the observed effects
are due to grain morphology and are independent of
texture. Recall that uniaxial straining is applied in
the direction of the elongated grains. The potency of
this morphologic effect rivals crystallographic tex-
ture effects for this alloy system. SVEs and grains
with different grain elongation ratios maintain a
constant number of grains and consistent grain
volume statistics, respectively; this additional anal-
ysis is shown in Tables S-1, S-2 and Fig. S-1 (refer to
online supplementary material). Therefore, an
equivalent number of grains is sampled for all
elongation ratios.

Ti64 SVE ensembles are subjected to uniaxial
cyclic straining in both the X and Z directions to
examine the combined effects of a free surface,
crystallographic texture, and uniaxial straining
direction. The highest 50 FIPs for the four Ti64
textures strained in the two directions are shown in
Fig. 5. The random texture is loaded only in the X
direction, because no difference is expected in the
FIP response between different straining directions.
In contrast to Al7075, there is only a slight increase
in FIP magnitude between surface and bulk loading
conditions; the transverse texture strained in the Z
direction (T-Z) shows little, if any, increase. This
same texture strained in the X direction (T-X),
however, results in the highest FIPs observed and
correlates with experimental findings by Peters
et al.,11 who found that this combination of texture
and loading direction resulted in the lowest fatigue
strength out of the five they considered. This same
experimental study, however, did not exhibit the

Fig. 4. Gumbel EVD of the highest 50 Al 7075-T6 FIPs for (a) rolled and (b) random texture with varying grain elongation for surface (NP) and
bulk (P) boundary conditions.

Fig. 5. Gumbel EVD of the highest 50 Ti-6Al-4V FIPs with varying texture (b-annealed, B; basal-transverse, B/T; random, R; transverse, T) and
straining direction (X or Z directions relative to 0001h i ODF pole figure in Fig. 1) for surface (NP) and bulk (P) boundary conditions.

Stopka and McDowell34



superior performance of the T-Z texture shown
here, which may indicate that FIPs below a certain
threshold may not serve as adequate surrogate
measures for fatigue crack formation driving force
(many of the T-Z FIPs are close to zero). Conversely,
the b-annealed texture exhibits little difference
regarding the straining direction, whereas the
basal-transverse texture shows intermediate sensi-
tivity. Although the Transverse texture strained in

the Z direction manifests the lowest FIPs, other
factors must be considered in the process of material
selection and component design. This texture’s high
sensitivity to straining direction may create issues
for the fatigue design of components if not
accounted for. Additionally, performance require-
ments such as elastic stiffness and yield strength
must be considered; the transverse texture loaded in
the Z direction exhibits the lowest stiffness and

Fig. 6. Gumbel EVD with varying grain size variation for the highest 50 Al 7075-T6 FIPs of (a) cubic, (b) random, and (c) rolled texture and the
highest 50 Ti-6Al-4V FIPs of (d) random, (e) T-X, and (f) T-Z texture for surface (NP) and bulk (P) boundary conditions. All grains are equiaxed.
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strength.11 To ensure enough grains are sampled
during FIP compilation, Al7075 and Ti64 FIPs are
fit to the Gumbel EVD using 10 SVEs, 20 SVEs, and
30 SVEs per ensemble. While minor differences are
observed when comparing EVDs of FIPs from 10
SVEs and 20 SVEs per ensemble, there is little
difference in FIP position and no difference in the
rank ordering observed in the figures when com-
paring EVDs of FIPs from 20 SVEs and 30 SVEs per
ensemble. Therefore, we conclude that ensembles of
30 SVEs are sufficient for the rank ordering of

textures, grain morphologies, and straining direc-
tions (with the specified number of grains per SVE
used in this study). However, the different number
of slip systems in these two materials may affect
this number, as well as the fact that Ti64 contains
two phases, which may affect the total volume
occupied by the most detrimental phase regarding
fatigue resistance.

The effects of grain size variation in Al7075 for
the cubic, random, and rolled texture are shown in
Fig. 6a–c, respectively. The intent of these

Fig. 7. Number of integration points with a select number of slip systems active (criteria: plastic shear strange range> 0.00001) for (a, d) cubic,
(b, e) random, and (c, f) rolled texture of equiaxed Al 7075-T6 for surface (NP) and bulk (P) simulations. Crystallographic slip is more
homogeneously distributed in the cubic texture compared with the random and rolled textures.
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simulations is to determine how grain nearest
neighbors affect FIP response; a wider grain size
variation will increase the probability that the FIP
value for a grain will be influenced by an increased
number of neighboring grains. The cubic textured
FIPs in Fig. 6a vary at high cumulative probabili-
ties but tend to merge at low to mid cumulative
probabilities; an increase in grain size variation for
traction-free conditions significantly increases FIP
magnitude. In contrast, the FIPs for the traction-
free random texture (Fig. 6b) display a uniform
increase in FIP magnitude at all cumulative prob-
abilities. Lastly, the rolled texture (Fig. 6c) displays
a similar uniform increase in magnitude, which is
exacerbated at the highest cumulative probabilities.
The rank ordering of FIP magnitudes as a function
of grain size variation is non-intuitive and changes
for each texture, indicating non-trivial interactions
among the texture, grain size variation, and influ-
ence of a free surface in Al7075.

Less extreme effects of grain size variation are
observed for Ti64. Little effect of the free surface is
observed in comparing the random and T-X simu-
lations (Fig. 6d and e, respectively), but the rank
ordering of FIP magnitudes is flipped: the largest
grain size variation in random textured SVEs
results in FIPs of the highest magnitude, whereas
they are the lowest for T-X. FIPs calculated for the
T-Z straining condition (Fig. 6f) only vary at the
highest cumulative probabilities and merge at low
cumulative probabilities, as the FIPs quickly tend to
zero. The non-trivial effects observed for Al7075
hold true for Ti64 and may require advanced
probabilistic frameworks (such as use of extreme
value marked correlation functions) for further
elucidation.32,33

DISCUSSION

FIPs are further examined by considering their
surface proximity in the traction-free simulations.
The average distance from the traction-free bound-
ary of the ten highest Al7075 FIPs from ensembles
varying in texture with equiaxed grains (Fig. 3a)
and grain elongation with rolled grains (Fig. 4a) is
computed. The minimum and maximum average
distances are 3.77 lm and 9.19 lm, respectively,
indicating a strong propensity for these FIPs to
occur near the surface. If the FIPs had no propen-
sity to occur near the free surface, the average
values would be around 18.75 lm (half of 37.5 lm,
which is the maximum distance from the free
surface to the center of the Al7075 SVEs). FIPs
with rolled texture and equiaxed grains are the
highest in magnitude, with the lowest average
distance to the free surface (3.77 lm). However,
this rank ordering between FIP magnitude and
average distance to the free surface does not hold
true for the remaining FIPs. There may be a

threshold on Al7075 FIPs above which the propen-
sity to occur very close to the free surface is
strongest.

For Ti64, the minimum and maximum average
distances are 29.9 lm and 73.4 lm, respectively.
Since the Ti64 SVEs are larger, an average distance
from the surface of 75 lm would indicate negligible
preference for the highest FIPs to occur near the
traction-free boundary (half of 150 lm, which is the
maximum distance from the free surface to the
center of the Ti64 SVEs). Therefore, the Ti64 FIPs
have a much weaker propensity to occur near the
free surface compared with Al7075 FIPs. This
suggests that the increased crystallographic slip
and elastic symmetry of fcc Al7075 result in
stronger interactions between individual grains
and the free surface. In contrast, the low symmetry
of hcp Ti64 appears to result in much stronger
interactions between neighboring grains, which
dominates free surface effects. Additionally, the
Ti64 SVEs are multiphase (50% a phase and 50%
a + b colony phase), whereas Al7075 is single phase.
Rank ordering between FIP magnitude and average
distance from the free surface mimics that of
Al7075, except for the b-annealed texture loaded
in the Z direction; FIPs of higher magnitude appear
to occur closer to the free surface, whereas the
lowest FIPs tend to occur throughout the SVE.

Ti64 FIPs vary mainly at high cumulative prob-
abilities and tend to merge at mid to low cumulative
probabilities (in the majority of textures and strain-
ing directions considered). In contrast, Al7075 FIPs
display clear separation at all cumulative probabil-
ities (excluding the cubic texture, which varies the
least between free surface and bulk boundary
conditions). To investigate these EVD FIP tenden-
cies, the number of activated slip systems in differ-
ent Al7075 textures is analyzed.

For the three Al7075 textures with equiaxed
grains, the plastic shear strain range during the
last loading cycle is extracted for each integration
point and for each of the 12 slip systems. Figure 7
shows the number of integration points with a select
number of slip systems active (defined as having a
plastic shear strain range > 0.00001). While there
is a minor difference between surface and bulk slip
system activation, slip activity is more homoge-
neously distributed in the cubic texture (Fig. 7a and
d), with the greatest number of integration points
having eight active slip systems; four, six, and eight
active slip systems are most prevalent.

CONCLUSION

This work explores differences in EVDs of driving
forces for fatigue crack formation in Al7075 and
Ti64 for a range of microstructure variants for
several uniaxial cyclic straining directions, compar-
ing cases representative of bulk and free surface.
We find that:

Microstructure-Sensitive Computational Estimates of Driving Forces for Surface Versus
Subsurface Fatigue Crack Formation in Duplex Ti-6Al-4V and Al 7075-T6

37



� Different combinations of textures, straining
directions, and surface versus bulk boundary
conditions for the two alloys result in different
rank ordering of fatigue resistance as reflected
by EVDs of FIPs.

� Due to differences in crystal structure and
symmetry, the fcc Al7075 grains interact much
more strongly with the free surface in producing
high FIP values than is observed for hcp Ti64, in
which individual grain/phase interactions dom-
inate and no preference is indicated for surface-
correlated activity.

� FIPs of the highest magnitude have a strong
propensity to occur much closer to the free
surface for Al7075 than for Ti64.

� For uniaxial cyclic straining along the rolling
direction, an increase in grain elongation in
Al7075 results in a corresponding reduction of
FIP magnitudes.

� More homogeneous slip system activation may
alleviate both FIP magnitude and the effect of a
free surface in Al7075, as observed with the
cubic texture.

This computational study points to a clear role for
in situ 3D or 4D experimental studies to further
focus on quantitative correlations of microstructure
with proximity to the free surface in producing
extreme values of lattice distortion and cyclic plastic
deformation in fatigue. In particular, the new
finding of this study of apparent fundamental and
non-intuitive differences in this regard between the
propensity for a high symmetry fcc Al alloy and a
low symmetry hcp Ti alloy to promote elevated
driving forces for fatigue crack formation near the
free surface should be explored experimentally.
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