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Grain boundaries play an important role in the deformation of ultrafine-grained and nanocrystalline metals and
are key to understanding and improving their mechanical properties. This study combines orientation mapping
with in situ transmission electron microscopy straining at low applied strain rates to investigate the grain
boundary migration behavior as a function of microstructure in both as-fabricated and annealed ultrafine grained
Au specimens. The main observation for the unannealed specimens is that small grains are consistently removed
upon straining. This increased grain boundary mobility near small grains is attributed to grain size-dependent
yielding, leading to a strain energy difference across the grain boundary. Molecular dynamics simulations
reveal a local smoothing effect arising from coupled sliding-migration at curved grain boundaries, which could
be an additional cause for smaller grains to shrink. Other microstructural features such as grain boundary
misorientation, grain orientation, and Schmid factor are investigated in the annealed specimens (when grain
removal is scarce), but no clear correlations are found.

1. Introduction

Nanocrystalline (NC) and ultrafine-grained (UFG) metals exhibit
superior strength compared to their coarse-grained counterparts due to
the high-density of grain boundaries (GBs) that restrict dislocation glide
[1]. However, they are also notorious for exhibiting low thermal/-
mechanical stability due to an evolving GB network by the activation of
GB-mediated mechanisms. A growing number of studies have shown
that grain growth, which is typically considered to be a thermally-driven
process, can be activated by mechanical loading in NC and UFG metals
[2-6], even at room and cryogenic temperatures [7]. Some studies
suggest that this grain growth is favorable as it facilitates a means for
plastic deformation and can have a large impact on the mechanical
properties. For example, Gianola et al. found that NC Al specimens show
increased ductility if stress-assisted GB migration is activated compared
to counterparts that experience no grain growth [2]. Additional studies
have suggested that grain growth mediated by stress assisted grain
boundary (GB) migration occurs prior to (and thus helps facilitate)
transgranular dislocation activity. In situ TEM straining of NC Al has
shown fast GB migration near a crack tip prior to dislocation activity [8],
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while other studies have shown that grain coarsening occurs in the
immediate vicinity of an indenter tip during in situ TEM nano-
indentation, with the coarsening halting once grains are large enough to
accommodate dislocation activity [9]. Other studies suggest that grain
growth can have a softening effect as the nano-sized grains are elimi-
nated [10]. Mechanically-driven grain growth has been observed in a
wide range of NC/UFG metals under different loading conditions,
including uniaxial tension or compression [2,3,8,11,12], torsion [13,
14], indentation [9,15], and cyclic loading [5,6,16-18]. The extent of
grain growth has been shown to depend on the loading condition [17,
19], is non-uniform across different grains [19], and depends on the
local stress state (i.e. normal versus shear stress) [3]. Additional studies
have suggested that grain growth behavior varies depending on the
initial microstructure such as grain size and film texture [2,4,16,18,19].
Grain growth has been shown to occur via stress assisted GB migration
and/or grain rotation [20,21], with GB migration usually considered to
be the dominant mechanism [22]. Understanding the numerous factors
that influence mechanically-induced grain GB is key to improving NC
and UFG mechanical properties and stability.

GB kinetics dictate the evolution of a GB network and structure and
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are central to understanding how NC/UFG materials evolves during
deformation. The fundamental kinetic equation used to describe GB
migration is:

vV, :MZF (l)

where v, is GB migration velocity defined normal to GB plane, F is the
applied driving force and M, is the intrinsic GB mobility that relates v,
to F [23]. The intrinsic mobility is an equilibrium GB property that de-
pends on material parameters, temperature, and/or bi-crystallography
and, in addition to the driving force, controls the evolution of grain
morphology and crystallography [23]. Much of the research investi-
gating the stress-based driving force involves either molecular dynamics
(MD) simulations [24-27] or experiments [28-31] on bicrystals. Molo-
dov et al. investigated the stress-driven motion of three £7 boundaries in
Al as a function of GB angle/axis pair [31]. Their results indicate that
crystallographically equivalent symmetric tilt GBs show different re-
sponses (migration rates) under an applied stress. Additional results
indicate that GB mobility is related to GB structure with a generally
accepted view that mobility increases for HAGB compare to LAGB [32,
33]. Olmsted et al. also determined that GB mobility is not closely
correlated with X value with the single exception of £3 boundaries [25].
MD simulations on a flat GB in an Al bicrystal have determined that the
mobility of mixed-type boundaries is markedly higher than that of a
pure twist or tilt boundary due to the increased disorder of mixed-type
boundaries [33]. The simulations also showed that two GBs with the
same misorientation angle-axis pair but different boundary planes can
have very different mobilities, with increasing GB mobility correlating
with increasing deviation of the GB plane from {111}.

The abovementioned bicrystal studies typically do not capture the
behavior of GBs present in polycrystals that have additional restrictions,
such as triple junction (TJ) and more complex stress states. Computa-
tional studies on polycrystals provide insight into the behavior of an
evolving GB network under different driving forces. A recent study has
suggested that different external stimuli (i.e. temperature and/or me-
chanical loading) can lead to varying degrees of GB mobility enhance-
ment [19]. Ex situ experiments on polycrystals are useful in determining
if GB migration occurs by comparing the pre- and post-microstructure
and grain size distributions and have been conducted for a variety of
materials across large ranges of temperatures and strain rates [2,3,34]. A
recent study on nano-grained Cu suggests that Schmid factor has an
impact on stress-assisted grain growth [35]. This study reported that
grains with a favorable orientation for dislocation slip (high Schmid
factor) tend to grow at the expense of less-favorably oriented grains
during tensile tests to 10 % uniform strain under a relatively high strain
rate (1073s7!) (i.e. large driving force). Additional studies on
gradient-structured specimens have indicated that there is a grain size
for optimal grain-coarsening ability and that grain sizes above or below
this value experience minimal grain size change [36]. However, these ex
situ studies are limited in the ability to observe the GB migration
mechanisms or velocity of migration in real-time [37]. In situ TEM ex-
periments coupled with microstructure characterization are required to
uncover the relationship between microstructural factors and GB
behavior under loading conditions. Rottmann et al. combined orienta-
tion mapping with in situ TEM straining on annealed Cu (average grain
size: 57 nm) and determined that wide range of GB undergo migration
but found no correlation between GB misorientation angle and mobility
with the exception of highly mobile incoherent £3 boundaries [11].

This paper presents a comprehensive investigation on the effects of
different microstructural features (grain size, GB character, Schmid
factor, and the effect of the loading direction) on mechanically-induced
GB migration in as-deposited and annealed UFG Au thin films. We
combine orientation mapping with in situ TEM nanomechanical testing
and complementary MD simulations to establish statistical correlations
between microstructural features and GB migration susceptibility and
provide atomistic details accompanying the grain GB processes.
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2. Material and methods
2.1. Experimental

Tensile specimens were fabricated in a cleanroom facility using a
process involving optical lithography, electron beam (e-beam) evapo-
ration, followed by lift-off and XeF; etching of the Si substrate to reveal
free-stranding specimens [38]. The e-beam evaporation of Au was per-
formed at a deposition rate of 0.5 4/s to a final thickness of 100 nm. A
subset of specimens were then annealed at 350 °C for 30 min in vacuum
(20 mTorr).

In situ TEM straining experiments were conducted using a custom
built microelectromechanical system (MEMS) device that has been
previously used to study similar specimens [39-42]. The components of
the device include a thermal actuator, two capacitive sensors, a load
sensor beam, and the specimen gap. When a voltage is applied across the
actuator, resistive heating causes the thermal actuator to shift the cen-
tral shuttle by a displacement X,4. This shift in the central shuttle causes
a shift in the first capacitive sensor (CS;) which results in a change in
capacitance. From this capacitance change, the displacement X, can be
calculated (see Refs. [39,41] for more details on MEMS operation). A
specimen is placed across the specimen gap, connecting the thermal
actuator/CS; portion of the MEMS to the second capacitive sensor CSs.
This capacitive sensor is rigidly connected to the load sensor beam and
allows for the measurement of the displacement of the load sensor X;s.
From these displacements, the displacement of the specimen can be
determined as Xs = X4 — Xis. The force F can be determined by
considering the known stiffness of the load sensor beam (Kys) and X
following: F = KjsX;s. The stress on the specimen can then be deter-
mined by considering the specimen geometry (nominal gauge width
~1.75 pm and 100 nm-thick). Each specimen is individually placed onto
the MEMS using a micromanipulator under a light microscope and
clamped using UV curable glue. The specimens are far enough from the
actuator that no significant temperature increase of the specimens is
expected [43].

Prior to straining, procession electron diffraction (PED) was per-
formed on a ThermoFisher Tecnai F20 TEM operating at 200 kV at the
University of Alabama. The step size was 5-10 nm with 2-3 processions,
depending on the grain size. The orientation map was analyzed using
Orientation Imaging Microscopy (OIM) software. The data were cleaned
using confidence index standardization (minimum grain size of 5 and 7°
tolerance angle) followed by grain dilation restricted to points with a
confidence index <0.1. In situ TEM straining experiments were con-
ducted using a ThermoFisher Tecnai F30 operating at 300 kV. Specif-
ically, the specimens were loaded to different stress levels at which
points the MEMS displacement X, was kept constant (leading to slight
stress relaxation due to time-dependent plastic deformation [38,44]) for
observing GB migration. TEM images were collected at approximately
one-minute intervals and combined and stabilized to form time lapse
videos, enabling direct observations of the microstructure evolution
during loading. The microstructural changes such as GB migration or
grain growth were documented for both the as-deposited and annealed
specimens and related to the initial orientation maps.

The GB migration behavior was tracked by manually tracing the
grains in each collected image. This task is complicated due to the
presence of bend contours, which can be difficult to differentiate from
the GBs. To aid in this task, the collected images were assembled into an
image stack and aligned using a consistent feature (e.g. a triple point
that did not migrate). By cycling through the images, GBs, which do not
reverse migration direction during strain relaxation, can be differenti-
ated from other features such as bend contours that can undergo a range
of contrast fluctuations. In addition, the initial orientation maps, when
available, provided a valuable unambiguous starting point in the GB
identification. It should be noted that, even with this approach, some
boundaries could not be unambiguously identified and were left out of
the analysis.
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For one experiment on the as-received material, the microstructure
was analyzed before and after deformation using 4D-STEM. This
experiment was conducted in Georgia Tech’s ThermoFisher Tecnai F30
microscope operated at 300 kV. The Gatan STEMx system was used to
collect nanobeam diffraction patterns in a regular grid prior to defor-
mation and after straining to yield and allowing to relax for forty mi-
nutes. The patterns were collected using a Gatan Metro 300 direct
electron detector in a square grid pattern with a step size of ~6.8 nm and
using an approximated convergence angle of 1.2 mrad. The patterns
were analyzed using the STEMx OIM package for DigitalMicrograph.
This package relies on a template matching approach similar to that
developed by Rauch and Veron to determine the local crystallographic
orientation [45]. To increase the diffraction pattern contrast, neighbor
pattern averaging and reindexing (NPAR) was applied using the same
approach as has been developed for electron backscatter diffraction
(EBSD) analysis [46]. Maps were generated and the data were analyzed
using OIM software. Grains that contained fewer than 5 pixels were
filtered out when creating the orientation maps and grain size histo-
grams as these were not reliably identified by the indexing.
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2.2. MD simulations

MD simulations of uniaxial tension of NC Au thin films were per-
formed using LAMMPS [47]. The initial polycrystalline structure con-
sisted of four hexagon-shaped grains with a side length of approximately
20 nm. To investigate GB migration between grains of different sizes, a
smaller grain with a side length of approximately 10 nm was embedded
in each simulated film. The grain orientations along the z-axis were set
to be [111] and in-plane grain orientations were random, representing
the [111] texture. As a result, all GBs were of the [111] tilt type. Periodic
boundary conditions were applied along the in-plane directions, and
traction-free boundary conditions were applied along the out-of-plane
direction. The thin film structure has dimensions of 60 x 60 x 15 nm
and contains a total of 3,162,955 atoms. The interactions between Au
atoms were modeled using an embedded atom method (EAM) potential
[48]. To relax the GB structure, the system was annealed under zero
stress by first heating to 900 K for 10 ps, then cooling to 300 K, and
finally equilibrating at 300 K for 10 ps. Uniaxial tensile and compressive
strains up to 10 % were applied with a strain rate of 108 s~1 at 300 K.
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Fig. 1. TEM images of initial microstructure of (a) as-deposited and (b) annealed Au thin films with corresponding orientation map for each region in (c) and (d),
respectively. (e) Area fraction grain size and (f) GB misorientation distribution for the as-deposited (grey) and annealed (orange) films. The average grain size is
indicated by the vertical dashed lines and highlights the change in grain size after annealing.



S. Stangebye et al.
3. Results
3.1. Initial Microstructure

Bright-field (BF) TEM images of the initial microstructure for the as-
deposited and annealed Au specimens are shown in Fig. 1(a) and (b),
respectively. The accompanying orientation map of each region is
shown in Fig. 1(c) and (d). Upon annealing, the average grain size
increased from 142 + 36 nm to 360 + 83 nm as a large portion of the
small grains were removed (grain sizes determined from TEM PED
dataset). The average grain sizes for both are indicated by the vertical
dashed lines in the grain size distribution shown in Fig. 1(e). Specif-
ically, 20 % of the area of the as-deposited specimens is composed of
grains with sizes of 50 nm or less, whereas only 2.5 % of the area of the
annealed specimen contains grains <50 nm in size. Dark-field TEM
imaging suggests that, in the case of small grains, multiple through
thickness grains exist (see Supplementary Information Fig. S1). This has
important implications when considering the GB curvature as the sur-
face GB trace, which is most visible in TEM imaging, only provides
partial information on the GB morphology. Both films maintain the
(111) dominant out-of-plane texture. Fig. 1(f) compares the GB
misorientation angle 0 distribution before and after annealing and shows
that number fraction of GBs with 9.5° < 6 < 27.5° misorientation angle
increased after annealing and those with 6 > 30° decreased, with the
exception of twin boundaries (6 = 60°). In both films, a large fraction of
the boundaries are X3 twin boundaries with the number fraction
increasing slightly during annealing (0.24 to 0.27).
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3.2. GB migration in as-deposited films

An example of typical GB migration/grain growth behavior in an as-
deposited film is shown in Fig. 2. This experiment consisted of four
stress-relaxation segments at 240, 382, 481, and 420 MPa for a total of
63 min under tension. Fig. 2(a) and (d) show BF TEM images of two
different regions prior to straining. In both cases, the grain outlined by
the bolded white line undergoes stress-induced grain growth in the di-
rection of the red arrows. This resulted in the outlined grains shown in
Fig. 2(b) and (e), which were taken at the end of the 3rd relaxation
segment after the stress reached a maximum of 481 MPa. The initial
(bolded) and final (dashed) grain outlines are overlaid on the initial
orientation maps in Fig. 2(c) and (f), which facilitates easy view of the
region of the microstructure that evolved during straining. In both cases,
the grains expanded to absorb/remove the highly disordered regions
composed of small grains in the vicinity.

A detailed analysis of the evolution of a cluster of grains during stress
relaxation in an as-deposited Au film is shown in Fig. 3. This is shown to
illustrate how grains are rearranged due to the disappearance and
growth of certain grains. Fig. 3(a) shows a BF TEM image of the initial
GB network outlined with 6 grains identified by lettering. Fig. 3(b)-(d)
shows grain growth, shrinkage, and disappearance leading to a signifi-
cantly different microstructure compared to the initial state. The specific
changes that occur between TEM images is best seen in the outlines
shown in Fig. 3(e)-(g). The grains highlighted in red in Fig. 3(e) are
removed during the transition from Fig. 3(a) to (b) (dashed outline is
from (a) and solid outline is from (b)). The removal of grains leads to the
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Fig. 2. Stress-induced grain growth and the removal of small grains in an as-deposited Au film. BF TEM images of (a) initial microstructure with grain traces
outlined. The outlined grain undergoes extensive grain growth in the direction of the red arrows (stress is applied in the vertical direction as indicated). (b) BF TEM
image taken after 31 min under a tensile load. The outline represents the final grain size/shape. (c) Corresponding orientation map of the region with the initial and
final grain outline overlaid. (d)-(f) Similar analysis of a second region.



S. Stangebye et al.
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Fig. 3. Analysis of the grain growth and shrinkage of a cluster of grains. (a) Initial microstructure with GB cluster outlined and certain grains that are constant
throughout the transformation identified by letters. Same region with the GB network outlined (b) 16, (c) 31, and (d) 63 min after an applied load. The grains are
labeled to help identify how the grains have been rearranged. (e) Overlays of the GB network between (a) (dashed) and (b) (solid) with the grains that are removed
during the transition highlighted in red. (f) Overlay of (b) (dashed) and (c) (solid). (g) Overlay of (c) (dashed) and (d) (solid) showing minimal changes for the last 32

min of the experiment.

growth of grains ‘C’ and ‘D’. Additional grains are removed during the
transition to Fig. 3(c) (overlay shown in Fig. 3(f)), primarily contrib-
uting to the growth of grain ‘D’. After this point, all of the smaller grains
in this region of interest have been removed, resulting in all the labeled
grains being direct neighbors. During the transition to Fig. 3(d), minimal
changes occur (seen in Fig. 3(g)). Overall, this represents characteristic
microstructure evolution behavior in the as-deposited specimens during
stress relaxation, which is consistent with our previous in situ TEM
observations done without initial orientation mapping [44].

In order to obtain statistical information regarding the GB migra-
tion/grain growth, 1/3rd of the specimen gauge was analyzed in detail
to identify common characteristics of the grains that grow, shrink, or
completely disappear throughout the 63-minute stress-relaxation
experiment. In total, 189 grains were identified and of those, 93
grains disappeared, 39 grew, 9 shrunk, and 48 grains experienced
minimal changes. The initial GB network outline is shown in Fig. 4(a),
where the grains are color-coded based on if the grain disappears (red),
shrinks (blue), grows (green) or experiences minimal changes (grey).

The white grains could not be confidently identified throughout the
experiment and are omitted from the analysis. Based off this visual
representation, it is clear that it is common for larger grains to grow at
the expense of disappearing smaller grains as there are plenty of in-
stances of larger green grains surrounded by smaller red grains. To
further quantify this, the initial grain size for each tracked grain was
recorded and used to develop a grain size distribution for the grains that
grew, shrunk, and disappeared (Fig. 4(b)). This grain size distribution
unambiguously demonstrates that there is a strong grain size depen-
dence on the grain disappearance behavior. The number average grain
size for the grains that disappeared was 60 + 25 nm compared to the
average initial grain size of the material of 142 + 36 nm. The grains that
grew had an average grain size of 162 + 52 nm and those that shrunk
had an average grain size of 159 + 60 nm. The local strain within this
portion of the gauge length was estimated by measuring the distance
between the same edge features on the gauge which resulted in a local
strain estimation of 11.7 %.

The orientation of each grain was also recorded to explore any po-
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Fig. 4. Detailed analysis of grain growth and shrinkage during stress relaxation. (a) Outlined GB network with grains color coded based on if the grain disappears
(red), shrinks (blue), grows (green), or undergoes minimal change (grey) throughout the 63-minute experiment. Grains colored white could not be tracked with
confidence so are omitted from the analysis. (b) Distribution of grain sizes that grew, shrunk, and disappeared. The arrow indicates the initial average grain size. Out-
of-plane orientation for the grains that (c) disappeared, (d) grew, and (e) experienced minimal change are plotted on IPFs, in addition to the in-plane orientation
along the vertical loading direction for the grains that (f) disappeared, (g) grew, and (h) experienced minimal changes.

tential orientation dependence on the grain growth/shrinkage behavior.
This is shown in Fig. 4(c)-(e) where the out-of-plane orientation for the
grains that disappeared, grew, or experienced minimal changes are
plotted on the inverse pole figures (IPF). A variety of grain orientations
were documented for the grains that disappeared (Fig. 4(c)), including
grains with orientations differing from the (111) film texture. There is
less orientation variation for the grains that grew (Fig. 4(d)) with the
majority of grains exhibiting close to the (111) orientation. Finally, the
orientation for the grains that experienced minimal changes is shown in
Fig. 4(e) and shows slight variation from the preferred (111) orientation.
The variation in the in-plane orientation along the loading direction was
also investigated and is shown in Fig. 4(f)-(h) for the grains that (f) grew,
(g) shrunk and (h) experienced minimal changes. These results indicate
that there is not a strong dependency on in-plane orientation with
respect to the loading axis. It is important to note that in general, there is
a larger variation in orientation within the smaller grains (d < 50 nm)
compared to grains with d > 50 nm that tend to exhibit the dominant
(111) orientation (see Supplementary Information Figure S2).

The crystallographic orientations were used to investigated the in-
fluence of Schmid Factor m on grain growth behavior (here the Schmid
factor is calculated assuming the typical {111} slip planes for FCC ma-
terials). However, there was no significant difference in the average
Schmid Factor m for the grains that disappear (mgg = 0.458 +0.03)
compared to the grains that grew (mgy,; =0.459 =+ 0.04), indicating that
the grain orientation with respect to favorable slip does not have a large
effect on the grain growth behavior.

Collecting orientation maps pre- and post-deformation provided
additional statistical analysis on the removal of small grains from the
microstructure. Fig. 5(a) and (b) shows orientation maps collected and
analyzed using the Gatan STEMx system prior to deformation (Fig. 5(a))
and after loading to yield and allowing to relax for forty minutes (Fig. 5
(b)). Areas highlighted in the orientation maps show the removal of
clusters of small grains (roughly defined as sub-100 nm diameter) and
the associated growth of larger grains. This information is quantitatively
shown using an area fraction histogram constructed from the orientation
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Fig. 5. Orientation maps collected a) pre and b) post deformation. Circles show regions for comparison. ¢) Histogram comparing the area fraction grain size pre and
post deformation. Area fraction was selected to reduce the effects of spurious points on the analysis.

maps (Fig. 5(c)). The area fraction of small (<100 nm) grains decreased
from 42 % pre-deformation to 26 % post-deformation and relaxation.

3.3. GB migration in annealed films

The annealed Au films are ideally suited to study migration behavior
of the GB network in terms of characteristics of the GB, since there are in
general fewer GBs to track and the smallest grains (d < 50 nm) are ab-
sent. Unlike the unannealed films previously analyzed, the GB migration
is not dominated by the removal of the smaller grains since many of
these grains are removed during the annealing process. An experiment
was completed in which two consecutive stress-relaxation experiments
were performed on an annealed Au specimen as TEM images were
captured every minute. The first test consisted of 5 relaxation segments
for a total time under tension of 35 mins and the second test had one
relaxation for 12 min total until the specimen failed, with the stress
ranging from 260 — 350 MPa.

Two examples of characteristic migration behavior in the annealed
film are shown in Fig. 6. The initial microstructure, shown in Fig. 6(a),
undergoes minimal changes throughout the 47-minute under tension
resulting in the microstructure shown in Fig. 6(b). The orientation map
of the region (Fig. 6(c)) indicates that the large grain in Fig. 6(a) con-
tains £3 twin boundaries (red) that are not directly obvious based only
on the TEM images. During this process, three small grains are removed
and two GBs migrate as identified by the black and red arrows in Fig. 6
(c), respectively. This is further shown in Fig. 6(d), which displays the
initial outline (dashed) and the final outline (solid) with the removed
grains highlighted red. The GB labeled ‘1’ migrated a total distance of 28
nm and GB ‘2’ migrated a distance varying from 8 to 28 nm with the
migration distance of the boundary increasing near the regions where
the small grains were removed.

The above analysis was completed for 1/3rd of the specimen gauge
length of the same specimen to identify the migration distance for every
GB possible. The results of this can be seen in Fig. 7 where the initial GB

Fig. 6. GB migration in an annealed Au film. (a) BF TEM image of the initial
microstructure with the GB network outlined. (b) Same region after 47 min
under load. The GB network is outlined to make it visualization easier. (c)
Orientation map of the same region. Red arrows indicate direction of GB
migration and black arrow point to small grains that disappear. (d) Overlaid
outline from (a) (dashed) and (b) (solid) to show the instances of GB migration
(red arrows) and grain removal (red highlighted grains).
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Fig. 7. GB migration distances in an annealed specimen during stress-relaxation. The initial GB network is outlined and color coded based off of the migration
distance. Color legend is provided on the figure. The white boundaries did not experience measurable migration and the black boundaries could not be confidently
identified so are omitted from the analysis. The dashed boundaries are identified as 3 twin boundaries using the orientation map. Examples of clusters of large

migration distances are indicated by white arrows.

network for this section has been outlined and color-coded based off of
the migration distance for each boundary. For example, the dark blue
boundaries undergo minimal migration of <10 nm. The light blue,
green, and yellow boundaries experience migration distances within the
ranges of 10-19, 20-29, and 30-39 nm, respectively. The red boundaries
migrate the most with distances greater than 40 nm, or the complete
removal of a grain in cases where a full grain is outlined in red. The
white boundaries undergo minimal or unmeasurable migration whereas
the black boundaries cannot be confidentially identified throughout the
experiment and are omitted from the analysis. The dashed GBs are =3
twin boundaries as identified by the orientation map of this section. One
of the obvious trends from this analysis is that there tends to be clusters
of larger migrations (i.e. clusters of red, yellow, and green colored
boundaries). Two examples are identified by arrows in Fig. 7. This in-
dicates that there is likely a GB connectivity effect, possibly due to the
successive glide of disconnections through the GB network. Only three
grains were completely removed in this gauge section during this
experiment, all of which had an initial grain size d < 75 nm. The local
strain within this section of the gauge length during the experiment was
estimated to be 3.8 % (black arrowheads represent edge features used
for strain estimation).

For each of the colored GBs shown in Fig. 7, the following infor-
mation was identified and recorded: GB misorientation angle, GB trace
angle, neighboring grain sizes, and Schmid factor. This was done to
investigate the common features for mobile or immobile GBs and the
corresponding migration distances. In total, 132 boundaries were
tracked (66 mobile and 66 immobile). The results for the GB misorien-
tation angle are shown below for the mobile and immobile boundaries
(Fig. 8(a) and (b), respectively). Results are presented in terms of the
number of mobile (or immobile) GBs for a given misorientation angle
divided by the total number of GBs that were manually tracked (i.e.
132). The GB misorientation distribution for all the GBs in the specimen
is shown (dashed bars) to provide context on the relative number of GBs
present in the specimen for each misorientation angle (the same distri-
bution is shown in the orange data in Fig. 1(f)). The manually tracked
twin boundaries are omitted from Fig. 8(a) and (b) and shown in Fig. 8
(c) for both mobile (gray) and immobile (orange) twin boundaries.

These results indicate that there is a wide range of GB misorientation
angles for both mobile and immobile GBs and that there is no strong
correlation between misorientation angle and GB migration. For the
immobile GBs (orange), the misorientation range 32° < 6 < 35° has the
largest frequency and there are three local maxima for the mobile GBs
(grey) occurring at misorientation ranges of 8" < § < 11°,26° < 0 < 29°,
and 44° < § < 47°. For the X3 GBs, there are variations but no distinct
trends indicating correlation in the migration behavior (Fig. 8(c)). It is
important to note that GB misorientation (angle and axis pair) alone
does not describe the full GB structure but only defines three of the five
macroscopic degrees of freedom (DOF) associated GB structure [23].
The boundary plane normal cannot be extracted from the PED data
alone. This factor could contribute to the fact that no trends are observed
in relation to GB misorientation angle, especially in the case of X3
boundaries as coherent and incoherent twins have significantly different
structures.

In addition to GB misorientation, alternative parameters such as GB
trace angle, grain size difference across a given GB, and Schmid Factor
have been investigated with the results shown in the accompanying
Supporting Information document. Overall, there was no correlation
found between GB migration and the GB trace angle (angle defined with
respect to the loading axis), grain size, or Schmid factor. This could be
related to the fact that GB migration is intimately connected to the
behavior of the TJ network. The motion of TJs can be viewed to be a
result of the reaction between the disconnection glide within the three
GBs that join to form the TJ [23]. If TJs inhibit disconnection glide
through the network (leading to accumulation), this can result in back
stress on the GB disconnections, leading to GB migration stagnation. If
the GB disconnections are compatible with one or more of the con-
necting GBs, disconnections can flow through and lead to the connec-
tivity effects observed in Fig. 7. A specific example of the GB network
effect is shown in Fig. 9 (Supporting Movie 1). Fig. 9(a) shows the initial
microstructure of the grains/GB network with the GB labels provided in
Fig. 9(e). Disconnections are emitted from the TJ (marked by arrow-
head) and glide in the direction of the red arrow along the boundary
planes GB;_3 (evidenced by the flickering of contrast along this GB in
Supporting Movie 1). There is also evidence that disconnections glide
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Fig. 8. GB misorientation angle distribution for (a) mobile and (b) immobile GBs during the stress-relaxation segment. Number fraction is given in terms of the
fraction of GBs for a given misorientation angle that are mobile or immobile compared to the total number of GBs that were manually tracked during the experiment.
The GB distribution for the full specimen is shown on each with the dashed bars (same distribution is shown in Fig. 1(f)). (c) Distribution of the tracked twin

boundaries for both mobile (gray) and immobile (orange) twin boundaries.

along GBj_4 following the red arrow direction. This continues and
dislocation glide is visible in the location indicated by the arrowhead in
Fig. 9(b). PED orientation mapping of this region indicates that these
dislocations are gliding along a twin boundary (GB;_4). Through this
process, the TJ migrates upward 20 nm at a rate of ~ 1 A/s, resulting in
the microstructure shown in Fig. 9(d). The schematic in Fig. 9(e) shows
the GB network geometry before (in black) and after (in red) over the
course of the 311 s separating Fig. 9(a) and (d), making it clear that the
location of the TJ and GB;_» has migrated. This is a case where the GBs
effectively serve as highways for disconnection and dislocation glide
leading to the migration of both GB;_5 and a TJ, though further study is
needed to conclusively identify TJ networks as a dictating factor in
stress-induced GB migration behavior.

3.4. MD simulations

Our MD simulations support the TEM observations of grain growth
and further uncovered the underlying atomic processes that are not
directly visible through TEM. Fig. 10(a) shows the top view of a simu-
lated NC Au thin film before loading. Five grains and their associated
GBs were labeled, and then tracked during MD simulations. In Fig. 10
(a), atoms were color-coded using the common neighbor analysis in
OVITO [49], allowing for a clear visualization of the initial grain ge-
ometry and GB structures. Fig. 10(b), (c), (e), and (f) present MD images
at £7.5 % strains, respectively. In this work, an atom coloring scheme
was developed and utilized in deformed structures to visualize both the
initial GBs (time t = 0, colored in white) and current ones (time t,

colored in purple) in the same atomic configuration at time ¢, as shown
in Fig. 10(b), (c), (e), and (f).

Two typical types of GB geometries were investigated in MD simu-
lations: flat GBs between large grains (GB1-6 in Fig. 10(a) and (d)) and
curved GBs between a small grain and its surrounding large grains
(GB7-9in Fig. 10(a) and (d)). For the flat GBs, coupled sliding-migration
assisted by disconnections was observed in MD results, which has also
been reported by others through in situ TEM and MD simulations [12,
50]. This disconnection-assisted GB migration resulted in the formation
of step features and boundary roughening, as seen with GB4. The di-
rection of coupled GB sliding-migration was reversed when the applied
load was flipped from tension to compression along the horizonal di-
rection, as shown in Fig. 10(b) and (c). The elevated migration velocity
at GB4 and GB6 originated from two factors. On the one hand, the
associated GB planes were inclined with the loading direction, resulting
in a larger resolved shear stress on these GBs compared to GB2 and GB5.
As the energy barrier for GB migration is stress dependent and can be
approximately expressed as: E(r) = Eo — 7V, where 7 is the resolved
shear stress, Ey is the athermal energy barrier at 7 =0 and V is the
activation volume [51,52], this elevated resolved shear stress is ex-
pected to reduce the energy barriers for coupled GB sliding-migration.
On the other hand, although GB4/GB6 (12.8° misorientation angle)
and GB1/GB3 (22.3° misorientation angle) have similar inclinations to
the loading direction and similar 7, the higher coupled sliding-migration
rates observed for GB4/GB6 suggest lower energy barriers, likely due to
differences in GB structures resulting from variations in GB misoriena-
tion and inclination.
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Fig. 9. An example of GB network effects where intergranular dislocation glide leads to triple junction migration during stress-relaxation. (a) intergranular dislo-
cation glide on two GBs (direction of both indicated by red arrows). The white arrowhead marks the triple point that undergoes migration throughout the series of
TEM images. (b)-(d) continued intergranular dislocation glide resulting in migration of TJ. White arrowhead in (b) marks visible dislocations. (e) schematic of the
initial (black) and final (red dashed) trace of the GBs with arrow indicating TJ migration. Note that the initial GB location was determined via PED mapping in

conjunction with the bright field TEM images.

(a) (b)

Fig. 10. MD simulations of GB migration in NC Au thin films. (a) GB structures after annealing, with the small grain (#5) having a convex GB segment. (b,c) GB
structures at +7.5 % strains, respectively. Initial GB structures are colored in white and current GB structures are colored in purple. (d) GB structures after annealing,
with the small grain (#5) having a concave GB segment. (e,f) GB structures at 7.5 % strains respectively.

Note that, as the boundaries exist within a network, the motion of the
boundaries is constrained by the migration of shared TJs. This can result
in local increases in the curvature of initially flat GBs during
disconnection-mediated migration. This is especially evident in short GB
segments such as GB6 in Fig. 10(f).

10

In addition to disconnection-mediated GB migration at flat GBs,
curved GBs (GB7-9) were also investigated, as shown in Fig. 10(b). GB8
exhibited the most significant migration at the expense of grain 5. To
reveal the role of applied stress in migration of curved GBs, the load was
reversed from tension to compression, as shown in Fig. 10(c).
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Correspondingly, GB7 and GB9 became more active compared to GB8
and moved towards grain 5. Despite different migration sites, initially
curved GBs moved in the directions that reduced the local curvature in
the MD simulations. Our analysis of the MD simulations indicate that the
motion of atoms during GB migration was controlled by the sliding of
GBs under applied shear stress, as schematically shown in Fig. 11(a).
This process is further examined by tracking the relative atomic motion
across the GB to reveal its coupled sliding-migration, as shown in Sup-
plementary Information Fig. S6 and Supplementary Movie 2. In Fig. 11
(a), the initial GB (solid blue line) separated two neighboring grains.
When a shear stress was applied, the tendency for sliding of the GB was
hindered by the local curvature. Consequently, atoms in grain I on the
GB were transferred to grain II through shuffling, resulting in the
migration of the GB towards grain II (indicated by the blue arrow) and
accordingly a reduction in local curvature. This process was repeated at
GBs of small grains, which usually exhibited a positive curvature,
resulting in continuous GB migration at the expense of small grains, as
observed in experiments. Our MD simulation also captured this phe-
nomenon at GB7 during tensile loading, as shown in Fig. 11(c) and (d).
Specifically, an atom in the first atomic layer of grain 5 next to the GB
was tracked and colored in red (Fig. 11(c)). During tensile loading, this
atom was transferred to the first atomic layer of grain 8 through shuf-
fling at 3 % strain, as shown in Fig. 11(d). As a result, GB8 migrated at
the expense of grain 5, and the local curvature was reduced. Our MD
simulations of concave GBs further supported the above mode of GB
migration, as shown in Fig. 10(e) and (f). GB7 moved toward the di-
rection of reducing local curvature during both tensile and compressive
loading.

3. Discussion

This study provides a comprehensive investigation into different
microstructural features that may influence the behavior and extent of
stress-assisted GB migration. This has been done by obtaining orienta-
tion maps followed by detailed analysis of in situ TEM observations
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made during stress-relaxation for both as-deposited and annealed UFG
Au thin films.

In the as-deposited films, GB migration appears to be largely domi-
nated by the removal of the small grains (d < 50 nm). This is clearly
seen through the TEM documentation of the microstructure during stress
relaxation (Fig. 2 and Fig. 3). Quantitative support for this is shown in
the grain size distribution (Fig. 4(b), Fig. 5(c)), unambiguously showing
the propensity for small grain removal. These observations are consis-
tent with other experimental [6,11] and computational studies [19] that
report similar preferential removal of small grains under mechanical
loading. Small grain removal is still present in the annealed films
(Fig. 6). However, there are only a few occurrences due to the fact that
the small grains are largely removed during annealing prior to straining.

The fact that small grains are consistently removed upon straining
indicates that there is a driving force acting on the small grains simul-
taneous to the driving force provided by the applied stress. GB energy, or
capillary forces, are known to be high for small grains since the GB
curvature increases as the grain size decreases. In addition, the removal
of grains from the microstructure via GB migration decreases the total
GB energy, suggesting that the reduction in GB energy could be a sig-
nificant driving force. While this driving force is traditionally associated
with thermally-driven grain growth at elevated temperatures [53], the
combination of applied stresses and drive to reduce the total GB energy
could potentially be sufficient to overcome kinetic barriers to GB
migration.

An alternative driving force is related to elastic anisotropy that
evolves under an applied stress. The stored elastic strain energy density
varies across different grains at the same applied load [26,54]. Under
this driving force, GB migration will occur towards the grain with the
larger strain energy density in attempt to decrease the overall energy of
the system. This driving force has two contributing factors: grain
orientation and grain size. Since the elastic modulus is dependent on the
grain orientation, grains will have different stored elastic energy den-
sities based solely on their orientation. If this was a primary factor in
controlling GB migration/grain growth in these films, one would expect

(b)

Fig. 11. MD analysis of GB migration in a thin film of NC Au. (a) Schematic of migration of a curved GB from its initial position (blue solid line) to a new position
(red dashed line) under applied shear stress 7. The direction of GB migration is indicated by the blue arrow. (b-d) Tracking of a unit process of GB migration at the
curved GB8 during tensile loading of the same simulation sample as in Fig. 9(a). The blue boxed region in (b) is magnified in (c) before loading and (d) after loading.
(c) Atomic configuration before loading. An atom (colored in red) in the first atomic layer of grain 5 next to the curved GBS is tracked during tensile loading. (d)
Corresponding atomic configuration after loading, showing that the tracked atom is shuffled to the first atomic layer of grain 3 next to the curved GB8.

11
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to see grains of certain preferred orientations grow or shrink. For
example, a recent study has reported that a < 100> texture develops in
fatigue-tested UFG Ni due to the preferential growth of (100) grains
during high cycle loading. Despite the low driving forces for grain
growth at the low strain amplitude level (<0.3 %), the high number of
load cycles led to a cumulative effect of grain growth. The authors
attributed the texture development due to the <100> orientation having
the smallest effective elastic constants and thus the smallest strain en-
ergy density [16]. This is also consistent with other studies that report
texture development from mechanical loading [18,35]. Analyzing the
orientation of the individual grains that grew/shrunk (Fig. 4(c)-(h)) il-
lustrates that this is not the case in this study. Although there is a larger
variation in the orientations for the grains that were removed in Fig. 4
(c), there does not appear to be a strong preferred orientation for grains
that disappear versus grains that grow. In addition, there was no rela-
tionship between the in-plane grain orientation along the loading axis
which further suggest that elastic anisotropy is not a contributing factor
to the observed grain growth/shrinkage.

Another grain-to-grain variation in strain energy density arises from
grain size dependent yielding (Hall-Petch effect) [1]. Under an applied
stress, each grain deforms elastically until the larger grains will yield
through dislocation generation and slip. This yielding occurs at a lower
stress level than the yield stress required in the smaller grains and as a
result, the elastic strain energy density within the larger grains is smaller
than that of the smaller grains. This results in a difference in strain en-
ergy density across a GB and can promote GB migration towards the
small grain and eventually lead to the complete removal of small grains.
This can explain the rapid and extensive small grain removal observed in
the as-deposited films after a stress is applied. This has previously been
proposed as a dominant driving force for small grain removal under
cyclic loading [6], but these results indicate that this is likely a strong
driving force under monotonic loading conditions as well. The in situ
deformation experiments showed significant dislocation activity in the
larger grains (Fig. 8) and no observable dislocation activity in the
smallest grains. While the absence of an observation does not prove that
dislocation activity was non-existent in the smallest grains, it does
provide support for grain size-dependent yielding.

Although grain size-dependent yielding cannot be captured in MD
simulations due to timescale limitations, our MD simulations revealed
the processes of GB migration at the expense of small grains. MD results
demonstrated that GB sliding in initially curved GBs smoothed out local
curvature under applied stresses, aided by atomic shuffling. For as-
deposited specimens in experiments, small grains typically exhibited
positive curvature, resulting in GB migration at the expense of small
grains. This local adjustment also occurred for annealed specimens and
was consistent with Fig. 7, where most active GBs were flat after GB
migration. The growth of large grains at the expense of thermodynam-
ically less-stable small grains has been observed extensively under
thermally-driven processes [55], including at room temperature in
nanocrystalline Cu [56], often leading to abnormal grain growth. In the
current study, no GB migration was observed at room temperature
without an applied stress. This suggests that, while the reduction of GB
length via curvature-driven growth is a factor in the observed behavior,
it is insufficient without an additional driving force.

The annealed UFG Au specimens in this study provide an ideal
testbed to study the behavior of stress-assisted GB migration that is not
associated with small grain removal (since most of these grains were
removed upon annealing). Local microstructure factors such as GB
misorientation angle, GB trace angle, grain size, and Schmid factor were
investigated with no single component appearing to have a clear cor-
relation with stress-induced GB migration. For example, GBs of a wide
variety of GB misorientation angles are mobile or immobile (Fig. 8),
which is consistent with previous reports that there is no general cor-
relation between mobility and GB misorientation angle in polycrystals
[11,57]. There is also not a clear trend related to the GB trace angle with
respect to the loading axis (Fig. S3), indicating that the direction of
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maximum shear does not have a large influence on GB migration. This
analysis does assume that the boundaries are perfectly edge-on and,
although this is true for most of the boundaries, it may be an over
simplification that can influence the apparent results. Unlike the unan-
nealed films, there is minimal impact of grain size on the grain boundry
migration (Fig. S4). As mentioned previously, this is likely due to the fact
that the grains are on average larger and have a more uniform strain
energy density due to limited grain-size yielding. Finally, there appears
to be no effect of Schmid factor on stress-induced GB migration in this
study as there is no clear correlation between coarsening ability (Ad/do)
and the Schmid factor for a given grain (Fig. S5). This could indicate that
intragranular plastic deformation does not have an impact on inter-
granular mechanisms or that dislocation slip has less of an effect at the
low levels of plastic deformation achieved in these experiments. Other
studies have reported the growth of ‘soft’ grains (high Schmid factor) at
the expense of ‘hard’ grains at large levels of deformation. However, this
was for randomly-textured Cu with smaller grains (d ~ 60 nm) under a
large GB migration driving force (i.e. large stress/strain at a faster
applied strain rate) [35]. The Au films in this report are highly textured
and have minimal variation in Schmid factor across grains. Another
distinction is that the grain growth in this study occurs while the spec-
imen deforms plastically at a very low strain rate (i.e. during the
relaxation experiment). The results presented here indicate that there
are no observed trends under low driving forces, unlike other studies
where larger driving forces are applied.

The difference in GB migration behavior between the as-deposited
and annealed specimens indicates that there are likely two competing
driving forces for the observed stress-induced GB migration/grain
growth: 1) the strain energy difference, local GB curvature, or energy
reduction through elimination of GBs that favors the elimination of
small grains and 2) GB migration via stress-driven disconnection mo-
tion. The first driving force appears to only be active when there are
small grains (d < 100nm) and differentiating between the competing
mechanisms is a subject of ongoing research. The second driving force
leads to network TJ and GB migration effects and does not have a direct
correlation to the local microstructure conditions investigated in this
work.

The mechanism facilitating the stress-induced GB migration is the
successive motion of disconnections along the GBs, as shown in Fig. 9. It
is possible that the small grain removal is facilitated by similar mecha-
nisms, such as a rapid burst of disconnections, or it is also possible that
the disappearance of small grains involves alternative mechanisms. Such
mechanisms could include grain rotation followed by absorption, which
has been recently proposed using MD simulations [19], or atomic
shuffling, as the MD simulations in the current study suggest.

Here, it should be noted that, as with all in situ electron microscopy
experiments, the electron beam can sometimes significantly impact the
active mechanisms and kinetics of the observed processes. Past experi-
ments by Stangebye et al. on the same samples as used in this study
showed that the electron beam had minimal effects on the mechanical
properties and measured activation volume during uniaxial tension and
stress relaxation experiments [42], suggesting that the observed defor-
mation mechanism are representative of those that would be expected
without the electron beam.

4. Conclusion

Freestanding UFG Au specimens were characterized using orienta-
tion mapping and in situ TEM straining and features such as grain size,
GB character, Schmid factor, and GB trace angle were analyzed in
context of GB migration and grain growth behavior. For the as-deposited
specimens, grain size has a clear effect on GB migration/grain growth
with larger grains tending to grow at the expense of small grains. This
was discussed in terms of a driving force associated with small grain
removal related to thermal effects, grain size-dependent yielding, GB
curvature, and stored strain energy density. Our MD simulations also



S. Stangebye et al.

revealed a local smoothing effect due to coupled GB sliding-migration at
curved GBs, consistent with experimental observations of both as-
deposited and annealed specimens. There are no clear trends
regarding GB migration behavior and GB character, Schmid factor, or
GB trace angle (with respect to the loading axis), suggesting that there
are additional, unidentified factors dictating the GB migration behavior.
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