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Abstract
Despite its significance in polycrystalline materials, there have been few experimental investigations of the activity of grain
boundary sliding (GBS) and the relationship between GBS and slip transmission at grain boundaries. The present work addresses
this knowledge gap by the characterization of full-field strain and microstructural information in an experimental system of high-
purity (99.99%) columnar aluminum subjected to uniaxial tension at 190 °C. High-resolution, full-gage strain fields were
characterized on an unloaded specimen by distortion-corrected and stitched scanning electron microscope-enabled digital image
correlation (SEM-DIC). Alignment between the lower-resolution electron backscatter diffraction (EBSD) and higher-resolution
strain fields was significantly improved by clustering of strain data within an EBSD-defined boundary mantle. Grain boundary
sliding was investigated at select boundaries, and it was determined that GBSmagnitude profiles can have large gradients along a
single boundary and vary significantly between boundaries. Using a geometric compatibility factor (m′) to quantify favorability
of slip transmission, the two grain boundaries that exhibited the largest average GBS magnitude experienced contiguous slip on
moderately well aligned slip systems, although the exact nature of this slip activity, whether transmission or nucleation, remains
under investigation.
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Introduction

In polycrystalline materials, grain boundaries tend to be areas
of strain localization and damage initiation; grain boundaries
can obstruct or transmit dislocation motion and can relieve
stress via grain boundary sliding (GBS). Both GBS and slip
transmission are mechanisms that lead to damage formation in
the grain boundary vicinity, and are therefore of interest in
understanding and predicting plastic deformation behavior.
Dislocation-grain boundary interaction can be characterized
by four general cases that can occur when dislocations are
incident at a grain boundary, as described by Sutton and
Balluffi [1]: (1) direct transmission, no boundary residual -

the dislocation slips through the grain boundary into the adja-
cent grain with no residual dislocations remaining in the
boundary, requiring cross slip of a screw dislocation at the
boundary; (2) direct transmission with boundary residual –
the slip planes of the incoming and outgoing dislocations in-
tersect at a line at the boundary, but the Burgers vectors differ,
so a residual dislocation is left in the boundary; (3) indirect
transmission - dislocation impingement and emission into the
adjacent grain occur on slip planes that do not intersect along a
line at the grain boundary plane, also resulting in a residual
Burgers vector; and (4) no transmission – the incoming dislo-
cation dissociates in the grain boundary, with no dislocation
emitted into the adjacent grain. Each of these cases has been
observed in experimental studies that have informed the de-
velopment and served as validation of criteria for predicting
slip transmission behavior [2–5].

Atomistic simulations have been used to investigate grain
boundary-dislocation interactions (please see [6] and the ref-
erences contained therein). These approaches have clarified
transmission criteria by investigating the atomic-scale me-
chanics occurring during slip transmission. Molecular dynam-
ics simulations have provided fundamental insights into grain
boundary-dislocation interactions, including the stress and
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grain size threshold for transition from dislocation-mediated
to grain boundary-mediated deformation in nanocrystalline
materials [7], relative contributions of GBS and intragranular
slip to global strain [8], relationship between grain boundary
type and energy barrier for slip transmission [9] and the cor-
relation between residual burgers vector and energy barrier to
slip transmission [10]. However, computational limitations
preclude the atomistic modelling of large polycrystalline mi-
crostructures, therefore inhibiting the capture of possible long-
range microstructural effects. Additionally, the gap between
length scales achievable in these simulations and in experi-
mental approaches makes direct validation of computational
results difficult.

In contrast to slip transmission, the fundamental mecha-
nisms resulting in GBS – described as the relative shear dis-
placement between two adjacent grains – are less well under-
stood. These phenomena are typically examined in studies
involving creep and testing at elevated temperature (~0.5Tm)
[11, 12] and in investigations into the deformation of nano-
crystalline and ultrafine-grained materials [13, 14]. For a de-
tailed review of past GBS studies, please see [15]. It is postu-
lated that grain boundary dislocations play a role in enabling
GBS through a combination of glide and climb in the bound-
ary, the latter of which depends on intergranular diffusion and
therefore temperature. Supporting this theory are observations
of increasing GBS activity with increasing temperature [16,
17]. The contribution of GBS to total plastic deformation is
also sensitive to grain size. It has been observed in 99.995%
Al that below a critical grain size, defined by the size of the
sub-grains formed during creep and typically less than 10 μm
diameter, GBS accounted for essentially all observed plastic
behavior during creep at elevated temperature [16].
Additionally, there is computational and experimental evi-
dence that GBS plays a significant role in the room tempera-
ture deformation of nanostructured materials with nanocrys-
talline [13, 18–20] or super plastically deformed [21–23]
microstructures.

Experimental investigations of GBS have used fiducial
lines at grain boundaries [24, 25] and interferometry to capture
in-plane or out-plane sliding respectively, and to thereby ap-
proximate the contribution of GBS to total specimen strain
[15]. These methods have been used to characterize the glob-
ally averaged GBS behavior, but are not able to characterize
local microscale changes in GBS activity. Towards this end,
transmission electron microscopy (TEM), atomic force mi-
croscopy and molecular dynamics simulations have been used
to investigate GBS with respect to the local microstructure.
However, due to computational and experimental constraints,
these studies are performed over small, typically sub-micron
fields of view. More recently, researchers have employed DIC
to measure full-field GBS displacements [23, 26–28], and
have developed crystal plasticity models sensitive to GBS
and other physical phenomena [28, 29].

There is increasing evidence that slip transmission and
grain boundary sliding are related, but the nature of this rela-
tionship - whether synergistic or competitive - remains under
debate. GBS can promote slip transmission by relieving stress
caused by dislocation pile ups or by the build-up of grain
boundary residual dislocations resulting from dislocation-
grain boundary interaction [1]. Additionally, the necessary
increase of shear stress on a grain boundary for GBS lowers
the energy barrier for slip transmission [10]. Valiev et al. [25]
experimentally observed a positive correlation between
intragranular slip activity and the rate of GBS, in a study of
Zn bicrystals loaded at 50 °C. Each Zn bicrystal contained a
[12–2 0] 90 deg. tilt boundary (Σ > 25), with two loading
configurations: boundary normal oriented 45 deg. (type I)
and 30 deg. (type II) from the tensile axis. The observed
GBS rate and magnitude was greater for the type II specimen,
which exhibited both GBS and intragranular slip, while the
type I specimen exhibited what was deemed ‘pure’ GBS with
no intragranular slip. The authors suggested that this could be
due to slip transmission acting as a type of recovery mecha-
nism for hardening caused by grain boundary dislocation pile-
ups during GBS, by leaving mobile residuals in the boundary
that can facilitate further GBS.While these results suggest that
GBS and slip transmission act collaboratively, only one
bicrystal boundary type under several different loading cases
was studied. Bieler and Mukherjee observed significant GBS
during the superplastic deformation of mechanically alloyed
IN90211, but determined that intragranular dislocation glide
and arrival at grain boundaries, rather than GBS, was defor-
mation rate limiting. This suggests a dependency of GBS on
intragranular slip and that arrival and absorption of extrinsic
dislocations at grain boundaries helps facilitate GBS [30].
Conversely, Horton [31] observed an increase in GBS rate
with decreased intragranular slip, by measuring fiducial
scratch displacement and therefore changes in the activity of
both mechanisms in Al bicrystals with varying temperature,
stress, and Cu impurities. These opposing conclusions, where
GBS has been observed to be related to both increasing and
decreasing intragranular slip activity, highlight the lack of
clear understanding about this mechanism relationship.

There are few mesoscale experimental studies that charac-
terize GBS-slip interactions, which are affected by many dif-
ferent variables including temperature, stress state, impurity
content, and local microstructure [14, 23, 26]. While TEM
studies [14] and atomistic simulations [8] have greatly con-
tributed to the understanding of fundamental plasticity mech-
anism interaction near grain boundaries, they focus on very
small fields of view, limiting the ability to study longer-range
effects as well as to analyze statistically significant numbers of
grain boundaries. With recent improvements in spatial resolu-
tion and its application under scanning electron microscopy,
digital image correlation (DIC) is a powerful tool for investi-
gating this mesoscale bridge, through the full-field strain
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measurement and statistical analysis of grain boundary defor-
mation activity. In a recent study, Bourcier et al. [26] measured
full-field deformations in halite with varying grain size distri-
butions using both macro- and microscale DIC. Full-field
strains were used to calculate the contribution of intragranular
slip and GBS to global strain. While the authors acknowledge
simultaneous operation of both mechanisms and used 2D
strain fields to quantify activity of each, possible dependencies
between the two were not explored. Additionally, the contri-
bution from GBS was not quantified by direct measurement,
but rather it was assumed that GBS accounted for the remain-
ing strain not measured in intragranular deformation. If other
mechanisms, like boundary migration, are active but not con-
sidered, then this method could overestimate the contribution
from GBS.

In this work, a combination of scanning electron microsco-
py and digital image correlation (SEM-DIC) was used with
grain orientation mapping to examine the full-field microscale
deformation in high-purity (99.99%) columnar aluminum
subjected to uniaxial tension at 190 °C. High-resolution de-
formation maps were captured across mm-scale fields of view,
enabling the investigation of plastic deformation mechanisms,
both sub-grain and at grain boundaries, across the entire gage
section of the test specimen. The experimental and analytical
methodologies that were created to capture this data will first
be described and then demonstrated on the examination of the
spatial distribution of GBS along the grain boundary, and of
the interaction between slip transmission across a boundary
and the average magnitude of GBS.

Experimental Methods

High purity (99.99%), columnar aluminum with specimen
dimensions as shown in Fig. 1 was loaded in uniaxial tension
at 190 °C. Full-field high-resolution microscale strain and
grain orientation information was collected using stitched
SEM-DIC and electron backscatter diffraction (EBSD), re-
spectively. Full-field deformation data was collected to

investigate the interaction betweenGBS and slip transmission.
This temperature was chosen to increase GBS activity while
not initiating dynamic recrystallization (DRX), which would
alter the through-thickness grain structure. For a thorough
review of DRX and the parameters that influence its activity,
please refer to [32]. In brief, although high purity tends to
decrease the DRX temperature, the high stacking fault energy
and large grain size (~300–1000 μm diameter) of the test
specimen favored other recovery mechanisms besides DRX.
The testing temperature of 190 °C was considered fairly con-
servative, as past studies have identified DRX temperatures of
350–450 °C for high purity Al with various microstructures
[33, 34]. The absence of observable DRX was confirmed by
pre- and post- EBSD characterization.

Aluminum Specimen Preparation

Columnar, high-purity (99.99%) aluminum was chosen for this
investigation. In addition to being of interest for lightweight
structural applications, Al has an fcc crystal structure and a high
stacking fault energy that reduces deformation complexity with
minimal twinning. A high purity specimen enabled the exam-
ination of grain boundary-dislocation interactions withminimal
effect from impurities. A columnar specimen was chosen to
minimize subsurface ambiguity of EBSD characterization.
Due to this high purity and columnar microstructure, the spec-
imen was extraordinarily delicate and required special consid-
eration during handling, mounting, polishing, EBSD character-
ization, and subsequent testing. However, this combination of
features enabled the collection of a full-gage data set, wherein
GBS behavior could be cleanly examined.

Aluminum sheet of 99.99% purity and 0.5 mm thickness
was obtained from EPSI Metals and annealed at 550 °C in
argon for six hours to produce large grains with a partially
columnar grain structure that was confirmed by EBSD on both
specimen faces, as shown in Fig. 2. Figure 2(a) and 2(b) show
the front and back inverse pole figure maps for out-of-plane
(a3) and tensile axis (a2) directions respectively. In Fig. 2(c),
the front (black) and back (gray) [001] pole figures are

Side View

Gage Dimensions Size (mm)
length (L) 5.0

width (W) 1.0

thickness (T) 0.36

Test Parameter Value

image resolution (µm/pix) 0.082  

speckle diameter (µm) 0.3

total fields of view 60 (4x15 array) 

Top View

10 mm

L

W

T

Fig. 1 Specimen dimensions and DIC parameters
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superimposed, with the poles from the latter rotated 180°
about the a1 axis. If perfectly columnar, the pole figures would
match. The specimen was not perfectly columnar, as there
are grains near the edges of the specimen gage that do not
appear to extend through the specimen thickness (grains a-i
in Fig. 2(a)). A detailed analysis of specimen microstructure
and columnarity is discussed in Online Resource 1. The
tensile specimen with a 5 × 1 mm2 gage area was cut from
the sheet using wire electric discharge machining and
mounted to an aluminum holder using a thin adhesive layer
(crystalbond 509 and acetone, 1:4 wt mixture). It was then
manually polished using 600 grit, 800 grit, and 4000p SiC
paper (Buehler CarbiMet and MicroCut), followed by 3 μm
and 1 μm polycrystalline diamond paste (Buehler MetaDi
Ultra Paste) and finished with a final abrasive 0.05 μm col-
loidal silica solution (Buehler MasterMet 2) using a vibra-
tory polisher (Pace Technologies, GIGA-0900). The
resulting specimen thickness after polishing both sides
was 0.36 mm. The specimen was rinsed, while still mounted
to the aluminum holder, using deionized water and soap

(Simple Green All-Purpose Cleaner) to remove residual col-
loidal silica. The specimen was soaked in acetone for sev-
eral hours to dissolve the adhesive and to remove the test
specimen from the aluminum holder. The specimen was
then placed in fresh acetone for three soak cycles of five
minutes each, until the specimen surface appeared free of
adhesive by visual inspection. The specimen then was
soaked in isopropanol (three soak cycles of five minutes
each) to remove acetone residue. Two 40 × 40 μm2 fiducial
markers were placed every 1.67 mm along both edges of the
specimen gage (eight markers total), using e-beam platinum
deposition in a scanning electron microscope (FEI Teneo).
The four corner markers were used to align strain fields and
EBSD maps; an affine transformation was applied to the
EBSD data, using the fiducial markers as control points to
align both orientation and strain arrays. Full-gage grain ori-
entation data was collected via EBSD using an EDAX
Hikari EBSD camera and FEI Teneo scanning electron mi-
croscope. This process was repeated on the second side of
the specimen as shown in Fig. 2.
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1 mm
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Fig. 2 (a) Sample normal direction inverse pole figure maps of the front and back of the full Al specimen gage, showing partial evidence of the same
grain orientation on both sides indicating that most grain boundaries are columnar. Corresponding grains on both surfaces are labeledwith numbers while
non-through-thickness grains are labelled with letters. (b) Inverse pole figure in tensile axis (a2) direction and (c) [001] pole figures for front and back
specimen surfaces are superimposed. The front and back pole figures are plotted in black and gray respectively, with the poles from the latter rotated 180°
about the a1 axis
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Speckle Patterning for SEM-DIC with Gold
Nanoparticles

Gold nanoparticles (AuNPs) of 300 nm diameter, stabilized in
citrate buffer, were purchased from Sigma Aldrich and chemi-
cally attached to one side of the specimen to produce a random,
evenly distributed speckle pattern suitable for collecting high-
resolution microscale strain fields with SEM-DIC. An example
of this nanoparticle pattern is shown in Fig. 3. Note that there is
some agglomeration of the nanoparticle pattern, but the indi-
vidual AuNPs were resolved at the length scale relevant to the
correlation subset size as shown in the magnified view of the
pattern in Fig. 3. The AuNPs were applied using a surface
silanization technique developed in [35]. The following
silanization procedure was used: (1) specimens were cleaned
by soaking in isopropanol for ten minutes, followed by soaking
in deionized water for ten minutes, and then removed to air dry;
(2) subsequently, 50 mL deionized water and 50 mL ethanol
were mixed in a 500 mL crystallizing dish with a stir bar for
forty minutes; (3) 2.5 mL (3-aminopropyl)trimethoxysilane
(APTMS) was then added in approximately 0.1 mL-sized drop-
lets, while stirring for 10 min; (4) the test specimen was then
positioned horizontally in the solution, with the side to be pat-
terned facing up. This was carefully done using a sling made
from aluminum foil, shown in Fig. 4, which held the specimen
while soaking in APTMS solution. Without this device, which
supports the back face of the specimen, the delicate specimen
was prone to bending upon removal from the solution due to
liquid surface tension; (5) the specimen was soaked for 20 min
with the solution continuously stirred, and then removed and
rinsed with ethanol followed by deionized water for five sec-
onds each. While rinsing, the specimen was supported from the
back side by placing it against an aluminum holder to prevent
bending.

After the specimen had air dried, 25 mL of the 300 nm
AuNP solution (Sigma-Aldrich) was poured into a 50 mL
beaker and agitated for 5 min in an ultrasonic bath (FS20H,
Fisher Scientific) to stir the settled AuNPs into a suspension.
The specimen was submerged using a new aluminum foil
sling, which was not exposed to APTMS, and positioned hor-
izontally with the side to be patterned facing upwards. The
silanized sling used in the previous step was not reused in this
step because the sling is prone to attach to the AuNPs and
significantly reduce the specimen pattern density. Due to their
relatively large size, the 300 nm AuNPs settled quickly, caus-
ing the solution to look clear with orange residue at the bottom
of the vial. Therefore, every twenty minutes the specimen was
removed and the solution was agitated for several minutes
until it once again appeared cloudy orange, indicating AuNP
suspension, and the specimen was replaced. This process was
repeated three times to increase AuNP attachment density.
The specimen was then removed, rinsed for ten seconds with
deionized water, and gently blown dry with house air while
the specimen was again supported on its back face by an
aluminum holder.

Tensile Testing

Before thermo-mechanical straining, a full microstructural
map of the specimen gage was captured by EBSD.
Following this, the specimen was patterned with AuNPs using
the procedure described above, and a series of calibration
images for SEM-DIC were collected in-SEM for the full spec-
imen gage following the procedures of [35–37] and later used
to correct for SEM distortions. SEM-DIC reference images
were collected in a 4 × 15 array of overlapping fields of view
(FOVs), each with 82 nm/pixel resolution, that were stitched
together post-test to cover the 1 × 5 mm2 specimen gage

3

subset size

3

Fig. 3 Gold nanoparticles were applied using the surface silanization technique of [35] to serve as a speckle pattern suitable for SEM-DIC. The
correlation subset size (21 × 21 pixels) is shown at three image magnifications for comparison with speckle pattern size and image resolution
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section. The FOVs in the reference image array were collected
with 20% overlap in the direction of the applied load to pre-
vent loss of gage information due to specimen elongation. The
microstructural array was comprised of approximately 400
individual EBSD scans that were stitched together using com-
mercial software (TSL OIM 7, EDAX). The strain data array
contained 43.5 million (2900 × 15,000) data points across 60
FOVs that were stitched using custom software to cover the
entire 1 × 5 mm2 gage section. The 60 FOVs were correlated
separately using commercial DIC software (Vic2D 6,
Correlated Solutions) using a step size and subset size of 5
pixels and 21 × 21 pixels respectively. These fields were then
corrected for SEM distortions and stitched following [38]. The
selected correlation step size resulted in a pixel resolution of
the displacement fields of 0.41 μm/pixel.

Samples were strained ex-situ, while heated to 190 °C, using
a tension-compression stage (Kammrath andWeiss), following
which the specimen was unloaded for plastic deformation map-
ping in a FEI Teneo SEM. The oxide layer formed on the
tensile specimen during ex-situ heating at this temperature is
expected to be less than 10 nm thick [39, 40], which is four
orders of magnitude thinner than the specimen thickness
(360 μm) and not expected to significantly affect mechanical
behavior. With the tension-compression stage outside of the
SEM, the specimen was heated to 190 °C and strained with a
globally applied rate of ε̇ ¼ 2 × 10−4 s−1 to a set strain incre-
ment (εG), at which point the specimen was unloaded, allowed

to cool, and transferred to the SEM for deformation mapping.
To avoid damaging the specimen, the experimental setup was
designed so that the entire tension-compression stage could be
transferred between the heating/cooling setup and the SEM
chamber without removing the specimen. In Fig. 5 the
tension-compression stage is shown mounted in the ex-situ
setup, on the heating/cooling system. Because the grips in con-
tact with the specimen are non-conductive plastic, a copper clip
(seen in Fig. 5) that could be easily attached during in-SEM
imaging and removed during ex-situ heating and straining, was
used to ground the specimen. Deformation maps of the
unloaded, cooled specimens were obtained in-SEM at
globally-applied strains of εG = 1.5 × 10−4, 5.5 × 10−3, 0.011,
0.019, 0.028, 0.036, and 0.046. The globally-applied strains
εG were obtained by measuring gage elongation from stitched
SEM images using an image processing program (Image J).

During ex-situ testing, the specimen was heated by a resis-
tive heater situated below the specimen. Due to the highly
delicate nature of the specimens, a compliant sheet of
graphene was used to conduct heat from the heater to the
bottom of the specimen. The stage was attached to a water
cooling system (Kammrath and Weiss, Caron) to prevent the
load cell from overheating, as shown in Fig. 5. Stresses due to
thermal expansion were calculated to be on the order of
100 MPa for this specimen geometry, an order of magnitude
larger than the expected yield stress of 10 MPa. Therefore, to
avoid thermally-induced yielding, the specimen grips were

10 mm

Fig. 4 An example of the
aluminum foil sling used in the
nanoparticle speckle pattering
process, holding a dummy
specimen. Different slings were
used for the silane and gold
nanoparticle solutions. The
specimen remains on the sling
while submerged in either
solution, so the specimen can be
easily removed without having to
be removed, and possibly
damaged, by manipulation with
tweezers
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adjusted during specimen heating and cooling to maintain
zero load. Grip adjustment, rather than ungripping the speci-
men, was used to avoid stress due to thermal expansion be-
cause this method posed less risk of damaging the specimen.
Note that the cooling rate of the specimen was not constant
and grip adjustment was conducted manually. After returning
to room temperature, the tension-compression stage holding
the test specimen was placed as a unit into the SEM to collect
full-gage images.

Results and Discussion

The evolution of the full-field strains at 190 °C is shown in
Fig. 6, with the corresponding globally-applied strain (εG)
and engineering stress (obtained from the 10 N load cell)
referenced in the table. Strain fields were stitched follow-
ing the process outlined in [38]. Deformation trends with
respect to microstructural features were identified through
the alignment and analysis of the stitched strain and EBSD
data arrays. Slip transmission was identified by character-
izing slip trace directionality, sequence, and location along
the boundary by observing trace evolution in strain fields
from increasing global strain increments. While the traces

seen in the magnified view of Fig. 6 appear to transmit
across the boundary, trace directionality suggests possible
boundary nucleation, which highlights the inadequacy of
only characterizing boundary-dislocation interaction spa-
tially in a single strain increment; detailed criteria for iden-
tifying and classifying transmission activity are discussed
in detail in a following section. A magnified view of the
yellow boxed boundary from the global strain ε7 strain
field in Fig. 6 is shown in Fig. 7. To investigate the activity
of GBS, the relative in-plane displacement tangent to the
grain boundary was calculated along the length of the grain
boundary from the SEM-DIC strain data. As shown in Fig.
7, this relative displacement between the adjacent grains
highlighted the local activity of GBS, which in this case
was on the order of five microns.

The assessment of deformation mechanisms close to the
grain boundary required accurate alignment of the EBSD mi-
crostructure maps and SEM-DIC microscale strain data.
Alignment between the lower-resolution EBSD and higher-
resolution SEM-DIC fields was significantly improved by
clustering strain data within an EBSD-defined boundary
mantle. EBSD data is typically of lower spatial resolution
than SEM-DIC obtained strain fields, and this resolution
disparity can be exacerbated by the need to obtain EBSD

4 cm
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Ta heat 

shields

load cell
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Cu grounding 
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grips
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Ta heat shield
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shield
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(b)

(c)

A

Fig. 5 (a) Experimental deformation stage setup for uniaxial testing of 99.99% pure aluminum specimens with through-thickness grain structure at
190 °C, mounted on the heating element and cooling system. Because specimen heating and straining are conducted ex-situ, the setup was designed so
that the entire stage could be transferred between the heating/straining setup and mounted in the SEM without removing the specimen. (b) and (c) are
cross-sectional diagrams corresponding to lines A-B and C-D respectively in (a). Both (b) and (c) show the Ta heat shield which reduces radiant heat
transfer to the specimen grips. The Ta shield itself is directly attached a component of the cooling system from below via two screws, while the heater and
shield are separated by silicone insulation, seen in (c)
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data over large fields of view in tractable testing times. In
this case, a 5 μm step size was used for EBSD to map the
entire 1 × 5 mm2 gage section. The initial misalignment
between the EBSD and SEM-DIC data is shown in Fig. 8

(a). In theory, if GBS is characterized by tangential rigid
body displacement (termed here as pure GBS), this error
margin should not significantly affect GBS magnitude cal-
culations. However, in cases where GBS is accompanied

Increment 
(εn) 1 2 3 4 5 6 7

Strain 1.5x10-4 5.5x10-3 0.011 0.019 0.028 0.036 0.046

Stress
(MPa) 8.89 8.72 8.00 7.67 8.06 8.36 8.61

ε
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ε
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ε
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ε
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ε
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ε
1

Fig. 6 Full-gage strain evolution from ex-situ loading at elevated temperature: (Top Left) Table of the stress and strain where the sample was then
unloaded. (Left) Full-gage axial (εxx) strain fields for each strain increment, with EBSD-identified grain boundaries overlaid. (Right) A select magnified
region of the strain field, highlighting the resolution of individual slip bands and evolution of strain localization with increasing global strain. The in-
plane GBS profiles for the two boundaries boxed in the (ε7) strain field are shown in Fig. 10
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by local slip and plasticity observed in the grain boundary
vicinity (termed here as simultaneous GBS), the GBS mag-
nitude calculations can vary significantly with distance
from the grain boundary (a gradient in shear displacement
is evident Fig. 7). In studies where fiducial lines were used,
the simultaneous GBS case may manifest as fiducial line
bending in addition to a step displacement at the grain
boundary [25, 31, 42]. It is understood that slip is often
required to accommodate GBS strain in polycrystalline mi-
crostructures, and that stress localization at grain bound-
aries (e.g., due to compatibility stresses or dislocation pile
ups) can cause local slip system activation. These cases
highlight the importance of characterizing grain
boundary-local plasticity, and therefore underline the im-
portance of high-resolution strain measurement and precise
grain boundary identification. By clustering and fitting
strain points within the vicinity of the EBSD-identified
grain boundaries, shown for a selected boundary in Fig. 8
(a), grain boundary identification could be significantly
improved as shown in Fig. 8 (b). Details for this alignment
procedure are described in [41].

Many image correlation routines use local schemes for dis-
placement and strain calculations, causing a loss of resolution
informally referred to as ‘smearing’ at displacement disconti-
nuities such as slip traces and grain boundaries. These sharp
displacement discontinuities can be averaged over a larger
pixel width, the magnitude of which depends on correlation
parameters [43] amongst other possible factors. For accurate
GBS calculations, it was necessary to disregard displacement
points within this smeared region, here termed the effective
boundary width (EBW). The average EBW for this data set
was determined to be approximately 20 pixels (8.2 μm) with
the DIC parameters used (5 pixel correlation step size and
21 × 21 subset size). Pixels within this EBW region were
disregarded in all GBS magnitude calculations. Local profile
disruptions were observed when there was significant mis-
alignment (larger than the EBW) between the EBSD and
SEM-DIC data that resulted in the affiliation of displacement
points with the incorrect grain. Therefore, tangent displace-
ments involved in calculating GBS magnitude were chosen
as close as possible to the identified boundary, while still re-
maining outside the pixel margin determined by the larger of
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the EBWand EBSD-DIC alignment offset. This mantle width
varies with DIC and EBSD parameters, and again underlies
the importance of precise grain boundary identification. In
Fig. 9 and Fig. 10, in-plane GBS magnitude was calculated
for grain boundaries identified in red and yellow boxes in Fig.
6 (ε7), using several different mantle widths to determine pa-
rameter sensitivity. For profiles A-B and C-D, average GBS
magnitude variation between 10 and 30 pixel widths was
0.0003 and 0.03 μm respectively. There are several factors
that can contribute to the sensitivity of the measured GBS
magnitude to mantle width variation, including the amount
of near-boundary deformation activity and alignment of mi-
crostructure and strain data.

Slip activity near or at a grain boundary contributed uncer-
tainty to the calculation of grain boundary sliding that was
assessed by averaging the tangential displacements along the
boundary. Consequently, as shown in Fig. 9, the grain bound-
ary sliding profiles of boundaries with high slip activity near
them exhibited more displacement variation than the grain
boundaries with low slip trace activity. In some cases, the clear
presence of slip traces along the boundary could be correlated

to local jumps in the grain boundary sliding profile, as shown
in Fig. 9. Although the displacement contributions from slip
traces were local in nature, the spatial averaging of the algo-
rithm used to calculate the GBS magnitude led to sloped jump
portions of the GBS profile that varied with the angle between
the slip trace and grain boundary. Figure 9 is an example case
showing the effect of the slip traces on GBS profile. Four slip
traces in the top, seen in the axial strain (εxx) field in Fig. 9 (a),
impinge on the grain boundary. This represents one of the
simplest slip-grain boundary interaction cases observed in this
specimen: slip traces met the grain boundary from only one
side, represented a single slip system, and were spaced far
enough apart for the individual tangential displacement con-
tributions to be resolved in the GBS profile. Significant jumps
at the locations where slip traces met the grain boundary are
evident in the profile along the grain boundary of the in-plane
GBS magnitude, as shown in Fig. 9 (b). In order to provide
further evidence that these jumps were caused by the contri-
bution from slip impingement, the DIC-measured displace-
ment fields were used to calculate the approximate jump ex-
pected in the GBS profile. First, due to both the GBS and slip
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directionality, the observed slip steps were expected to in-
crease the sliding magnitude, because the x and y components
of displacement discontinuities due to slip and sliding of the
lower grain with respect to the upper grain were both positive.
The magnitudes of the GBS profile jumps were estimated by
measuring the displacement discontinuity in the slip trace at

three random points along each of the four traces. The poten-
tial grain boundary-tangent displacement arising from the av-
erage displacement resulting from each trace was compared to
the jumps identified in the GBS profile, and the magnitudes of
both are similar, shown in dark blue and light orange respec-
tively in Fig. 9 (c). Both measurements indicate a similar
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displacement magnitude, supporting the hypothesis that the
highlighted profile steps are a result of local slip activity.
While it is difficult to separate slip and sliding contributions
in the GBS profiles, especially in more complex local slip
cases, the contribution of individual slip traces can be estimat-
ed using DIC-measured displacement fie lds and
superimposed onto the GBS magnitude profile. If the estimat-
ed slip trace displacement contribution is significantly less
than the average GBS magnitude, it can be inferred that there
is a large contribution of GBS to grain boundary tangent
displacement.

The profile of GBS was spatially-resolved as shown in
Fig. 10 for the grain boundary from Fig. 7 (Fig. 10, profile
A-B) and Fig. 9 (Fig. 10, profile C-D). The boundary of Fig. 7
had a large (33 deg) misorientation and experienced large
resolved shear stress, as the in-plane component of the grain
boundary normal was inclined 50 deg. from the tensile axis.
Due to the columnar specimen microstructure (observed from
the front and back inverse pole figure maps in Fig. 2), the out-
of-plane boundary normal component was assumed to be rel-
atively small for this boundary. Based upon this assumption,
the boundary normal was angled approximately 5 deg. from
the orientation maximizing the macroscopic shear stress (in-
clined 45 deg. from the tensile axis). These characteristics
made this particular grain boundary a strong candidate for
GBS. In this instance, the in-plane magnitude of grain bound-
ary sliding was on the order of several microns, and varied
approximately linearly along the grain boundary length,
shown by Fig. 10, profile A-B. GBS gradients were similarly
observed byMussot et al. [44] and Doquet et al. [28], with the
former showing the derivation of GBS sensitive strain com-
patibility requirements in which the presence of a GBS gradi-
ent indicates a mismatch between the grain boundary-tangent
strain field components of the adjacent grains.

The profile of GBS varied significantly based on the grain
boundary under investigation. For example, this is evident
when comparing both profiles in Fig. 10. For profile C-D,
GBS stayed relatively constant along the length of the grain
boundary compared to the nearly linear increase observed in
profile A-B. The relationship of the GBS profile along a
boundary to the surrounding microstructure, and its relation
to the spatial distribution of slip transmission along the grain
boundary, will be investigated in future work.

To relate slip and GBS, the geometric compatibility factor
(m′) was used to quantify the ease of slip transmission at each
grain boundary. This transmission criterion, employed by
Luster and Morris [45], is a measure of how well oriented
the incoming and outgoing slip systems are for slip transmis-
sion. The m′ value is a product of the cosines of the angles
between slip plane normals and burgers vectors. A m′ value of
1 indicates a grain boundary that is transparent to dislocation
slip, whereas a m of 0 indicates an impenetrable boundary
[45, 46]. Grain boundaries more favorably oriented for slip

transmission (m′ > 0.9) exhibited a relatively tighter distribu-
tion of grain boundary sliding magnitudes ranging from 0.5–
4 μm. This is shown in Fig. 11, which plots the average in-
plane GBS magnitude vs. m′ for grain boundaries in the full
gage shown in Fig. 6 The most probable m′ value was plotted
for boundaries that exhibited clear, identifiable slip activity in
both adjacent grains, as determined by examination of the
experimentally-obtained trace orientation and ratio of relative
x and y displacement discontinuity across slip traces [47].
Three data points, j, k, l, also have a secondary m′ values that
could also be probable due to close similarities in slip trace
orientation and relative x and y displacement ratio of two
possible slip systems.

To characterize the experimentally observed grain
boundary-dislocation interaction to compare to the geomet-
ric m′ condition, grain boundaries were classified into one
of three cases. Case 1: Transmission - Boundaries in this
group interacted with at least one pair of potential incoming
and outgoing traces in adjacent grains (trace pair) that
met all the following criteria: (1) the two traces aligned
spatially at the boundary, (2) trace pair directionality was
appropriate for transmission: one trace was approaching the
boundary and the second was moving from the boundary, as
confirmed by the DIC strain field evolution under increas-
ing global load, (3) the sequence of trace appearance was
consistent with transmission: the identified outgoing trace
did not appear before the incoming trace met the boundary.
Although there exist other types of boundary-dislocation
interactions involving dislocation absorption and emission
along different grain boundary locations, they are difficult
to identify using ex-situ SEM-DIC, and were not considered
in the presented analysis. Case 2: No Transmission - All
boundaries in this group saw local slip activity in both
grains, but no trace pair met all criteria for Case 1.
Examples include trace pairs caused by dislocation emis-
sion from the same boundary location and by boundary
emission before the impingement of incoming the disloca-
tion. These two examples, which meet the first criterion for
Case 1 and appeared very similar to transmission events in
the final strain field, highlight the importance of reviewing
all strain increments during classification. Case 3:
Undetermined - there were three boundaries in this work
where one or more of the classification criteria could not
be confidently identified. In all of these boundary cases,
criterion (1) for Case 1 was met, but traces in the pair
seemed to appear simultaneously due to either the low tem-
poral resolution of the experiment, leaving ambiguity with
respect to trace sequence, and/or the opposite directions of
shear strain along slip traces, determined by the DIC analy-
sis in adjacent grains, suggests dislocation emission from
the same boundary location into both grains.

All grain boundaries with m′ > 0.9 showed strong signs of
slip transmission. Grain boundaries that experienced no
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transmission, as defined in Case 2, are in to the lower m′
regime. The highest m′ with no evidence of transmission
was 0.8. Despite having spatially aligned traces, there are sev-
en grain boundaries that failed to meet at least one of the two
remaining criteria for Case 1 and were classified as Case 3,
shown by yellow squares in the plot of Fig. 11. This group
spans a large range of m′ values (0.22–0.98) and average in-
plane GBS magnitudes (2.1–6.3 μm). Several differences
were observed between spatially contiguous slip trace pairs
in the Case 1 and Case 3 groups. First, only Case 1 boundaries,
which all had m′ values greater than 0.97, appeared to expe-
rience many transmission events that were somewhat evenly
distributed along the boundary, as seen with boundaries (a)
and (b) in Fig. 11. Conversely, this behavior was not observed
for any of the Case 3 boundaries. There were never more than
one or two contiguous slip trace pairs in question at any of the
Case 3 boundaries, which contributed to classification diffi-
culty. Note that the data points in the Fig. 11 plot represent the
only grain boundaries of the gage section in Fig. 6 that expe-
rienced local slip activity from identifiable slip systems in
both adjacent grains and is therefore a small sample set at a

specific set of testing conditions. There are several boundaries
that did experience relatively large average GBS magnitudes
(> 4 μm) and no transmission, including both non-
transmission grain boundary-dislocation interactions as well
as boundaries experiencing no local slip activity (these bound-
aries are not included in Fig. 11 plot because slip activity is
needed in both adjacent grains to calculate m′), indicating that
GBS does not necessarily depend on the occurrence of trans-
mission. However, the three boundaries in the low m′ regime
that did experience an average GBS magnitude larger than
5 μm suggest that greater GBS activity may be correlated with
slip activity other than high m′ direct slip transmission.
Depending on the nature of the slip trace pairs observed at
Case 3 boundaries (f) and (g) in Fig. 11, the large GBS activity
observed could be interacting with transmission between
moderately well aligned slip systems or dislocation emission.
A larger data set is required to draw statistically significant
conclusions about the possible mechanism correlation trends
observed in this experimental work, but it is interesting to note
that it has been computationally demonstrated that conditions
favorable for GBS can also favor slip transmission. Using
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molecular dynamics simulations of coherent twin boundaries
in Cu, Sangid et al. observed that increasing shear stress on the
grain boundary plane, which is necessary for GBS, decreases
the energy barrier for slip transmission [10]. In addition, ran-
dom high angle grain boundaries, which can enable larger
GBS magnitude, shown experimentally in Zn by Kokawa
et al. [12], contain greater defect content than low angle and
coincident site lattice boundaries and can more efficiently ac-
commodate and relax stresses due to residual dislocations left
in the boundary after a transmission event [48]. GBS magni-
tude has also been directly correlated with increasing grain
boundary disorder and energy in atomistic simulations of alu-
minum bicrystals [49, 50], which conversely suggests an in-
compatible relationship between GBS and direct transmission
resulting in little to no boundary residual, observed to occur at
low misorientation [51, 52] and low energy Σ boundaries
[53]. In addition to these possible microstructural factors, ef-
fects of local stress state variation on GBS/transmission inter-
action will be explored in future work with crystal plasticity
modelling.

The experimental and analytical approaches presented in
this work have limitations that should be noted. Although this
approach can spatially resolve the extent of GBS and disloca-
tion slip across large mm-scale FOVs, it is a surface measure-
ment. Therefore, the effect of the underlying microstructure is
not considered, which was a motivating factor for using a
high-purity, columnar specimen despite the inherent experi-
mental difficulties. Additionally, the specimen used in this
work was not perfectly columnar (as seen in Fig. 2), which
limited the accuracy with which the out of plane component of
the boundary plane normal can be determined. The specimen
microstructure also exhibited <100> texture due to annealing,
which limited the types of boundaries examined. Future stud-
ies to investigate grain boundary plastic deformation behavior
in columnar microstructures with more randomized textures
would provide valuable information regarding mechanism in-
teractions across varied microstructures.

Conclusions

The present work demonstrates an experimental approach
to capture high-resolution, large field of view strain and
microstructural information in high-purity (99.99%) co-
lumnar aluminum subjected to uniaxial tension at 190 °C.
Stitched SEM-DIC and EBSD were used to obtain high-
resolution strain fields and grain orientation information
needed to investigate these mechanisms at grain bound-
aries across full specimen gages. The resulting 2D mea-
surements of GBS and slip displacements can be used to
determine full-gage average values (e.g. contribution of
various mechanisms to global strain, average in-plane
GBS), spatially resolved deformation behavior (e.g. in-

plane GBS magnitude profiles, slip transmission) and
globally quantified GBS-slip trends with respect to micro-
structure (e.g. m vs. GBS magnitude). Several of these
analysis approaches have been demonstrated for selected
boundaries and for the full specimen microstructure where
it was found that: (1) GBS magnitude profiles can have
large gradients along a single boundary; (2) GBS magni-
tude profiles can vary significantly between boundaries;
(3)When comparing average in-plane GBS magnitude to
m′, two regimes were observed: high m′ (m′ > 0.9) and
low m′ (m′ < 0.9). All seven grain boundaries that were
confidently identified as experiencing direct transmission,
as defined by Case 1, fell within the high m′ regime and
saw a lower average in-plane GBS than in the low m′ re-
gion, but there was no clear direct correlation between
these parameters. (4) Two grain boundaries that experience
the highest average in-plane sliding magnitude also saw
contiguous, yet undetermined slip trace pairs, suggesting
a possible interaction between GBS and slip transmission
or dislocation emission; future work is needed to examine
statistically significant numbers of grain boundaries at var-
ied test conditions. While the characterization of m′ and
averaged GBS magnitude gives insight into the relation-
ship between GBS and slip transmission, further investiga-
tion including local microstructural effects is warranted.
Future study of this mechanism relationship will consider
additional microstructural parameters and take advantage
of spatially-resolved, large field of view microstructure
and strain information made possible by this approach to
characterize complex deformation trends with respect to
the GBS-slip transmission mechanism relationship.
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