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Abstract

Fatigue short-cracks in Mg alloys display complex growth behavior due to high

plastic anisotropy and crack path dependence on local microstructural fea-

tures. In this study, the three-dimensional crystallography of short-crack paths

in Mg alloy WE43 was characterized by mapping near-field high-energy X-ray

diffraction microscopy (HEDM) reconstructed grain maps to high-resolution

X-ray CT reconstructions of the fracture surfaces in the crack initiation and

short-crack growth regions of six ultrasonic fatigue specimens. Crack–grain–
boundary intersections were analyzed at 81 locations across the six crack

paths. The basal intragranular, non-basal intragranular, or intergranular char-

acter of short-crack growth following each boundary intersection was corre-

lated to crystallographic and geometric parameters of the trailing and leading

grains, three-dimensional grain boundary plane, and advancing crack front.

The results indicate that crack paths are dependent on the combined crystallo-

graphic and geometric character of the local microstructure, and crack path

prediction can be improved by use of dimensionality reduction on subsets of

high-linear-correlation microstructural parameters.
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Highlights

• Three-dimensional short-crack growth was characterized with near-field

HEDM and X-ray CT.

• Intragranular crack growth character correlates to favorable alignment for

slip activity.

• Intergranular crack growth displays low association to local crystallography.
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• Short-crack path predictions can be improved through PCA of microstruc-

tural parameters.

1 | INTRODUCTION

Short-crack growth, or crack growth on length scales
equivalent to local microstructural features, is an impor-
tant component of the total fatigue lifetime of structural
parts, particularly in the high and very high cycle
regimes.1 In comparison to long fatigue cracks, microstruc-
turally short-crack paths and growth rates are sensitive to
local lattice orientations, microstructure features, and
micromechanical states.2,3 Short-crack growth direction is
further influenced by dislocation behavior ahead of the
crack tip and the interaction between the advancing crack
front (CF) and grain and phase boundaries, resulting in
complex and tortuous growth paths. In Mg alloys, short-
crack growth paths are particularly complicated due to
anisotropic plastic deformation behavior and the ease of
both intragranular crack propagation, or crack growth
through grains, and intergranular crack propagation, or
crack growth along grain boundaries. This multi-modal
growth behavior provides a challenge when predicting
short-crack growth during high cycle fatigue in Mg alloys.
To improve accuracy of short-crack growth predictions, it
is necessary to better understand the interrelated impact of
multiple microstructural features on crack path selection.

Short-crack paths are correlated to plastic deforma-
tion ahead of the crack tip, and dislocation slip in Mg
alloys occurs along four primary slip modes: basal
0001f g<1120> , prismatic 1010

� �
<1120> , pyramidal

I <a> 1011
� �

<1010> , and pyramidal II <c+a>
1122

� �
<1123> :4 Plastic deformation in conventional Mg

alloys is highly anisotropic due to strong processing tex-
tures and large ratios between the critical resolved shear
stress (CRSS) of basal and non-basal slip5; however, alloy-
ing with rare-earth (RE) elements has been shown to both
weaken deformation texture and reduce the CRSS ratio of
the basal to prismatic and basal to pyramidal slip modes.6–9

While RE alloying is beneficial for improving the strength
and low-temperature formability of Mg alloys, the higher
activity of non-basal slip modes provides additional favor-
able short-crack growth planes, leading to more tortuous
crack growth and complicating crack path predictions.

Crack paths display complex three-dimensional struc-
tures and are influenced by both surface and subsurface
microstructural features that are not fully resolved by con-
ventional characterization techniques such as electron
backscatter diffraction (EBSD) and electron microscopy.

Recent advances in non-destructive characterization tools,
including X-ray computed tomography (CT),10–12

diffraction contrast tomography (DCT),13 and high-energy
X-ray diffraction microscopy (HEDM or 3DXRD),14 have
provided novel approaches for correlating the full
three-dimensional microstructure surrounding an advanc-
ing crack to crack growth character. HEDM15,16 and
DCT17 are synchrotron X-ray diffraction techniques
by which three-dimensional grain structure, including
crystallographic orientations, can be reconstructed
non-destructively and correlated to high-resolution
three-dimensional X-ray CT fracture surface maps. Early
work by Herbig et al.18 showed that the crystallography of
a fracture surface could be mapped by combining synchro-
tron DCT and X-ray CT reconstructions in a Ti alloy
Ti21S. King et al.19 combined DCT and in-situ X-ray CT to
correlate the growth rate of an advancing three-
dimensional short-crack to differences in slip mode
Schmid factors (SFs) in different grains, the twist angle
between slip modes at grain boundaries, and the crystal-
lography of fracture facets in RE strengthened Mg alloy
Elektron 21. Oddershede et al.20 further mapped the three-
dimensional grain-average elastic stress field surrounding
a growing crack in Mg alloy AZ31 using far-field HEDM
(ff-HEDM), and Spear et al.21 combined post-mortem
near-field HEDM (nf-HEDM), X-ray CT, and surface
marker band analysis to track the growth rate, geometry,
and crystallographic character of short fatigue crack in Al
alloy 6061. In situ subsurface short-crack initiation and
growth has also been characterized in a Ni-based alloy and
correlated to the local micromechanical fields surrounding
an inclusion using combined nf-HEDM, ff-HEDM, and
X-ray CT.22,23 The intragranular crack paths in the Ni alloy
were observed to be aligned with the most active slip sys-
tems in the grains leading the CF, and crack arrest and
propagation correlated to variations in local micromecha-
nical states. The impact of heterogeneities in the stress
states of individual grains surrounding a growing subsur-
face short-crack was also correlated to crack closure mech-
anisms in an Ni alloy by combining ff-HEDM and X-ray
CT.24 The three-dimensional character of intergranular
short-crack growth during hydrogen-assisted fracture has
also been characterized in a Ni-based alloy using nf-
HEDM, and crack arrest and deviation from nominally
favorable facets was correlated to the crystallographic
character of the grain boundaries ahead of the advancing
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CF.25 While these studies have developed and validated
the use of novel reconstruction techniques for characteriz-
ing the relationship between three-dimensional short-
crack paths and local microstructural features and stress
states in a range of alloys, the mechanisms underlying the
complex short-crack path behavior observed in Mg alloys
are still not well understood.

In this study, three-dimensional fatigue short-crack
paths were characterized post-mortem in commercial
RE-strengthened Mg alloy WE43 using nf-HEDM and
synchrotron X-ray CT. The benefits of ex situ mechanical
testing and post-mortem characterization, compared to in
situ characterization, include the ability to apply a wide
range of testing conditions (including very-high-cycle
fatigue), the ability to test samples with large dimensions
and meaningful ranges of microstructures and the ability
to characterize multiple samples. Prior work has primar-
ily focused on characterizing one-off test specimens. In
this study, the results from the nf-HEDM and X-ray CT
measurements of six different specimens were used to
analyze the crystallographic nature of short-crack path
selection in the material and to correlate the short-crack
paths to a wide range of local microstructural features, in
particular the three-dimensional character of grain
boundaries and the orientations of leading and trailing
grains across the full CF.

2 | MATERIALS AND METHODS

2.1 | Materials

Mg alloy WE43 was provided by Magnesium Elektron
Ltd. The alloy has a nominal composition in weight % of
3.74 Y, 2.10 Nd, 0.52 Gd, 0.45 Zr, 0.016 Zn, and balance
Mg. The material was hot rolled to 26 mm and aged in
the T5 condition (48 h at 204�C). The as-received plate
was solution heat treated at 525�C for 8 h and aged at
250�C for 4 h, referred to as the underaged
(UA) condition, resulting in an average grain size of
115 ± 52 μm, as shown in Figure 1A,B. The WE43-UA
material displays a weak (maximum multiples of random
distribution [MRD] of approximately 2.7) strength rolled
basal texture as displayed in the pole figures in
Figure 1C, with the center of the pole figures aligned par-
allel to the rolling axis. The UA heat treatment results in
a fine distribution of β0 precipitates in the matrix, coarse
plate-like β1 and β1=β precipitates aligned parallel to pris-
matic planes in the matrix, and stringers of globular pre-
cipitates along grain boundaries as shown in
Figure 2.26,27 The tensile yield strength, ultimate tensile
strength, and fatigue strength at 109 cycles are 139, 235,
and 65MPa, respectively, as characterized by Githens28
and Adams et al.27

FIGURE 1 (A) The

WE43-UA grain structure

reconstructed using electron

backscatter diffraction. Grain

color is assigned using the HCP

inverse pole figure (IPF) key

with respect to the rolling

direction YL. (B) Grain size

distribution following the

solution heat treatment and UA

heat treatment in WE43.

(C) Pole figures depicting the

initial microstructure texture.

The rolling and fatigue loading

axis is out-of-plane, the

horizontal poles are aligned

with the normal direction, and

the vertical poles are aligned

with the transverse direction.

[Colour figure can be viewed at

wileyonlinelibrary.com]
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2.2 | Mechanical testing

Fatigue specimens were tested in cylindrical and foil
geometries. The foil geometry was selected to analyze
crack growth across a thin microstructure on the order of
the grain size of the material, and the cylindrical geome-
try was selected to analyze conventional radial fatigue
crack growth with the CF concurrently sampling multi-
ple grains. The cylindrical specimens were machined
with a gauge diameter of 4 mm and a gauge length of
7.5 mm as shown in Figure 3B, with the tensile axis
aligned with the rolling direction of the plate. Diametri-
cally opposed flats were machined along the gauge
length. The gauge flats were hand polished using a 1-μm
diamond suspension and electropolished in 3:5 85% phos-
phoric acid to 95% ethanol for 30 min. Dogbone foil spec-
imens were electrical discharge machined to a specimen
length of 30.5 mm, gauge length of 1.6 mm, gauge width
of 2 mm, and foil thickness of 300 μm as shown in
Figure 3C. The foils were hand polished to an
approximate thickness of 200 μm and electropolished to a
thickness of 150 μm in 3:5 85% phosphoric acid to 95%
ethanol, as detailed by Adams.29 For controlled crack

initiation, 100 μm � 6 μm � 50 μm focused ion beam
(FIB) notches were machined in large grains with high
basal nominal SFs, along the gauge flats of two cylindri-
cal specimens and along the gauge edge of four foil speci-
mens. The FIB notches were aligned parallel to the basal
plane in cylindrical specimen 1 and perpendicular to the
loading axis in the foil specimens and cylindrical speci-
men 2.

Very-high-cycle fatigue short-crack growth tests were
performed using ultrasonic fatigue,30–32 and the ultra-
sonic fixture setup is detailed in Figure 3A.27,30

Ultrasonic fatigue testing was performed at a frequency
of 20 kHz and a stress amplitude of 85 MPa in ambient
air for the cylindrical samples and 60 MPa in ambient air
for the foil samples. Cylindrical specimen cycling was
performed at R = �1, and foil cycling was performed at
R = 0.1 to avoid buckling in the thin cross section.
Cycling was performed with a 200/9000 ms pulse/pause
duty cycle to avoid excessive sample heating. The surface
crack-growth rates were measured on the cylindrical
samples using ultrasonic fatigue scanning electron
microscopy and on the foil samples using optical
microscopy.

FIGURE 2 Scanning electron

micrographs of the precipitate structure

in WE43 following solution heat

treatment at 525�C for 8 h and

underaged (UA) heat treatment at 250�C
for 4 h, adapted from Ganesan et al.26

The matrix contains a fine distribution

of β0 precipitates, coarse plate-like β1
and β1=β precipitates aligned parallel to

prismatic planes, and globular

precipitates decorating grain boundaries.

FIGURE 3 (A) Ultrasonic fatigue

fixture setup, adapted from Geathers

et al.,30 (B) cylindrical test specimen

geometry, and (C) thin-foil test

specimen geometry. [Colour figure can

be viewed at wileyonlinelibrary.com]
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2.3 | Synchrotron X-ray measurements

From each portion (top and bottom) of each failed cylin-
drical test specimen, a matchstick-like sample with
1 � 0.5-mm cross section was extracted from the region
surrounding the FIB notch using a precision low speed
diamond saw. For each of the four foil test specimens,
matchstick-like samples containing the first 1 mm of
crack growth on the top and bottom portions of the failed
specimens, starting at the FIB notch, were also extracted
using a precision low speed diamond saw. The top sam-
ple from each cylindrical specimen was rotated, aligned,
and affixed to the bottom sample to form 1 mm � 1 mm
mounts. The top sample from foil specimen 1 was
rotated, aligned, and affixed to the bottom sample to form
a 1 mm � 0.3 mm mount. The top and bottom samples of
foils 2–4 were aligned and combined into two mounts,
one mount containing foil 2 and the top half of foil 3, and
the second containing foil 4 and the bottom half of foil 3.

The mounted samples were characterized at the 1-ID
beamline of the Argonne National Laboratory Advanced
Photon Source using HEDM and X-ray CT. The geometry
of the HEDM detector setup is detailed in Figure 4. The
laboratory and detector reference frames are displayed by
the axes with L and D subscripts, respectively, with the
laboratory coordinate system based on the MIDAS recon-
structed reference frame and the detector coordinate sys-
tem based on the APS reference frame. The incoming
X-ray travels along þbeLX and the sample is rotated around

beLZ by rotation angle ω. The diffracted beam is character-
ized by the Bragg angle 2θ and the azimuthal angle η in
the beDX -beDY plane. X-ray CT measurements of a
1 mm � 1mm� 800 μm volume from the top of the frac-
ture surfaces were obtained using a PointGrey Grasshop-
per CMOS camera focused on a detector deploying a
LuAG:Ce scintillator and a 7.5� objective with a pixel
size of 0.781 μm, in a parallel beam. Images were
obtained at 0.25� rotation intervals over a full rotation of
360� with an exposure of 0.2 s, and five images were
taken per interval for enhanced image quality. Diffrac-
tion patterns from ff-HEDM were imaged on a GE-41RT
amorphous-Si area detector with a pixel size of 200 μm,
using a 1.7mm� 100 μm box beam. Stacked 100-μm
layers spanning the top of the fracture surface on each
sample were imaged at intervals of 0.25� over a full rota-
tion of 360� with an exposure of 0.2 s. Diffraction patterns
from nf-HEDM were obtained with a custom detector,
which is based on a QImaging Retiga 4000DC CCD cam-
era coupled to a 5� objective focused on a LuAG:Ce scin-
tillator, with a pixel size of 1.48 μm and a field of view of
3mm. Measurements in the nf-HEDM geometry were
performed using a line-focused beam with scan intervals
of 0.25� over a 180� rotation and an exposure of 2 s. Mea-
surements were taken at detector distances of 5 and
8mm for each layer (Figure 4A). Cylindrical sample
1 was measured with a layer height of 11 μm, and cylin-
drical sample 2 was measured with a layer height of
12 μm. The foil samples were imaged with layer heights

FIGURE 4 Post-mortem specimen

and detector geometry for (A) nf-HEDM

and (B) ff-HEDM. The coordinate

system in the laboratory (MIDAS)

reference frame is shown as beLX ,beLY ,beLZ
h i

,

and the coordinate system of the

detector (APS) reference frame is shown

as beDX ,beDY ,beDZ
h i

. Near-field and far-field

HEDM diffraction patterns are collected

at sample rotation intervals ω about the

loading axis beLZ . The diffracted beam is

characterized by the Bragg angle 2θ and

the azimuthal angle η in the beDX -beDY
plane. Schematic not to scale.
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varying from 11 to 15 μm. All HEDM measurements were
obtained using a monochromatic beam with an X-ray
beam energy of 55.618 keV. The nf-HEDM data from
cylindrical sample 2 were reconstructed using the Ice-
Nine software package,33 and the nf-HEDM data from
cylindrical sample 2 and the foil samples were recon-
structed using the MIDAS software package.34,35 The spa-
tial and orientation resolutions of the near-field
reconstruction are �2 μm and �0.1�, respectively. The
X-ray CT volume was used to define the nf-HEDM recon-
struction boundary, and the grain orientation search
space was seeded by grain mean orientation data from ff-
HEDM measurements. Although ff-HEDM is capable of
providing mean lattice strains for each grain, the strain
reconstructions were not analyzed in the current study as
the focus was on crystallography.

2.4 | Quantification of short-crack path
crystallography

The three-dimensional short-crack paths were recon-
structed by registering the X-ray CT and nf-HEDM
reconstructions for each sample. The X-ray CT recon-
struction was first rotated and scaled by the detector pixel
resolution to align the X-ray CT and nf-HEDM recon-
structions. As the two fracture halves for any given sam-
ple were measured with the nominal fracture-surface
normal oriented approximately parallel to the positive beLZ

direction (Figure 4), the X-ray CT reconstruction contain-
ing the top fracture surface was then manually rotated
and aligned with the X-ray CT reconstruction containing
the bottom fracture surface, and the resulting transforma-
tion to ensure proper alignment was recorded. Next, the
voxelized nf-HEDM reconstruction containing the top
fracture surface was transformed according to the trans-
formation recorded in the previous step. Finally,
the crystal orientations from the nf-HEDM reconstruc-
tion containing the top fracture surface were updated by
rotating their reference frame based on the rotation
determined from X-ray CT registration, as illustrated in
Figures 5A and 6. Using a triangulated representation of
the bottom fracture surface from the high-resolution
X-ray CT reconstruction as the reference fracture surface,
each triangular facet in the fracture surface was assigned
the crystal orientations of the nf-HEDM voxels immedi-
ately above and below the facet. The mode of crack
growth (inter- or intragranular) was identified by apply-
ing a misorientation threshold to each facet. If the misor-
ientation between the top and bottom crystal orientations
for a given facet was below the specified threshold, the
crack was deemed to have propagated through a grain
(intragranular), and if the misorientation exceeded the
threshold, the crack was deemed to have propagated
along a grain boundary (GB) coincident with the facet
(intergranular). A range of threshold values was tested to
accommodate error arising from slight misalignment
between the two fracture halves and orientation

FIGURE 5 (A) Rotated and aligned top and bottom nf-HEDM three-dimensional grain structure along the fracture path in the thin-foil

1 sample, surrounding the high-resolution X-ray CT reconstructed lower fracture surface. (B) Top-down view IPF map of the fracture surface

displaying the intragranular (color) and intergranular (black) regions of short-crack growth in the thin-foil 1 sample, and side-view IPF slice

F-F0 of the fracture path displaying intragranular crack growth through five grains followed by intergranular crack growth. The short crack

initiates at an FIB notch on the left side of the foil and propagates nominally along �beLY . [Colour figure can be viewed at wileyonlinelibrary.

com]
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gradients within grains, and a 15� misorientation thresh-
old was selected. To verify the reconstruction, the nf-
HEDM morphologies of the top and bottom halves of a
random sampling of grains that displayed intragranular
crack growth were visually analyzed, and the combined
shape of the top and bottom halves was confirmed to
adhere to the equiaxed grain shape expected for the mea-
sured alloy condition. The crack-surface crystallography
in the intragranular regions was mapped by resolving
each crack-surface-facet normal into the crystallographic
reference frame of the adjacent parent grain, thereby
finding the lattice plane coincident with the crack-surface
facet. The reconstruction procedure is detailed further by
Spear et al.21 A resulting map for one of the WE43 sam-
ples is exemplified in Figure 5B, where the intragranular
regions are colored according to the IPF color map, and
the black regions correspond to intergranular crack
growth. The character of crack growth across each region
of the fracture surface was classified as basal, non-basal,
or intergranular based on the crack-surface crystallogra-
phy maps. This process was repeated for each sample,
and the crack-surface crystallography maps for all six test

samples are displayed in Figure 7. GB traces are depicted
by white curves, and the location of the FIB notch in
each sample is shown with a white star. The crack propa-
gated nominally radially away from the FIB notch in an
approximate semi-circular path in each of the two cylin-
drical samples, and the crack propagated nominally from
left to right in each of the four foil samples shown in
Figure 7.

3 | RESULTS

3.1 | Short-crack growth crystallography

The crystallographic nature of short-crack path selection
was analyzed by manually selecting 81* CF-GB

*CF-GB events where the crack front propagated along either a small—
on the order of a few voxels in width—intragranular portion of a grain
or a small slice of a grain boundary were removed from the analysis.
Crack front intersections with small sections of grains along the outer
free surfaces of the thin-foil samples or the outer edges of the cut
surfaces were also removed.

FIGURE 6 Rotated and aligned top and bottom nf-HEDM three-dimensional grain structure along the fracture path in the (A–D) thin-
foil samples 1–4 and (E,F) cylindrical samples 1–2, surrounding the high-resolution X-ray CT reconstructed lower fracture surface. Voxels in

the nf-HEDM reconstructions are color mapped using the HCP inverse pole figure key with respect to the loading axis (beLZ). [Colour figure
can be viewed at wileyonlinelibrary.com]
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intersection events from the six measured specimens.
The CF in the foil samples was assumed to propagate
left-to-right with a CF perpendicular to the foil free sur-
face, and the CF in the cylindrical samples was assumed
to propagate radially outward from the FIB notch. The
CF-GB events in each sample were aggregated for the
analysis as each of the six samples displayed nominally
similar crack growth behavior. For a given CF-GB event,
the grain that the crack previously propagated through is
referred to as the trailing grain, and the grain that the
crack subsequently grew into is referred to as the leading
grain. In CF-GB events where the crack transitioned from
intergranular to intragranular, the grain on the lower
surface prior to the GB-to-intragranular crack transition
is considered the trailing grain. In CF-GB events where
the crack transitioned from intragranular to intergranu-
lar, the grain in front of the nominal planar path of the
advancing CF when it switched to growth along the GB
is considered the leading grain. Depending on the deflec-
tion of the crack path following transition to the GB, this
grain may be on the top or bottom half of the sample.
The full three-dimensional GB character for each CF-GB
event was determined by approximating the uncracked
three-dimensional microstructure using a procedure
developed by Phung et al.36 and calculating the best-
fitting plane through the uncracked voxels along the
boundary between each grain pair. This three-
dimensional reconstruction provides insight into the

subsurface boundary character that cannot be deter-
mined from traditional surface orientation analysis such
as EBSD. Crack growth was intragranular in the leading
grain in 62 of the measured CF-GB events, and the crack
switched from intragranular to intergranular in 19 of the
measured CF-GB events. Intragranular crack growth
occurred primarily along a basal plane in the leading
grain in 35 events, primarily along non-basal planes in
the leading grain in 23 events, and primarily along a
combination of both basal and non-basal planes in the
leading grain in 4 events. The leading and trailing crack
path crystallography for all analyzed events is summa-
rized in Table 1.

The texture of each intragranular crack fact was
determined by calculating a kernel density function of
the lattice orientations normal to each X-ray CT facet in
each cracked grain using MTEX.37 The intragranular
character varied notably from grain-to-grain in each of
the samples, and an example of crack propagation nomi-
nally perpendicular to 1210

� �
(Grain A, green), 1100

� �
(Grain B, blue), and 0001f g (Grain C, red) planes in foil
sample 4 is shown in Figure 8A. Crack growth is
observed to be non-uniform; crack growth in the nomi-
nally 1210

� �
Grain A also occurred partially along

1100
� �

planes; and crack growth in the nominally
1100

� �
Grain B also occurred partially along 0001f g

planes. The texture of crack growth in the nominally
0001f g Grain C displays the highest maximum MRD of

FIGURE 7 (A) Top-down view IPF map of the fracture surfaces in the two cylindrical samples displaying the intragranular (color) and

intergranular (black) regions. The cracks initiated at FIB notches located at the white star in each cylindrical sample and propagated radially

outwards. (B) Top-down view IPF map of the fracture surfaces in the four thin-foil samples. The cracks initiated at FIB notches on the left

side of the foils located at the white stars and propagated from left-to-right. [Colour figure can be viewed at wileyonlinelibrary.com]
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the three grains at approximately 4.1. The cumulative tex-
ture of all intragranular regions among all six samples,
weighted by facet area to account for minor variations in
the tomographic reconstructions, is shown in Figure 8B.
The cumulative texture displays a predominately strong
0001f g peak with a maximum MRD of 4.9, a spread of
weaker texture of around 0.6–0.75 MRD along the lattice
planes rotating from 1100

� �
to 1210

� �
, and a weak tex-

ture around the pyramidal 1011
� �

and 1122
� �

planes.

3.2 | Intragranular crack growth
tortuosity

The grains with intragranular crack growth nominally
along basal planes were visually observed to display
smoother planar crack growth compared to intragranular
crack growth with non-basal or mixed-mode character.
This is shown in Figure 9A for cylindrical sample
1, where the intragranular facets in the top image are

color mapped with respect to the lattice plane normal
perpendicular to each facet while the bottom image is
color mapped with respect to the angle between the
X-ray CT facet normal and the loading axis θZð Þ. The red
grains (in Figure 9A), indicating crack growth along a
nominally basal plane, display a smaller deviation in θZ
(in Figure 9B) across the grain compared to the non-basal
intragranular grains. This was quantified by analyzing
both the intragranular texture strength and the tortuosity
of crack growth. Tortuosity was characterized with two
metrics: the distribution of the angular deviation between
each X-ray CT facet normal and the normal of the best fit
plane to all facets for the crack path in a single grain (the
tortuosity angle) and the distribution of the smallest
Euclidean distance between each X-ray CT facet centroid
and the best-fit plane to all facets in a single grain (the
tortuosity distance). The cumulative distribution of the
maximum MRD, mean tortuosity angle, and mean tortu-
osity distance for leading grains with intragranular crack
growth along a basal facet (blue circle) and non-basal
facet (orange triangle) in each of the six samples are dis-
played in Figure 9C–F. Basal crack growth displays a
higher texture strength and lower tortuosity compared to
non-basal crack growth, but a large distribution of tex-
ture strength and tortuosity is observed in both groups as
seen in Figure 9C.

3.3 | Impact of microstructure on short-
crack path selection

3.3.1 | Analysis of individual
crystallographic and geometric parameters

The crack growth crystallographic character in the
81 analyzed CF-GB events was compared to various
microstructural parameters to identify the influence of
local microstructure on short-crack growth in Mg alloy
WE43. CF-GB events were segmented according to basal,
non-basal, or intergranular crack growth behavior in the
leading grain, and the cumulative distributions of
16 salient microstructural parameters for each of the
three categories are shown in Figure 10. Three cumula-
tive distributions are included on each plot: CF-GB
events where the leading crack growth is basal intragra-
nular (blue circle), events where the leading crack growth
is non-basal intragranular (orange triangle), and events
where the leading crack growth is intergranular (green
diamonds). A cumulative distribution value at a given
coordinate indicates the fraction (Y) of CF-GB events in
the category that are at or below a certain crystallo-
graphic parameter value (X). Cumulative distribution
plots for the basal, prismatic, pyramidal I <a>, and

TABLE 1 Trailing and leading crack path crystallography for

all 81 analyzed CF-GB events among six WE43 specimens

characterized using nf-HEDM.

Trailing crack
path

Leading crack
path

Number of
analyzed CF-GB
events

Basal
intragranular

Basal
intragranular

12

Basal
intragranular

Non-basal
intragranular

14

Basal
intragranular

Basal and non-
basal
intragranular

2

Basal
intragranular

Intergranular 8

Non-basal
intragranular

Basal
intragranular

16

Non-basal
intragranular

Non-basal
intragranular

6

Non-basal
intragranular

Basal and non-
basal
intragranular

1

Non-basal
intragranular

Intergranular 11

Intergranular Basal
intragranular

7

Intergranular Non-basal
intragranular

3

Intergranular Basal and non-
basal
intragranular

1
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pyramidal II <c+a> slip mode SFs for the leading grains
are displayed in Figure 10A–D. The SFs for each slip sys-
tem were calculated with respect to the nominal loading
axis beLZ , and the maximum SF for each slip mode in each
leading grain was calculated. For leading grains with a
high basal SF (SFB) of over 0.4, basal intragranular crack
growth was observed in 87% of grains, non-basal intragra-
nular crack growth was observed in 26% of grains, and
the crack switched to leading intergranular crack growth
at 42% of events. The prismatic SF (SFP) (Figure 10B)
cumulative distribution displays opposite behavior, with

leading non-basal intragranular and leading intergranu-
lar events occurring more commonly at higher prismatic
SF compared to leading basal intragranular. Out of
34 total events with leading SFB greater than 0.4, 12%
display basal intragranular crack growth, 56% display
non-basal intragranular crack growth, and 32% display
intergranular crack growth. Similar behavior is also
observed with pyramidal I <a> SF (SFPA) and pyramidal
II <c+a> SF (SFPAC); however, the difference in cumula-
tive distributions is smaller. Cumulative distribution plots
of the Luster–Morris geometric compatibility factor

FIGURE 8 (A) Top-down IPF map of the fracture surface of the thin-foil sample 4, with the intragranular texture of two non-basal

(Grain A, Grain B) and one basal (grain C) facets displayed in the inverse pole figures below. (B) Inverse pole figure displaying the

cumulative intragranular texture summed across all six samples weighted by the area of each orientation-mapped X-ray CT facet. The

maximum texture peak occurs at 0001f g with minor peaks at 1100
� �

and 1210
� �

. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 (A,B) Quantitative analysis of intragranular crack-growth regions of the cylindrical sample 1 (black corresponds to

intergranular crack growth): (A) top-down IPF map of the fracture surface and (B) map of the θZ angular deviation between intragranular

facet normals and the fatigue loading axis (out of plane). (C) Scatter plot of intragranular mean facet tortuosity angle and intragranular

maximum MRD in leading grains for all analyzed CF-GB events. (D–F) Cumulative distribution plots of the intragranular maximum MRD,

intragranular mean facet tortuosity angle, and mean facet tortuosity distance in the leading grains for all analyzed CF-GB events. [Colour

figure can be viewed at wileyonlinelibrary.com]
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(m0)38 of the basal slip system in the trailing grain with
each of the four slip modes in the leading grain are pre-
sented in Figure 10E–H, for each CF-GB event with intra-
granular crack growth in the trailing grain. The value
selected for each CF-GB events is the maximum m0

between the maximum SF basal slip system in the trail-
ing grain and any slip systems in each slip mode in the
leading grain. The trailing basal slip mode was used in
each of the four metrics as basal slip has the lowest CRSS
in WE43,26 and it is assumed that a high percentage
of basal dislocations is emitted ahead of the advancing
crack tip in the trailing grain regardless of the primary
plane of crack propagation. The basal-to-basal m0 (m0

B�B)

and basal-to-prismatic m0 (m0
B�P) display slightly similar

behavior, with a smaller difference in cumulative distri-
butions, compared to SFB and SFP. The basal-
to-pyramidal I <a> m0 (m0

B�PA) displays negligible influ-
ence on basal versus non-basal crack path selection in
the leading grain, but a larger fraction of non-basal intra-
granular crack growth events are observed at higher
basal-to-pyramidal II <c+a> m0 (m0

B�PAC) compared to
leading basal intragranular or leading intergranular. The
tilt and twist angles for every combination of slip systems
with trailing intragranular were also analyzed and were
observed to have minimal influence on the crack path,
and the basal-to-basal twist (TwistB�B) and prism-

FIGURE 10 Cumulative distribution plots for crack growth in leading grains among 81 analyzed CF-GB events in six WE 43 specimens,

categorized by basal, non-basal, and intergranular crack facets: (A–D) basal, prismatic, pyramidal I <a>, and pyramidal II <c+a> nominal

Schmid factor in the leading grain; (E–H) trailing basal to leading basal, prismatic, pyramidal I <a>, and pyramidal II <c+a> m0; (I,J) basal
to basal and prismatic to prismatic twist angle; (K) angle between trailing and leading basal plane normals; (L) angle between trailing and

leading prismatic slip plane normals; (M) angle between grain boundary plane normal and loading axis; (N) angle between grain boundary

plane normal and misorientation axis between trailing and leading grains; (O) angle between trailing fracture surface normal and grain

boundary plane normal; (P) misorientation between trailing and leading grains. [Colour figure can be viewed at wileyonlinelibrary.com]
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to-prism twist (TwistP�P) angles are shown as examples
in Figure 10I,J. The angles between slip plane normals
for basal and prismatic slip systems with maximum SF in
the trailing and leading grains were also analyzed. These
values are related to m0 but are independent of the slip
direction and are presented in Figure 10K,L. Similarly,
the angles between the GB plane normal and the loading
axis (θGBn�LD), the misorientation axis (θGBn�MISn), and
the average trailing fracture facet (θTFracn�GBn) are
observed to impact the cumulative distribution of each
crack growth category, but the exact influence of
each parameter is difficult to ascertain individually.
Other parameters measured with a more limited differ-
ence between cumulative distributions for different crack
growth modes included the angle between the GB plane
normal and the slip system normals in each leading
grain, the angles between the trailing fracture plane and
the leading slip planes, the angles between the loading
axis and the leading slip plane normals, and the lattice
plane bisected by the GB in the leading and trailing
grains.

The correlation of the 24 analyzed crystallographic
and geometric parameters to crack path character across
all CF-GB events was further analyzed by calculating the
Pearson linear correlation coefficient between each
parameter and a binary classification of each CF-GB
event for each of the three crack path categories (basal
intragranular, non-basal intragranular, and intergranu-
lar) as illustrated in Figure 11A–C. Each linear correla-
tion was defined as negligible (r <0.05), very weak

(r <0.2), weak (0.2≤ r <0.4), moderate (0.4≤ r <0.6), or
strong (r ≥ 0.6). The linear correlation for all CF-GB
events is illustrated in Figure 11A; the correlation for CF-
GB events with intragranular leading crack growth is
shown in Figure 11B; and the correlation for all CF-GB
events with non-basal leading crack growth is shown in
Figure 11C. For all CF-GB events, the SFs for each slip
system, θBn�LD and θTFracn�Bn, generally display the high-
est linear correlation to the character of intragranular
crack growth. The m0 and twist parameters generally dis-
play very weak correlation to either intragranular charac-
ter or intergranular crack growth, and m0

B�B and m0
B�PAC

display weak correlation to intragranular character. Two
parameters, θPn�Pn and θTFracn�PAn, correlate weakly to
intergranular crack growth with very weak or negligible
correlation observed to all other parameters.

3.3.2 | Basal versus non-basal intragranular
crack growth

Analysis of individual crystallographic parameters proved
insufficient to fully elucidate the crack path crystallo-
graphic behavior due to the complexity in the physical
phenomena driving crack growth and the complex and
multi-modal crack path behavior observed in WE43.
Building on the individual metrics, analysis of combina-
tions of crystallographic parameters was performed. For
CF-GB events with intragranular crack growth in the
leading grain, the ratio between the basal SF and

FIGURE 11 Single-parameter linear correlation of all 24 analyzed crystallographic and geometric parameters to (A) basal intragranular,

non-basal intragranular, or intergranular crack growth for all CF-GB events; (B) basal or non-basal intragranular crack growth for CF-GB

events with intragranular leading crack growth; (C) non-basal intragranular or intergranular crack growth for CF-GB events with non-basal

leading crack growth. [Colour figure can be viewed at wileyonlinelibrary.com]

12 GREELEY ET AL.

 14602695, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14217 by U

niversity O
f U

tah Spencer S, W
iley O

nline Library on [30/01/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://wileyonlinelibrary.com


the maximum non-basal SF as shown in Figure 12, as
well as the SF ratio weighted by the respective CRSS of
the individual slip systems,26 is observed to be a strong
indicator of basal or non-basal crack growth. For leading
grains with a basal SF of over 0.4 and intragranular crack
growth, basal or multi-modal basal and non-basal
crack growth was the dominant mechanism in 30 of
33 events. Similarly, in cases where the leading basal SF
was less than 0.25 and the maximum non-basal SF was
greater than 0.4, non-basal crack growth was observed in
16 of 18 events. In events where a moderate to high basal
SF (e.g., greater than 0.34) and a high maximum non-
basal SF (e.g., greater than 0.47) are simultaneously
observed in the leading grain, the mechanism of intragra-
nular crack growth was more stochastic with non-basal
crack growth in 5 of 8 events and basal crack growth in
the remaining 3 of 8.

To characterize the relative influence of a range of
different crystallographic parameters, a subset
of 16 parameters displaying r ≥ 0.2 to either basal or
non-basal intragranular crack growth were selected for
comparative analysis. The parameters were indepen-
dently centered by removing their mean and scaled by
their variance, and dimensionality reduction was per-
formed by extracting the principal component (PC) basis
from a subset of CF-GB events with either basal or non-
basal intragranular leading crack growth using the prin-
cipal component analysis (PCA) algorithm in Scikit-
Learn.39 The linear correlation of each of the three PC
axes (PC1, PC2, and PC3) to either basal or non-basal
crack growth was calculated and is shown in Figure 13D,

and the relative weights of each of the input crystallo-
graphic and geometric features are shown in Figure 13E.
PC1 displays a strong positive correlation to non-basal
crack growth and a strong negative correlation to basal
crack growth, PC2 displays weaker correlation of a simi-
lar sign, and PC3 shows negligible correlation to either
mechanism. The first PC axis displays a higher linear cor-
relation than any individual parameter (Figure 11B).

3.3.3 | Non-basal versus intergranular crack
growth

Crack growth following CF-GB events with leading
grains unfavorably oriented for basal crack growth varies
between non-basal intragranular crack growth and inter-
granular crack growth. Minor variations in linear correla-
tion and cumulative distribution are observed for a range
of different parameters, and a subset with large devia-
tions is displayed in Figure 14. Differences in the cumula-
tive distribution of the normal angle between the
maximum SF non-basal slip systems are shown in
Figure 14A–C, and the angular deviation between the
trailing mean fracture plane and the maximum SF slip
plane normal in the leading grain are presented in
Figure 14E–G. CF-GB events with trailing intergranular
crack growth or leading basal crack growth were
removed for clarity. Similar to basal and non-basal intra-
granular character, no single parameter strongly corre-
lates to the tendency for non-basal intragranular crack
propagation or intergranular crack propagation. Two sets
of binary parameter comparisons are displayed on
Figure 14D,H. The advancing short crack is observed to
preferentially transition to intergranular crack growths
when the angle between the trailing fracture facet and
the leading maximum SF prismatic slip plane normal is
high (>60�), and the angle between the maximum pris-
matic SF slip plane normal in the trailing and leading
grains is low (<60�) (Figure 14H). Intergranular crack
growth is also observed to preferentially occur when the
misorientation between the trailing and leading grains is
high (>60�) and the GB normal is orientated approxi-
mately 45� away from the loading axis (Figure 14D).

PCA was also performed on the same subset of
16 parameters displaying r ≥ 0.2 to either intragranular
or intergranular crack growth as shown in Figure 15. The
linear correlation between the individual PCs and crack
path selection along non-basal intragranular versus inter-
granular facets is lower than that of PC1 to basal versus
non-basal intragranular crack growth in Figure 13D;
however, CF-GB events with high PC1, high PC2, and
low PC3 correlate moderately to non-basal crack growth,
and GB events with low PC1, low PC2, and high PC3

FIGURE 12 Scatter plot comparison of basal Schmid factor

and the maximum non-basal Schmid factor for basal, non-basal,

and combined basal and non-basal leading intragranular crack

growth. [Colour figure can be viewed at wileyonlinelibrary.com]
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correlate moderately to intergranular crack growth. Simi-
lar to Figure 13A,B, visually prominent non-basal and
intergranular clustering is observed in Figure 15A–C.

3.3.4 | Comparison of all mechanisms for
leading crack growth

Analysis of the cumulative distribution of various single
crystallographic and geometric parameters on basal, non-
basal, or intergranular crack growth as shown in Fig-
ures 10 and 11 provided limited insight into effective met-
rics for classifying leading crack growth in one of the
three investigated categories. Expanding on the PCA for
basal versus non-basal and non-basal versus intergranu-
lar crack growth, the PC basis for the same subset of
16 parameters from all CF-GB events was calculated and
correlated to all three classes of crack growth character
as illustrated in Figure 16A–D. Basal intragranular crack
growth correlated strongly (r =�0.64) to PC1, very
weakly (r = 0.16) to PC3, and displayed negligible corre-
lation to PC2. Non-basal intragranular crack growth cor-
related moderately (r = 0.56) to PC1, very weakly

(r =�0.19) to PC2, and displayed negligible correlation
to PC3. Intergranular crack growth displayed weak to
very weak correlation (0.13≤ r ≤ 0.2) to each of the three
PCs. Slight clustering for each of the three classes is
observed in Figure 16A–C; however, noticeable overlap
between classes is evident on each binary PC
comparison.

The number of analyzed CF-GB events in the current
study is too low to provide an in-depth comparison of
classification models on crack-path prediction in WE43;
however, an initial approximation was performed using
the linear support vector classification (SVC) algorithm
in Scikit-Learn39 with a “l2” penalty, “hinge” loss func-
tion, and regularization parameter of 0.5. The linear SVC
algorithm is a supervised machine learning model for
classifying data using hyperplanes, with hyperplanes
selected to separate labeled classes and maximize the dis-
tance between the margins or nearest training data-
points.40,41 A linear kernel was chosen to limit overfitting
due to the small number of samples in the input datasets.
For each classification, the PC1, PC2, and PC3 datasets
were split with 70% of the measured CF-GB events used
to train the model, and 30% of events used to test the

FIGURE 13 PCA for a subset of 16 of crystallographic and geometric parameters displaying r ≥ 0.2 to either basal or non-basal

intragranular crack growth for all CF-GB events with intragranular crack growth. (A–C) Scatter plots comparing the first three PCs of all

CF-GB events with intragranular crack growth. Leading grains with basal crack growth are shown by the blue circle, while leading grains

with non-basal crack growth are shown by the orange triangle. (D) Linear correlation coefficients for the three PCs of each CF-GB event and

basal or non-basal crack growth. (E) PC basis weights for subset parameters. [Colour figure can be viewed at wileyonlinelibrary.com]

14 GREELEY ET AL.

 14602695, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14217 by U

niversity O
f U

tah Spencer S, W
iley O

nline Library on [30/01/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://wileyonlinelibrary.com


model. The model yielded 89% accuracy in predicting
basal or non-basal intragranular crack growth
(Figure 13A–C), 75% accuracy in predicting non-basal
intragranular or intergranular crack growth
(Figure 15A–C), and 71% accuracy in predicting basal
intragranular, non-basal intragranular, or intergranular
crack growth (Figure 16A–C). For a comparison to the
individual parameters, the linear SVC algorithm was also
used to predict basal intragranular, non-basal intragranu-
lar, or intergranular crack growth from a three-parameter
array consisting of the two parameters with the maxi-
mum sum correlation to all classes of crack growth (SFB

and θBn�LD) and the parameter with the maximum corre-
lation to intergranular crack growth (θPn�Pn). Using a
similar 70–30 test-training split, the model yielded 59%
accuracy in predicting the crack path character.

4 | DISCUSSION

4.1 | Intragranular short-crack path
selection in WE43

The crystallographic character of microstructurally short-
crack growth in Mg alloys can vary significantly both

across a single crack path and between different samples.
Cracks are observed to propagate both intragranularly
and intergranularly, with complicated CFs often switch-
ing back and forth between mechanisms, as observed in
the six reconstructed samples in Figure 6. Intragranular
crack growth occurs along basal, prismatic, and
pyramidal crystallographic planes and occasionally along
non-crystallographic transgranular planes, with both
single-plane and multi-plane growth observed in different
grains and at different distances along the CF with
respect to the initial FIB notch. Intragranular path selec-
tion is influenced significantly by the orientation of grain
lattices with respect to the macroscopic cyclic loading
direction.

While local stress states ahead of the advancing crack
tip may vary, cracks generally are observed to grow along
slip planes nominally oriented favorably for dislocation
slip. In WE43, the basal slip mode has the lowest CRSS,
and intragranular crack growth along basal facets is
observed in every characterized sample. The dominant
basal intragranular crack growth, reflected in the strong
0001f g MRD in the average texture across all intragranu-
lar facets, matches observations in a similar RE-
strengthened Mg alloy Elektron 21.19,42 As expected, as
SFB increases, crack growth along the basal plane is

FIGURE 14 Cumulative distribution plots for leading non-basal intragranular crack growth (orange triangle) and leading intergranular

crack growth (green diamond) at analyzed CF-GB events, for (A–C) angle between maximum SF prismatic, pyramidal I <a>, and pyramidal

II <c+a> slip plane normals in the trailing and leading grains, (E–G) angle between trailing fracture surface normal and leading max SF

prismatic, pyramidal I <a>, and pyramidal II <c+a> slip plane normals. (D) Scatter plot comparison of misorientation between trailing and

leading grains and angle between GB plane normal and loading direction for CF-GB events with leading non-basal intragranular crack

growth and intergranular crack growth. (H) Scatter plot comparison of angle between max SF prismatic slip plane normals in the trailing

and leading grains and angle between trailing fracture surface normal and leading max SF prismatic slip plane normal for CF-GB events

with leading non-basal intragranular crack growth and intergranular crack growth. [Colour figure can be viewed at wileyonlinelibrary.com]
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preferentially observed with over 75% of all leading
grains with a basal SF of greater than 0.45 (25 of 33) dis-
playing basal crack growth. Similarly, as the geometric
compatibility between basal slip systems in the trailing
and leading grain increases, basal dislocations emitted
ahead of the crack tip can more easily transfer across the
GB to the leading grain and provide a favorable path for
crack growth. Mirroring basal SF, non-basal crack growth
is preferentially observed at CF-GB events with high SFP,
SFPA, and SFPAC in the leading grain. Over 60% of all
CF-GB events, and 89% of CF-GB events with
leading intragranular growth, exhibited crack growth on
non-basal planes when SFB was less than 0.25. The spe-
cific plane of non-basal crack growth is further expected
to be influenced by the ratio of the non-basal slip mode
SFs to the relative non-basal slip mode CRSS in WE43;
however, the small number of non-basal crack facets
identified in the current study limits analysis of these
parameters. Variability in intragranular crack path
behavior, as observed in the high non-basal and high
basal SF regions of Figure 12, may arise from heterogene-
ities in grain-resolved stresses deviating from the macro-
scopic conditions tracked by the nominal SFs. This

mirrors observations in FCC alloys where the crack
growth direction has been observed to preferentially fol-
low the slip system with the highest resolved shear stress,
which may vary from the slip system with the maximum
nominal SF.22 Additionally, due to the low basal to non-
basal CRSS ratio in WE43, slip activity may occur on
multiple seemingly unfavorable slip modes with respect
to macroscopic loading conditions.

Intragranular short-crack path selection is addition-
ally influenced by geometric factors. As the angle
between the maximum SF slip plane normals in the trail-
ing and leading grains increases, the crack will be
required to deviate further (in the laboratory reference
frame) across the GB to remain along the same slip
mode. As an example, when the crack starts on a basal
facet in the trailing grain, basal crack growth preferen-
tially occurs in the leading grain when θBn�Bn is low. The
crack remains on a basal facet in the leading grain in 75%
of events where θBn�Bn <43� as displayed in Figure 10K;
however, the crack only remains on a basal plane in the
leading grain in 15% of events where θBn�Bn >43�. Addi-
tionally, as the geometric compatibility of any two slip
systems between the trailing and leading grains

FIGURE 15 PCA for a subset of 16 of crystallographic and geometric parameters displaying r ≥ 0.2 to either basal intragranular, non-

basal intragranular, or intergranular crack growth for CF-GB events with non-basal intragranular and intergranular crack growth. (A–C)
Scatter plots comparing the first three PCs of all CF-GB events without leading basal intragranular crack growth. Leading grains with non-

basal crack growth are shown by the orange triangle, while leading grains with intergranular crack growth are shown by the green

diamonds. (D) Linear correlation coefficients for the three PCs of each CF-GB event and non-basal or intergranular crack growth. (E) PC

basis weights for subset of parameters. [Colour figure can be viewed at wileyonlinelibrary.com]

16 GREELEY ET AL.

 14602695, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14217 by U

niversity O
f U

tah Spencer S, W
iley O

nline Library on [30/01/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://wileyonlinelibrary.com


decreases, the ease of slip transfer across the GB is simi-
larly expected to decrease. We observe a moderate impact
of m0

B�B on crack path selection with 90% of non-basal
crack growth in leading grains occurring at grain pairs
with m0

B�B <0.63; however, the geometric compatibility
parameters display less of an impact than the average SF
in the leading grains. This may arise in part due to the
complexity of dislocation interactions at grains bound-
aries43 and slip transfer in Mg alloys44 or local heteroge-
neities in the stress states resolved in different grains
across the CF. The misorientation angle across the GB is
also observed to display a moderate impact on
intragranular crack growth, matching observations of
basal-to-prismatic and basal-to-pyramidal slip transfer in
Mg-RE alloys at high-misorientation grain pairs.44–46

The twist angle, or the angular sweep along the GB
plane between the two adjacent basal planes, is observed
to display minimal influence on intragranular crack path
selection. Tilt and twist angles at GBs have been previ-
ously observed to correlate to crack path selection and
the degree of crack growth retardation prior to CF-GB
intersections in Al alloys47 and slow crack propagation in
Mg alloys19,48; however, the exact impact of the

parameters on crack path selection in Mg alloys is not
well understood. In the current investigation, half of the
CF-GB events with leading basal crack growth occurred
between grain pairs with a TwistB�B >66�, and similar
behavior is also observed for non-basal crack growth and
non-basal twist angles. As the twist angle increases, the
crack is required to fracture along an increasingly larger
arc of the GB prior to transitioning into the leading grain.
Crack propagation along grain boundaries occurs fre-
quently in WE43, and this ease of GB fracture provides
only a limited barrier to intragranular path selection
compared to the nominal orientation of leading grains
and the geometry of the advancing crack.

4.2 | Intergranular short-crack growth

In events without basal crack growth in the leading
grain, crack path selection between non-basal intragranu-
lar growth and intergranular growth is more complex. In
general, as the angle between the average trailing crack
growth plane and the maximum SF leading prismatic,
pyramidal I <a>, and pyramidal II <c+a> slip planes

FIGURE 16 PCA for a subset of 16 of crystallographic and geometric parameters displaying r ≥ 0.2 to either basal intragranular, non-

basal intragranular, or intergranular crack growth for all CF-GB events. (A–C) Scatter plots comparing the first three PCs of all CF-GB

events. Leading grains with basal crack growth are shown by the blue circles, leading grains with non-basal crack growth are shown by the

orange triangle, and leading grains with intergranular crack growth are shown by the green diamonds. (D) Linear correlation coefficients for

the three PCs of each CF-GB event and crack growth character. (E) PC basis weights for subset intragranular and intergranular sensitive

crystallographic and geometric parameters. [Colour figure can be viewed at wileyonlinelibrary.com]
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increases, the crack is more likely to switch to intergra-
nular leading crack growth as shown in Figure 14E–G.
This matches the geometric behavior observed with
basal-to-basal crack growth compared to basal-to-non-
basal crack growth. As the angular deviation required for
a crack to switch to a macroscopically favored non-basal
slip plane in the leading grain increases, it is expected
that crack transmission to a lower angular deviation GB
plane would be more favorable. Interestingly, as θPn�Pn

increases, it is more likely that the crack will grow along
a non-basal plane in the leading grain as seen in
Figure 14A. This is expected to be because cracks more
often grow on basal planes, and a higher deviation
between favored prismatic slip plane normal may lead to
a lower angle between a trailing basal plane and a lead-
ing favored prismatic slip plane. As shown in Figure 14D,
leading intergranular crack growth is also frequently
observed in grain pairs with both Misori >60� and
θGBn�LD near 45�. In these cases, the high misorientation
would provide a barrier to slip transmission across the
GB, and the GB plane would be close to coincident with
the macroscopic plane of maximum shear stress provid-
ing a high driving force for crack transmission along the
GB plane. In similar RE-strengthened Mg alloys, slip
transfer across GBs with high misorientations was only
observed at grain pairs with corresponding high m0 of
>0.8.45 Only a few grain pairs at the measured CF-GB
events displayed high m0

B�P; thus, it is expected that the
difficulty of dislocation transmission through the GB at
high misorientations may lead to increased crack transfer
to intergranular crack paths. Intergranular crack growth
is also increasingly observed at low misorientation
events; however, very few grain pairs were characterized
with a misorientation less than 30�. The ease of slip
transfer in a Mg-Y alloy was also observed to depend on
both the m0 between adjacent grains and the correspond-
ing inclination of the GB plane with respect to the slip
systems, or the M criterion,46 matching the current obser-
vations of only a slight correlation with intragranular and
intergranular crack growth in Figure 10M–O.

Compared to the geometry of the GB plane, the
crystallographic character of the GB in the leading and
trailing grain appeared to have no noticeable correlation
to intragranular or intergranular crack growth in the
reconstructed regions. While coincident site lattice
boundaries,49 twin boundaries,25,50,51 and low-miller-index
boundaries25 have been previously observed to be resistant
to fatigue- and corrosion-induced crack growth in a range
of different alloy systems, the characterized GBs in this
study were all general high angle boundaries presumably
with similar values of boundary energy. Further, the
grain-average orientation and GB geometry parameters do
not consider local variations in the microstructure near

GBs. As shown in Figure 2B, globular precipitates nucle-
ate heterogeneously along grain boundaries in WE43 dur-
ing the UA heat treatment,29 leading to formation of
precipitate free zones adjacent to boundaries. While
microcracking along networks of GB precipitates has been
observed in WE43 during uniaxial deformation,52 the
interaction between the advancing short-CF and GB struc-
tures is complex and may partially contribute to the sto-
chastic nature of intragranular versus intergranular crack
growth observed in the reconstructed samples. Due to
length scale and contrast limitations, the 3D GB precipi-
tate structure cannot be resolved from the X-ray CT recon-
struction. Additionally, while the intersection of small
twins and GBs may impact short-crack growth, no twin
orientations were detected in the ff-HEDM reconstruc-
tions, and low-confidence bands, potentially indicating
un-indexed twin lattices, were not detected in the nf-
HEDM reconstructions.

4.3 | Crack path prediction and texture

Due to the multi-modal character of short-crack growth
in WE43, accurate prediction of crack path selection at
CF-GB intersections requires consideration of a wide
range of crystallographic and geometric parameters,
including grain average orientations, loading conditions,
and the three-dimensional subsurface character of GB
planes. One possible technique for integrating many
competing experimentally characterized parameters into
short-crack-path classification is PCA, and the linear
transformation of the high-dimensional crystallographic
and geometric features to a lower-dimensional space is
shown to be a promising method for characterizing the
combined impact of numerous CF-GB parameters inter-
sections on subsequent crack-path selection. While an
extensive comparison of dimensionality reduction and
classification techniques is beyond the scope of the cur-
rent work, the correlation between PCs and crack growth
behavior would potentially increase with larger input
datasets and number of characterized CF-GB intersec-
tions. Trained probabilistic PC classification models
could be integrated into crystal plasticity fracture
models36 and graph theory models53 to improve simula-
tion accuracy. To aid in validating such models, the infor-
mation for all 81 CF-GB events has been provided in an
open dataset in the Materials Commons. Additionally, as
complexities in the stress state surrounding an advancing
CF can only be captured via modeling, experimentally
reconstructed CF-GB parameters could be combined with
numerical simulations of local mechanical states to
improve the predictive accuracy of classification
algorithms.
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The tortuosity of the advancing CF during micro-
structurally short-crack growth is additionally an impor-
tant consideration for part lifetime during high cycle
fatigue. Highly tortuous intragranular growth increases
the total crack length and surface area of a crack propa-
gating through a grain and may impact the effective
growth rate through shielding mechanisms such as
surface-roughness-induced crack closure.54,55 Predicting
short-crack tortuosity is thus necessary for both accurate
crack path selection and crack growth kinetics in fracture
models. The tortuosity of intragranular crack growth in
WE43 is observed to be linked strongly to the crystallo-
graphic nature of the crack path. Grains with intragranu-
lar crack growth across only basal facets display smooth,
planar CFs with minimal crack deflection, while grains
with intragranular crack growth primarily along non-
basal facets often display wavy or multi-faceted CFs with
the crack propagating across multiple slip planes or non-
crystallographic planes simultaneously. This can be ratio-
nalized partially by the differences in CRSS between the
primary slip systems in WE43. The basal to prismatic
CRSS ratio varies between approximately 1:3 and 1:2 in
solution heat treated (ST) and ST + T6 aged WE43, with
the ratio in the characterized UA condition between the
two.26 The prismatic, pyramidal I <a>, and pyramidal II
<c+a> slip modes, however, display approximately the
same CRSS in the ST condition and only a slight differ-
ence in the T6 condition. Grains aligned favorably for
basal slip are expected to display predominantly basal-
only crack growth character, while grains with lower
basal SF could activate slip on multiple non-basal modes
resulting in tortuous crack propagation, as observed in
multiple intragranular facets in the two cylindrical sam-
ples (see Figure 7A). Grains with low or moderate basal
SF and a high non-basal SF mode may also display wavy
bimodal crack growth due to mixed dislocation activity
along the geometrically favored but higher CRSS non-
basal plane and the lower SF but also lower CRSS basal
plane. This intragranular wavy crack growth is visually
evident in the center of the Foil 1 sample (Figure 7B) and
the bottom left of the Cylindrical 1 sample (Figure 7A).
The tendency for multi-slip plane crack growth does not
appear to correlate with the distance from initial crack
initiation in the imaged samples, as has been linked to a
transition region from stage I to stage II crack growth
previously56; however, it is important to note that the
maximum crack path length in each sample is still on
the order of only a few grain lengths. The
crystallography-linked crack-path tortuosity observed in
WE43 offers a possible mechanism for future microstruc-
turally controlled short-crack growth behavior in Mg
alloys using carefully tailored textures.

5 | CONCLUSIONS

The three-dimensional crystallographic character of
short-crack growth in Mg alloy WE43 was characterized
post-mortem using a combination of nf-HEDM and X-ray
CT for six different specimens. The influence of lattice
orientation, full GB character, and fracture geometry on
crack growth behavior following short-crack inter-
section with 81 grain boundaries was classified according
to primary intragranular basal, intragranular non-basal,
or intergranular character. Cumulative distribution plots
were generated for each classification of crack growth as
a function of 24 different crystallographic and geometric
parameters, and linear combinations of crystallographic
parameters were correlated with crack path selection
using PC analysis. The conclusions are summarized as
follows:

• The crystallographic character of intragranular crack
propagation in Mg alloy WE43 correlates moderately
to the favorable alignment for slip activity and grain-
to-grain slip transfer. Grains with high SFB display
dominant short-crack growth along basal facets, while
grains with high SFP, SFPA, and SFPAC preferentially
display single facet, multi-modal, or non-
crystallographic crack growth along non-basal planes.

• Grain-average orientation is observed to be a stronger
predictor for intragranular crack path selection than
slip mode geometric compatibility or tilt-twist align-
ment across grain boundaries.

• Intergranular crack growth occurs easily in Mg alloy
WE43, with crack paths transitioning from intragranu-
lar to intergranular and vice versa across the three-
dimensional crack paths. Intergranular crack growth
displays a lower association to local crystallography
and crack path geometry, with 50% and 49% lower
mean linear correlation across the 24 analyzed param-
eters compared to basal intragranular and non-basal
intragranular crack growth respectively.

• Moderate to strong linear correlation between PCs and
short-crack path selection is observed following dimen-
sionality reduction on a subset of 16 crystallographic
and geometric parameters. The linear correlation
between PC1 and basal intragranular crack growth is
slightly higher than the linear correlation of individual
parameters. The strength of the linear correlation
between the PCs and non-basal intragranular and
intergranular crack growth is similar to the linear cor-
relation of individual parameters; however, the classifi-
cation accuracy for crack path crystallography
improves following PCA compared to subsets of indi-
vidual high-correlation parameters.
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NOMENCLATURE
m0

B�B maximum m0 between basal slip systems
with maximum SF in the trailing grain
and leading grain

m0
B�P maximum m0 between basal slip system

with maximum SF in the trailing grain
and all prismatic slip systems in the lead-
ing grain

m0
B�PA maximum m0 between basal slip system

with maximum SF in the trailing grain
and all pyramidal I <a> slip systems in
the leading grain

m0
B�PAC maximum m0 between basal slip system

with maximum SF in the trailing grain
and all pyramidal II <c+a> slip systems in
the leading grain

m0
P�P maximum m0 between prismatic slip sys-

tem with maximum SF in the trailing
grain and all prismatic slip systems in the
leading grain

Misori misorientation (�) between trailing and
leading grains

SFB maximum nominal basal Schmid factor
among all slip systems in the leading grain

SFP maximum nominal prismatic Schmid fac-
tor among all slip systems in the leading
grain

SFPA maximum nominal pyramidal I <a>
Schmid factor among all slip systems in
the leading grain

SFPAC maximum nominal pyramidal II <c+a>
Schmid factor among all slip systems in
the leading grain

TwistB�B twist angle (�) between trailing and leading
basal slip systems

TwistP�P minimum twist angle (�) between all trail-
ing and leading prismatic slip systems

θBn�Bn angle (�) between slip plane normals for
basal slip systems with maximum SF in
the trailing and leading grains

θBn�LD angle (�) between leading basal slip plane
normal and loading direction

θGBn�LD angle (�) between grain boundary plane
normal and loading direction

θGBn�MISn angle (�) between grain boundary plane
normal and misorientation axis between
trailing and leading grains

θPn�Pn angle (�) between slip plane normals for
prismatic slip systems with maximum SF
in the trailing and leading grains

θPAn�PAn angle (�) between slip plane normals for
pyramidal I <a> slip systems with maxi-
mum SF in the trailing and leading grains

θPACn�PACn angle (�) between slip plane normals for
pyramidal II <c+a> slip systems with
maximum SF in the trailing and leading
grains
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θTFracn�Bn angle (�) between trailing fracture surface
normal and slip plane normal for basal slip
system with maximum SF in the leading
grain

θTFracn�GBn angle (�) between trailing fracture surface
normal and grain boundary plane normal

θTFracn�Pn angle (�) between trailing fracture surface
normal and slip plane normal for pris-
matic slip system with maximum SF in the
leading grain

θTFracn�PAn angle (�) between trailing fracture surface
normal and slip plane normal for pyrami-
dal I <a> slip system with maximum SF in
the leading grain

θTFracn�PACn angle (�) between trailing fracture surface
normal and slip plane normal for pyrami-
dal II <c+a> slip system with maximum
SF in the leading grain
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