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ABSTRACT

Nanocrystalline Al thin films have been strained in situ in a transmission electron microscope using two separate nanomechanical techniques involving a push-to-pull
device and a microelectromechanical system (MEMS) device. Deformation-induced grain growth was observed to occur via stress-assisted grain boundary migration
with extensive grain growth occurring in the necked region, indicating that the increase in local stress drives the boundary migration. Under applied tensile stresses
close to the ultimate tensile strength of 450 MPa for a nanocrystalline Al specimen, measured boundary migration speeds are 0.2 - 0.7 nm s~! for grains outside necked
region and increases to 2.5 nm s~! for grains within the necked region where the local estimated tensile stresses are elevated to around 630 MPa. By tracking grain
boundary motion over time, molecular dynamics simulations showed qualitative agreement in terms of pronounced grain boundary migration with the experimental
observations. The combined in situ observation and molecular dynamics simulation results underscore the important role of stress-driven grain growth in plastically
deforming nanocrystalline metals, leading to intergranular fracture through predominant grain boundary sliding in regions with large localized deformation.

1. Introduction

Nanocrystalline (nc) and ultrafine-grained (ufg) metals exhibit a
wealth of physical behaviors different from their coarse-grained coun-
terparts, such as increased yield strength, enhanced diffusivity, and
higher specific heat capacity and coefficient of thermal expansion [1].
These differences, most notably the increase in strength, make nanos-
tructured metals an attractive candidate for materials used in next-
generation micro- and nanoscale devices, such as microelectromechani-
cal system (MEMS) devices. However, a thorough understanding of the
deformation mechanism determining their mechanical properties is re-
quired before widespread application of nanostructured metals.

The superior strength of nc and ufg metals is attributed to the well-
known Hall-Petch relationship, which states that yield strength scales
inversely with grain size [2,3]. This relationship has been observed for
a wide variety of nanostructured metals manufactured using different
processing techniques [4,5]. Within the ufg regime (grain sizes (d) rang-
ing from 1 ym down to 100 nm), the proposed rate-controlling mecha-
nism is the interaction of intragranular dislocations generated at grain
boundaries (GB) [6], with the increased number of GBs impeding further
dislocation glide, essentially serving as obstacles to plastic deformation
[7]1. However, as the grain size is decreased past d < 20 nm, the direct
benefit of this is lost due to the transition to GB-dominated deforma-
tion processes. Theoretically, this transition has been linked to a critical
grain size where an individual grain is no longer capable of effectively
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storing a single dislocation, resulting in an ‘inverse’ Hall-Petch effect
[8]. In this regime, molecular dynamic (MD) simulations have predicted
that the deformation is dominated by GB processes, such as GB sliding
[6,9,10].

Deformation mechanisms within the nc regime, prior to the inverse
Hall-Petch effect (~20 nm < d < 100 nm), exhibit a mixture of both
dislocation and GB-mediated processes, with several proposed mecha-
nisms including GB sliding [6], dislocation emission and absorption at
GBs [11,12], grain rotation [13-16], GB migration, and diffusional creep
[17]. Recent studies have also shown that room temperature grain coars-
ening can largely influence the mechanical properties of nc Al. Reports
of discontinuous grain growth in nc Al leading to increased ductility
indicate that grain growth early in plastic deformation may be critical
in developing stable regions of plasticity [18]. In situ TEM straining of
nc Al has shown fast GB-migration near a crack tip prior to disloca-
tion activity [19]. GB migration was seen to occur in a discontinuous
‘jerky’ fashion with measured GB migration velocity ranging from 0.1 —
0.2nm s~! up to 200 nm s~ for the collapsing of small grains. The vary-
ing growth rates is indicative of different mechanisms of GB migration,
with the fastest velocity indicating the limited stability of the smallest
of grains. Another study has reported a fivefold increase in grain size
in the immediate vicinity of an indenter tip during in situ TEM nanoin-
dentation, with the coarsening halting once grains are large enough to
accommodate dislocation mechanisms [20]. In each of the abovemen-
tioned experiments, grain growth was observed to occur within regions
of increased stress (within gauge section, ahead of crack tip, etc.), sug-
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gesting that GB migration is sensitive to the local stress state. Results by
Rupert et al., where nc Al thin films were deformed with different geo-
metric concentrations in order to induce spatial variations in the stress
and strain states, further reinforce this finding [21]. Not only was it de-
termined that the stress induced grain growth, but they were further
able to separate the effect of normal vs. shear stress, finding that the
most severe grain growth was measured in a region with the highest
distortional energy due to shear stresses.

These results point to stress-assisted GB migration leading to grain
growth in nc Al [18,21,22]. The mechanisms for stress-assisted GB mi-
gration have been investigated for low-angle tilt GBs, where the GB
structure is simply described as a discrete network of dislocations [23].
Under shear stress, the glide of edge dislocations out of the original GB
plane can result in coupled sliding and migration of the GB [24,25].
This mechanism is not assumed to operate for a high-angle GB since
the boundary can no longer be described as a simple array of disloca-
tions. However, MD simulations [24,26] and experiments on bi-crystals
[27,28] with high-angle tilt boundaries have indicated that the coupled
mode of GB sliding and migration is not limited to low-angle bound-
aries. Cahn et al. showed that the Frank-Bilby equation can accurately
describe the dislocation content within high-angle GBs and that forces
imposed on these dislocations due to applied shear stress lead to the
back-and-forth motion of the GB [29]. However, these simulations are
limited to relatively simple tilt GBs which may be uncommon for most
real boundaries seen in polycrystals. Alternative proposed mechanism
of GB migration involves the nucleation and glide of extrinsic GB dislo-
cations, or disconnections [24,30-32]. The applied shear stress causes
the nucleation of a pair of disconnections with opposite Burgers vector
and step height sign. The subsequent glide away from each other re-
sults in a normal displacement of the GB by an amount equal to the step
height. The nucleation of a disconnection is stress driven, but also ther-
mally assisted at finite temperature. The nucleation becomes athermal
once a critical stress level is reached. At elevated temperatures (below
800 K), MD simulations [24,29] reveal stop-and-go type boundary mo-
tion of GBs as certain critical values of applied shear stress are required
to activate the coupling mode with similar jerky motion observed exper-
imentally [33]. In polycrystals, it is likely that the disconnection nucle-
ation events occur at stress concentrators, such as triple junctions and
free surfaces [25,34].

Evidence of disconnection-mediated GB migration has been reported
by in situ TEM experiments by Rajabzadeh et al. where they observed
defect motion along GB in response to applied stress in an Al bicrystal
and polycrystal [35]. In the bicrystal, the collective glide of multiple
GB disconnections, each forming a step, led to the formation of macro-
steps in the GB, with the disconnection glide ranging in speed from a
few angstroms per second up to 4 ym s~'. A GB migration speed of
10 nm s~! was observed in the polycrystal, with multiple disconnection
glide and annihilation leading to the motion of the boundary and triple
junction. Very recently, Zhu et al. has shown through in situ TEM shear
testing the continuous migration of a £11(113) coherent GB by way
of nucleation and subsequent lateral motion of GB disconnections at a
speed of 2.22 nm s~ [34]. The boundary migration was found to be
completely reversible upon the reversal of applied load and consistent
for boundaries with different characters, such as different misorientation
and pre-existing stacking faults or dislocations. They also illustrated that
when present, disconnection nucleation occurred at the triple junction.

The above review indicates that decades of research have advanced
our fundamental understanding of the role GBs have in the deforma-
tion process of nc metals. However, significant challenges remain to-
ward quantitative characterization of GB-mediated deformation pro-
cesses within real GB networks of nc metals as well as quantitative cor-
relation between these processes and bulk mechanical properties. One
of the limitations to widespread use of nc metals is the notable loss of
ductility due to a lack of strain hardening which leads to localized defor-
mation [1], and limited uniform elongation [36,37]. The combination of
high flow stress and low work hardening in nc metals promotes neck for-
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mation, resulting in ‘unusable’ elongation and reduced tensile ductility.
During the neck formation processes, the role of nano-grain coarsening
on this behavior is not well understood. The abovementioned studies
provide valuable insight into the mechanisms of deformation induced
grain growth, but the techniques used are limited in the ability to mea-
sure the far-field applied stress while observing deformation processes,
and thus cannot accurately correlate the GB-mediated processes with
the mechanical properties.

In this work, we investigate the active deformation mechanisms dur-
ing tensile loading of nc Al thin films using two quantitative MEMS-
based in situ TEM nanomechanical testing platforms. This approach al-
lows us to measure far field stress values and correlate them with the
active GB and dislocation-based deformation mechanisms with the goal
of better understanding the deformation processes that dictate the onset
of plastic instability and ultimately the mechanical properties of nc Al
thin films. To better understand the atomic-scale mechanisms underpin-
ning GB migration, we conduct MD simulations to track GB migration
over time. The combined in situ observation and MD simulation results
underscore the important role of grain growth in large plastic deforma-
tion and intergranular fracture of nc Al

2. Experimental and modeling methods
2.1. Specimen fabrication and characterization

Nc Al thin film specimens of 200 nm thickness were fabricated via
electron beam evaporation of Al (99.99% purity) onto a Si substrate, at
a pressure of ~10~° Torr and deposition rate of 0.5 A/s. The specimens
were fabricated using the same batch fabrication technique previously
used to fabricate Au specimens [38]. The technique involves optical
lithography and a lift-off procedure to define rows of dog-bone shaped
specimens, with a gauge section of width ~1.5 and length ~20 pm
shown in Fig. 1a. The specimens become free-standing after XeF, etch-
ing of the Si substrate (see Fig. 1b). Following fabrication, the films were
annealed at 450 °C for 2 h in a high vacuum oven. Using a micromanip-
ulator, the specimens were detached from the row of specimens, placed
onto the MEMS device, and clamped using UV-curable glue (Fig. 1c).
Note that the image in Fig. 1c shows a fractured specimen captured post-
deformation. For a subset of the samples, the microstructure was char-
acterized before and after deformation using a Nanomegas precession
electron diffraction (PED) system to produce Automated Crystal Ori-
entation Mapping (ACOM) analyzed and visualized using the TSL OIM
analysis software. Fig. 1d is a pre-deformation orientation map showing
that the initial microstructure has no strong out-of-plane texture with
most GBs being of the random high-angle type (Fig. 1f). The films have
a generally columnar grain structure with an average grain size of 57 +
30 nm. The grain size distribution is shown in Fig. le.

2.2. In situ TEM techniques

The first in situ TEM tensile tests were conducted on the Al specimens
using a commercial push-to-pull (PTP) device coupled with a PI 95 Pi-
colndenter on a JOEL 2100 TEM with ACOM capabilities operated at
200 kV. This allows for real-time collection of microstructural informa-
tion, such as grain size and orientation while also recording force and
displacement of the nanoindenter punch which is then related to stress
and strain of the specimen. The specimens were placed on the device
using a micromanipulator welded with Pt (instead of glue). Additional
experiments using this set up provided a way to compare the mechani-
cal behavior of the specimens obtained via MEMS-based testing as well
as offer additional microstructural information complementing ACOM
results.

In situ TEM tensile tests were also performed using a MEMS-based
nanomechanical testing technique [39-42], that has been previously
used to perform in situ TEM investigations on Au thin film specimens
with similar geometry [38,43-45]. The MEMS device is composed of a
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Fig. 1. Sample fabrication and initial microstructure of Al thin film. (a) SEM image of free-standing specimen. (b) Tilted view to show free-standing specimen.
(c) SEM image of specimen clamped to MEMS-device using UV-curable epoxy glue. Image is taken at a tilt in order to capture the amount of gauge length that
is supported by glue (taken after tensile test to failure). (d) Orientation map showing no out-of-plane texture, (e) corresponding grain size distribution and (f) GB

misorientation distribution taken from ACOM data.

thermal actuator, two capacitive sensors, a load sensor beam and a spec-
imen gap in which the thin film specimen is clamped using UV-curable
glue. When a voltage is applied, a resulting displacement in the thermal
actuator leads to a displacement of the specimen and a shift in capacitive
sensors. The change in the two capacitive readings is related to the spec-
imen force and displacement, and thus stress and strain are determined
independently. The films were continuously strained in an FEI Tecnai
F30 TEM operating at 300 kV at strain rates between 1 —3 x 107 s~1.
Radiation damage due to knock on damage imparted by the high en-
ergy TEM electrons is a common concern in TEM studies. To mitigate
this, most in situ TEM experiments are conducted at 200 kV [46]. In this
study, grain growth was observed for both 200 and 300 kV accelerating
voltages which indicates that the deformation is not influenced by the
addition of accelerating voltage from 200 to 300 kV. Snapshots were
taken from constant video recording using a Gatan OneView camera,
which allowed for direct analysis of entire deformation process. Videos
were collected at a frame rate of 20 frames per second with no bin-
ning applied. The large size of the camera (16 megapixels) allowed post
mortem digital magnification of regions of interest. Grain size measure-
ments were completed by manually tracing grains in good contrast and
calculating their areas. The grain sizes are reported as equivalent diam-
eters, assuming a circle of the same area.

2.3. MD simulations

MD simulations of uniaxial tension of a nc Al thin film were per-
formed using LAMMPS [47]. The initial thin film structure was con-
structed by a Voronoi tessellation procedure that generated 32 grains
with sizes of about 10 nm, nearly equiaxed shape, and random crys-
tallographic orientations. The thin film structure has dimensions of
32.4 x 32.4 x 32.4 nm and contains a total of 1,996,000 atoms. Peri-
odic boundary conditions were imposed in the tensile loading direction,
while other side surfaces are traction free. The interactions between Al
atoms were modeled by an embedded atom method (EAM) potential
[48]. To relax the GB structures, the system was annealed under zero
stress by first heating to 900 K for 100 ps, then cooling to 300 K, and fi-
nally equilibrating at 300 K for 10 ps. Uniaxial tensile strain up to 100%
was applied with a strain rate of 10° s™! at 300 K.

3. Experimental results
3.1. Overall deformation behavior

In total, six specimens were tested (five with the MEMS-based plat-
form and one with the PTP device). An example of the deformation
behavior of one specimen in Fig. 2 shows the initial uniform defor-
mation followed by localized necking, with significant grain growth in
the necked region before final fracture of the specimen. This sample
was strained at the strain rate ¢ ~ 1—2 x 107* s~! until failure with
roughly one third of the specimen gauge in the view frame. Once local-
ized width reduction occurs (Fig. 2d and e), increased grain growth is
observed within that region, with grain sizes ranging up to 130 nm. This
grain growth behavior accompanying neck formation was found to be
general among all of the tested samples. That is, in cases where a neck
developed, enhanced grain growth occurred within the necked region.

3.2. ACOM-based analysis of grain growth behavior

ACOM-based microstructure analysis provides a statistical route for
revealing the average grain growth behavior accompanying deforma-
tion. Fig. 3 presents the before and after ACOM-based characterization
of a sample deformed using the PTP device. Fig. 3a shows the clamped
specimen on the device prior to the test. The specimen was loaded three
separate times, with the stress-strain data for the first loading segment
shown in Fig. 3d. From this curve, the apparent elastic modulus was
calculated to be 25 GPa. The low elastic modulus (compared to bulk
value around 70 GPa [49]), indicates an impact of Pt clamps on the
measured sample compliance, which is not uncommon with PTP de-
vices [50]. As the specimen is pulled, it is likely that a certain amount
of slippage occurs between the Pt clamps and the Si chip. Fig. 3e shows
the stress-strain curve for the final loading segment which concludes in
specimen failure after an ultimate tensile stress of 575 MPa is reached.
This specimen failed prior to necking due to crack propagation. Given
the small dimensions of the specimens, morphological irregularities —
such as edge roughness — can lead to significant stress concentrations
and, in some instances, crack initiation prior to necking. The fractured
specimen is shown at two different tilts in Fig. 3b,c. Significant plastic
deformation resulted in specimen elongation and led to the buckling of
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Fig. 2. Bright-field TEM images showing the microstructure evolution of a 200-nm-thick Al microspecimen under uniaxial load (direction of applied load indicated
by red arrows). The frames taken at (a) 0%, (b) 4.7%, (c) 8.5%, (d) 12.1% and (e) 14.4% strain (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.).

Fig. 3. In situ TEM PTP tensile test on Al specimen
combined with ACOM. (a) Pre-test SEM image of
specimen clamped on PTP device with Pt, (b) Post-
test SEM image of fractured specimen, (c) tilted SEM
image after failure showing extensive plastic defor-
mation leading to bent specimen, (d) stress-strain
curve for loading 1. After this loading segment, the
load was removed. (e) stress-strain curve for the third
loading for this specimen which resulted in failure.

Failure =~

ACOM grain maps for (f) before testing began and
(g) after failure and (h) corresponding grain size hor-
izontal dimensions for pre-test (gray) and post-test
(red-hatched) showing increased grain size post de-
formation.

0.075

the specimen upon unloading (Fig. 3c). Orientation unique color grain
maps of the entire gauge length obtained by ACOM before testing and
after failure are shown in Fig. 3f and g, respectively. Given that the frac-
tured specimen is severely bent out-of-plane (Fig. 3c), fewer grains are
able to be indexed for the fractured specimen (Fig. 3g). Despite this,
it is clear that there is significant amount of grain growth for certain
grains of the specimen. To quantify this, the grain size distribution was
determined for the pre- and post-deformation ACOM maps using an in-
tercept method, which measures the number of times a horizontal line of
known length intersects with GBs. This method was specifically chosen
due to the bent nature of the fractured specimen, as the vertical grain
dimensions will be unreliable, while the horizontal dimensions are un-
affected by the specimen angle. The results, presented in Fig. 3h, show
the post-test data (red hatched) is shifted towards fewer intercepts when
compared to the pre-test data (gray), indicating global grain growth has

0.03 0.04
Intercept per line length (1/nm)

occurred during deformation. In addition, the horizontal dimensions of
the largest of grains vary from 100 nm up to 180 nm, which is much
larger than the starting grain size, indicating that grain growth has oc-
curred. Overall, this experiment clearly demonstrates that grain growth
occurs throughout the specimen, prior to neck formation. More detailed
TEM analysis is provided in the next section.

3.3. Quantification of GB migration behavior

Fig. 4 is an example of the ability of the MEMS-based platform to cap-
ture real-time deformation while reliably measuring far-field stress and
strain values. Data from this experiment are also shown in Figs. 5 to 7.
The specimen was strained at¢ ~ 3 x 107 s~! until failure with roughly
45% of the specimen gauge in the view frame. Fig. 4a—f are TEM micro-
graphs that track the deformation and formation of a neck. The view
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Fig. 4. Low magnification TEM images showing microstructure evolution at different strain values. The frames are taken at (a) 1.9%, (b) 4.9%, (c) 10%, (d) 14.5%,
(d) 16.5% and (f) 18.7% total strain. Arrowhead in each designating the same feature. (g) Engineering stress-strain curve with the total strain of (a—f) indicated by

the colored squares.
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Fig. 5. GB migration during uniform deformation. (a)
Low magnification TEM image showing no neck devel-
oped. Circle indicates location of grain marked by arrow
in (b,c). (b) and (c) are digitally magnified snapshots
taken 34 s apart during the highlighted portion in the
stress-strain curve (d).
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frame is moved towards the end to capture the neck, with the arrow-
head marking the same location in each figure (Fig. 4d—f). The far-field
engineering stress and strain values for each figure are marked in the
accompanying stress-strain curve shown in Fig. 4g. From the data, the
yield point and Young’s modulus were determined to be 380 MPa and
8.9 GPa, respectively. The offset of the initial stress from a zero value re-
sults from residual tensile stress developing when the glue shrinks after
curing (more details available in [45]). The low Young’s modulus value
stems from the approximate calculation of strain based on crosshead dis-
placement values. The compliance of the glue leads to finite deformation
of the thin film specimen along both the fillet region and the gauge sec-
tion that is in contact with the glue (see Fig. 1c). These sections of the
specimen are not included in the free-standing gauge length used to cal-
culate strain, and therefore lead to an underestimate of Young’s modulus

15 20

[39]. While the measured value of Young’s modulus is highly sensitive
to the accuracy of small strain measurement, this issue does not affect
the ability of the technique to measure relatively large plastic strains,
as has been previously demonstrated [39,45]. The loading was paused
twice in order to capture the neck formation in more detail, which re-
sulted in the stress relaxation/drop seen prior to Fig. 4d (purple square
in Fig. 4g) and after Fig. 4e (orange square in Fig. 4g). From the pre-test
Fig. 4a to b, only minor contrast changes can be seen accompanied by a
uniform reduction in width, with some contrast variations attributed to
eliminating any film bending that might be present due to specimen ma-
nipulation. Continued width reduction is seen in the progression from
Fig. 4b to c, however slight localized width reduction can be seen near
the top of the micrograph. As deformation unfolds to Fig. 4d, localized
reduction continues and leads to the development of a necked region.
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Fig. 6. Fast GB migration after neck develops. (a) Low magnification TEM image showing developed neck near top of snapshot. White circle indicates location of
highlighted grain in (b-d). (e) Stress-strain curve with highlighted region corresponding to when snapshots (a-d) were recorded. Change in grain size as a function
of time for (f,g) a grain in uniform region (from Fig. 5) and (h,i) necked region (from b-d). Arrows indicate direction of boundary migration. Both (g) and (i) are
taken 5 s after (f) and (h), respectively. The size scale for both grains is the same and the respective GB migration velocities and estimated local stress are given.

The neck further develops in Fig. 4e and f where failure eventually oc-
curs. Within this region, pronounced visible grain growth is observed,
with grain sizes exceeding 250 nm.

In order to provide a further detailed view of the GB migration pro-
cess, TEM video captured during the in situ deformation was analyzed to
monitor when the onset of grain coarsening occurred and details of the
grain growth process. Fig. 5 shows snapshots taken from a continuous
video during the highlighted portion (dark blue segment) on the stress-
strain curve (Fig. 5d), beginning at a far field plastic strain of 1.5% and
stress of 415 MPa (see Suppl. Video 1). Fig. 5a is a low magnification
snapshot illustrating that the specimen has undergone uniform elonga-
tion without the development of a necked region, with the white circle
indicating the location of the grain of interest shown in Fig. 5b,c. At
this point, the specimen is past yield but prior to reaching the ultimate
tensile strength of 450 MPa and subsequent neck formation. The grain
marked in Fig. 5b, with an equivalent diameter of 63 nm, undergoes
grain growth over the course of 34 s, resulting in the grain shape shown
in Fig. 5¢ and a final equivalent diameter of 75 nm (see Suppl. Video
2). The two GBs indicated by arrowheads in Fig. 5¢ migrated 17 nm
at an average speed of 0.5 nm s~! and a maximum jump’ migration
speed of 0.7 nm s~! in direction normal to the respective GB. Contrast
changes within the highlighted grain as well as in nearby grains could
suggest that grain rotation accompanies the grain growth process. Inter-
estingly, the highlighted region is where the neck eventually forms and
appears to have increased amount of grain rotation compared to the re-
maining portion of the specimen, possibly indicating strain localization
within this region occurs early in the deformation process and may be
a required precursor to neck formation. Another example of boundary
migration prior to necking is given in the Supplementary Information.

As deformation progresses and a neck develops, fast GB motion was
observed within the necked region, with an example shown in Fig. 6.
Fig. 6a shows that a neck has developed, and the corresponding stress
has dropped below the ultimate tensile strength in Fig. 6e. (see Suppl.
Video 4 for low-magnification observation of neck development). Re-
setting the TEM time t = O, the vertical dimension of the grain marked
by an arrowhead in Fig. 6b is measured at 115 nm. After 78 s, only a
slight decrease to 112 nm occurs. However, from Fig. 6¢ to d, the bot-
tom boundary migrates 12 nm in 5 s, resulting in a migration rate of

2.4 nm s~! (see Suppl. Video 5). This indicates that within the necked
region where the stresses are higher, boundary migration occurs at an
increased speed resulting in the rapid collapsing of grains and by geo-
metrical necessity, the rapid growth of neighboring grains. Within this
region, the local gauge width is decreased from 1700 nm to 1190 nm.
For a simple lower-bound estimate, this indicates that the local stress is
increased by a factor of 1.4, resulting in a local stress of at least 630 MPa.
This value is not accounting for any decrease in local film thickness that
would also contribute to a further increase in stress. To better visualize
the different migration rates, the grains traced in Figs. 5 and 6b-d have
been isolated and shown in Fig. 6f,g and h,i, respectively. It is clear that
the grain within the necked region experiences a larger change in grain
size over the course of the 5 s separating Fig. 6h and i due to the faster
GB migration speed of 2.4 nm s~!. This is another example of erky’
type boundary motion, with limited motion for over a minute and then
rapid boundary motion.

In order to quantitatively track grain growth further, grain sizes were
measured using frames taken from TEM videos during the in situ defor-
mation. The results of this analysis are shown in Fig. 7 by comparing
measured grain size distributions within both the necked and uniform
regions as the deformation progresses. Once a visible neck was formed,
grain size was measured both within and outside the neck region and
used to produce separate distributions. Fig. 7b shows an example of how
the necked vs. uniform regions were defined: the grains within the two
white lines were considered within the 'necked’ region and grains out-
side that region were marked as within the ‘uniform’ region. The cumu-
lative area fraction plots illustrate that grains within the necked region,
represented by triangle markers and dashed lines, experience enhanced
grain growth when compared to the uniform region (circle markers and
solid lines) for the same strain value. For each strain value, there is a
measurable increase in grain size within the necked region when com-
pared to the uniform region. For ¢ = 14.1% (green data), half of the
measured grains are below 94 nm within the uniform region, however,
this value increases to 115 nm within the necked region. Measurable
grain size increase within the necked region suggests that grain coars-
ening is caused by the increased stress, which is consistent with previous
reports of stress-driven grain growth [18,21]. Additionally, there is little
variation in grain size as the strain progresses within the ‘uniform’ re-
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gion of the specimen. Within this region, the local stress is less than that
within the necked region and thus likely not high enough to promote
extensive grain coarsening. These results also suggest that the formation
of a necked region further promotes grain coarsening. For example, the
maximum grain size within the necked region for ¢ = 12.6% is 192 nm
while for ¢ = 16.8%, the maximum is 280 nm. As deformation pro-
gresses and strain increases, the disparity between uniform versus necked
region grain size increases as well. Each of the ‘necked’ data sets shares
a similar grain size minimum of ~50 nm while the maximum grain size
increase with strain. This is evidence of inhomogeneous grain growth as
small grains remain, albeit with diminishing area fraction, while other
grains grow resulting in increased maximum grain size.

Evidence presented thus far has pointed to GB migration promoted
by increasing stress, and based on this, it would be expected that other
sources of stress raisers would lead to a similar observation.

Fig. 8 shows such an example, where rapid GB migration is seen
ahead of an extending crack tip during in situ TEM deformation (see
Suppl. Video 6). In Fig. 8a, a relatively large grain with a vertical di-
mension of 268 nm in front of a crack tip is marked by an arrow. This
dimension increases to 273.7 nm in Fig. 8b. Contrast changes in the
above neighboring grain (marked with a gray arrowhead) indicate grain
rotation. This could be associated with dislocation emission and absorp-
tion at GBs as well as rapid dislocation glide through the grain, although
dislocations are not visible in the electron diffracting condition of the
experiment. From Fig. 8b to c, the top boundary, marked by a black
arrowhead, migrates upward 3.6 nm in 0.6 s, corresponding to a migra-
tion speed of 6 nm s~!. The final grain microstructure, prior to complete
failure, has a drastically increased vertical dimension of 336 nm, which
is 1.25 times larger than the initial size as 268 nm. This is another exam-
ple of the jerky, stop-and-go behavior of boundary migration, but with
a GB migration rate 3-30 times larger than those measured in grains
away from a crack tip.
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Fig. 7. (a) Cumulative area fraction grain
size plots for different strain values post
neck formation compared to the initial mi-
crostructure (red data). Data with circle
markers and solid lines are taken from
grains within the uniform region while
data with triangle markers and dashed
lines are from grains within the necked
region. (b) Low magnification TEM mi-
crograph designating regions defined as
‘Necked’ (in between white lines) and the
remaining ‘Uniform’ region (For interpre-
tation of the references to color in this fig-
ure legend, the reader is referred to the
web version of this article.).

Uniform

500 nm

Fig. 8. Rapid GB motion ahead of crack tip. (a)
the beginning of recorded segment. (b) t = 63.2 s,
slight grain growth. (c) t = 63.8 s. Top boundary
migrated 3.6 nm in the 0.6 s separating (b) and
() resulting in migration speed of 6 nm s1. (d)
t = 95 s, final grain structure prior to failure.

During each of the above in situ TEM experiments, no dislocation
activity is observed. However, post mortem TEM analysis shows dislo-
cation structures present in the large grains near the fracture surfaces.
One such example is seen in Fig. 9 and Suppl. Video 7. From Fig. 9a,
it is clear that the fracture surface is intergranular and composed pri-
marily of large grains, which is consistent with the previous analysis of
pronounced grain growth within necked region. GB sliding is also seen
to accompany the intergranular fracture (Suppl. Video 7). The fracture
surface resembles a Wilsdorf-like tooth structure similar to previous re-
ports [51,52]. An enlargement of the four highlighted grains (B, C, D
and E) shows dark field images with evidence of intragranular disloca-
tions, suggesting that either dislocation activity accompanies the grain
growth process or dislocation activity initiates once the grains reach a
critical size. These results are similar to those reported by Hattar et al.
[53], which show that the density of both dislocations and deformation
twins is much greater near the fractured surface than that of the gauge
section in ufg Al thin films. Similarly, they reported intergranular crack
propagation.

3.5. MD simulation results

Our MD simulations support in situ TEM observations of grain growth
and further uncover the underlying atomic processes that are not di-
rectly visible through TEM. Fig. 10a and b show two views of the three-
dimensional simulated nc Al thin film before tensile loading. In the x-y
section view, Fig. 10b, four grains are labelled. These 4 grains and the
associated GBs were traced during the MD simulation of tensile defor-
mation. In Fig. 10a and b, the atomic configurations are colored by the
common neighbor analysis in OVITO [54], so that the initial grain ge-
ometry and GB structures can be clearly visualized. Fig. 10c—f present a
series of MD images at different tensile strains . In this work, an atom
coloring scheme is developed and used to visualize both the initial GBs
(r=0) and current GBs (time t) in the same atomic configuration at
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Fig. 9. Post mortem TEM analysis of fracture surface (a) multiple large grains near fracture surface, (b-e) enlarged dark-field TEM images of highlighted grains with

evidence of dislocation structures indicated by arrowheads.
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Fig. 10. MD simulation setup and results of small and modest plastic deformation during uniaxial tension of a nc Al thin film. (a) Three-dimensional view of the
nc structure after annealing. Red segments indicate the cutting plane for exposing the x-y section of the film in (b). (b) Two-dimensional view of the x-y section of
the film in (a). Atoms in (a-b) are colored by the common neighbor analysis in OVITO [54], showing atoms in GBs (light gray) and grain interiors (green). (c-f) MD
snapshots at different applied tensile strains ¢ from 0 to 40%, showing the dislocation emission and absorption at GBs, GB migration and sliding, and grain growth
and shrinkage. Atoms in (c-f) are colored by a scheme explained in the Supplementary Information such that both the initial GBs (at r = 0; with the constituent
atoms colored in blue) and the current GBs (at time t; with the constituent atoms colored in red) are displayed in the same structure at time t; atoms in the stacking
faults are colored in red; and other atoms are colored in light-gray (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).

time t. As described in detail in the Supplementary Information, this
atom coloring scheme enables us to continuously trace the morphologi-
cal evolution of grains and GBs, particularly GB migration, during tensile
deformation of the nc thin film.

Close examination of the MD results (Fig. 10c—f and Suppl. Video 8)
reveals the active mechanisms underlying our in situ TEM observations

of plastic deformation and fracture in nc Al thin films. Throughout the
MD simulations, dislocation activity is observed frequently. These dis-
locations usually emit from one side of GBs, traverse the grains, and
are absorbed into the opposite side of GBs. Full dislocations of the
1/2(110){111} type, which dissociate into leading and trailing partial
dislocations of the 1/6(112){111} type separated by narrow stacking
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fault regions, are the majority of intragranular lattice defects, consis-
tent with the high stacking fault energy of Mishin et al. [48]. As these
dislocations glide inside grains, Lomer-Cottrell locks (see circled exam-
ples in Fig. 10c and d) occasionally form, due to the intersection of two
dislocations on different slip systems. These locks are disrupted as the
applied load increases. The unlocked dislocations further glide inside
grains and are eventually absorbed into GBs. Occasionally, only a lead-
ing partial is emitted from a GB, leaving behind a long stacking fault;
the subsequent emission of a trailing partial occurs with increased load.
For grains near the free surface, nucleation of surface dislocations is fre-
quently observed, as the energy barrier of dislocation nucleation at the
free surface is often lower than that in the bulk [55]. These MD results
of deformation-induced dislocations of different types and on different
slip systems complement our in situ TEM imaging that was taken along
a specific orientation and thus revealed the activity of dislocations on
certain slip systems.

In addition to dislocation activity, MD simulations reveal the active
processes of GB migration and sliding. Because of random grain ori-
entations, most GBs are of the mixed tilt and twist type. At e = 10%
(Fig. 10c), GB migration is clearly visible thanks to the aforementioned
coloring scheme, which enables the display of both the initial and cur-
rent GBs at the same time. It is seen from Fig. 10c that GB migration
typically occurs at certain boundary segments and thus serves to accom-
modate local deformation incompatibilities between adjoining grains.
GB migration is broadly distributed in different grains, thus facilitat-
ing an overall uniform elongation of the thin film. Coupled GB sliding
and migration are often reported in previous MD simulations of sheared
bicrystals [24]. However, our MD simulations reveal less active GB slid-
ing than GB migration at small tensile strains (e.g., Fig. 10c at e = 10%),
largely because of the geometrical constraints of grain triple junctions.
We note that while the atom coloring scheme is effective for displaying
GB migration, GB sliding is less obvious from the colored GBs, but can be
determined by movements of grain triple junctions and GB intersections
at the free surface.

As the applied tensile strain ¢ increases from 20 to 40% (Fig. 10d
to f), GB migration gradually increases and also becomes increasingly
non-uniform, resulting in large migration of several GBs. Compared to
the triple junctions associated with interior GBs, the junctions between
GBs and free surface are more prone to local reconstruction because of
less surface constraints. As a result, the GBs intersecting the free sur-
face often migrate much faster than the interior GBs. Migration of these
near-surface GBs is often coupled with pronounced GB sliding, also be-
cause of the lack of surface constraints. Such GB sliding is evidenced by
the formation of surface grooves, as seen in Fig. 10d to f. When grains
are near the free surface, GB sliding will result in surface grooves as one
surface grain will shift relative to the other. These MD results suggest
that GB migration in the TEM thin film samples likely initiated from the
film surface. As the applied tensile strain increases, the interior triple
junctions are reconstructed, resulting in coupled GB sliding and migra-
tion. These highly active processes of GB migration and sliding result in
drastic grain morphology changes, as evidenced by the growth of grain 1
and 4, and the concurrent shrinkage of grain 3 accompanied with a large
shape change. The common occurrence of grain growth and shrinkage
during MD is consistent with our in situ TEM observations. The change of
grain 2 is relatively small, confirming the common occurrence of non-
uniform grain deformation in polycrystalline materials, as revealed in
the experimental data of grain size statistics in Fig. 7a. Incidentally, our
MD simulations further reveal that coupled GB sliding and migration are
primarily caused by glide of GB disconnections (to be discussed later),
instead of less frequent dislocation emission and absorption at GBs that
mainly serve to accommodate local deformation incompatibilities dur-
ing GB migration.

The MD simulations further reveal the highly localized plastic defor-
mation and final intergranular fracture in the nc Al thin film at large
applied tensile strains. From a series of MD snapshots in Fig. 11 and
Suppl. Video 8, it is seen that plastic deformation becomes increasingly
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localized in the region containing grains 1-4. Large migration of GB1;
and GB;, causes drastic growth of grains 1 and 4 and shrinkage of grain
3, eventually resulting in direct contact between grains 1 and 4. Mean-
while, large sliding of GB;, and GB3, occurs, leading to growth of sur-
face grooves associated with GB;, and GB34 (Fig. 11b). The increased
stress concentrations in these deep grooves cause the continued slide-off
of GB,, and GB3,, thereby producing the fractured surfaces of GB;, and
GB34 (Fig. 11c¢). As the sliding-off of GB;, completes, the local fracture
process switches to the sliding-off of GB3,4. These processes demonstrate
an intergranular fracture mode through large GB sliding, which is con-
sistent with that observed during our in situ TEM testing of Al thin film
samples. Hence, our MD results complement in situ TEM observations
by revealing the atomic-level processes of GB sliding, leading to inter-
granular fracture in regions with large localized deformation.

5. Discussion

By utilizing in situ TEM straining techniques combined with MD sim-
ulations, we investigated deformation-induced grain growth in nc Al
at room temperature. Deformation-induced grain growth has been ob-
served in a multitude of studies, including tensile straining of nc Al
[18,19,21], nc Ni [16], and nc Au [15] and under nanoindentation of nc
Al [20,56] and nc Cu [22]. Some studies, however, report grain growth
is preceded by grain rotation, suggesting that grain growth occurs by
the coalescence of neighboring grains [15,16]. Direct evidence of GB
migration in this study eliminates this as the dominant mechanism for
grain growth. There is some evidence in this study to suggest grain ro-
tation may occur prior to and after neck formation. However, we were
unable to determine if the observed contrast changes were a direct re-
sult of crystallographic rotation due to dislocations passing through the
grain or solely transgranular dislocation glide. In either case, the con-
trast changes are indicative of increased plastic deformation occurring
within that region as it is not expected that global rotation of the speci-
men would result in bend contours within the local region.

The in situ observations in this work offer additional insight into the
effect local stress has on GB migration. In the in situ experiments, ex-
tensive grain growth was observed to occur preferentially within the
necked region of the specimens. The plot in Fig. 7a shows a clear rela-
tionship between grain size and the location on the specimen, i.e. grains
were measured larger within the necked region versus grains within the
uniform regions. This is strong evidence to suggest that the GB migration
is driven by the local increase in stress within the necked region, which
is also supported by our MD simulation results. Additionally, evidence
that GB migration occurs outside of the necked region suggests that neck
formation is not a direct result of grain growth but that instead, the in-
creased stress within the necked region is necessary for increased GB
migration. This is consistent with the growing number of studies that
report stress-assisted GB migration leading to preferential grain growth
in highly stressed regions [18,19,21,56-59]. To our knowledge, no other
studies have related grain growth to the stress state imposed by a neck
formation.

In this study, GB migration speeds varied from 0.2 — 0.7 nm s~ for
grains either outside or prior to neck formation (Figs. 5 and S1) when
the applied tensile stresses were close to the ultimate tensile strength of
450 MPa. The GB migration speeds increased to 2.4 nm s~ for grains
within the necked region (Fig. 6) where the local tensile stresses were el-
evated to around 630 MPa, and even advanced to 6 nm s~! for a growing
grain ahead of a crack-tip (Fig. 8). The measured migration velocities
are summarized in Table 1.

Other researchers have observed boundary migration speeds ranging
of 5 — 10 nm s~! for grains near a crack tip in pure nc Al down to
0.7 - 1 nm s~! for boundaries doped with oxygen (impurities lead to a
drag effect) [57]. Legros et al. has also reported speeds of 0.1 - 0.2 nm
s~1 up to 50 and 200 nm s~! for GB ‘jumps’ and suggested that these
drastic speeds were a result of different mechanisms of migration [19].
The migration velocities reported in this study of 0.2 — 6 nm s~! seem
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Table 1

Measured grain boundary migration velocity for different grains from experi-
ments on nanocrystalline Al thin films.

Grain location Migration velocity (nm s™)

Uniform 0.2
Uniform 0.7
Necked 24
Ahead of crack-tip 6

to be comparable with those reported in other studies as well as the
jerky’ migration behavior. The order of magnitude difference between
the migration speed of grains prior to or outside neck formation and the
grains within highly stressed regions likely reflect the inhomogeneity of
driving force (stress) that can be measured by the present MEMS-based
platform. Stress-driven GB migration is activated by stress and as such,
areas of increased stress — such as within necked region or ahead of a
growing crack — experience increased migration velocity. Other studies
have suggested a similar trend by observing that grain size decreases
with increasing distance from a crack tip and by geometrical necessity,
GB migration velocity follows the same trend [19].

The general GBs in the current study are mostly of mixed tilt and
twist type with high angle misorientation (Fig. 1f). As such, it is diffi-
cult to resolve the exact atomic mechanisms of GB migration through
in situ TEM observations. However, our MD simulations offer atomistic
insight into GB migration. Fig. 12 and Suppl. Video 9 show a repre-
sentative example of stress-driven migration of a general GB between
grain 3 and 4, denoted as GBj,, at the applied tensile strain ¢ = 10%;
this GB segment is boxed in Fig. 10c. The atomic structure of GB3, is
viewed along the (110) direction of grain 3, thereby showing a clear im-
age of projected (110) atomic columns inside this grain. Since GB;, is
of mixed tilt and twist type, grain 4 is not aligned with a specific crys-
tallographic direction, such that the projected atomic columns overlap
with each other in grain 4. The contrast of projected atomic columns
in the adjoining grain 3 and 4 facilitates our tracking of the atomically
sharp GB34 during its migration. Note that GB3,4 consists of atomic-sized
boundary steps on the edge-on {111} planes in grain 3. By comparing
local GB steps (marked by blue lines) relative to a reference {111} plane
marked by the red dashed line, it is seen from Fig. 12a—c that migration
of GB3,4 towards grain 3 occurs through glide of GB steps. In general, a
GB disconnection consists of both a GB step and a GB dislocation com-
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Fig. 11. MD simulation results of large plastic deformation
and intergranular fracture during uniaxial tension of a nc
Al thin film. (a—d) MD snapshots at different applied tensile
strains & from 30% to 90%, showing the drastic grain growth
and shrinkage through large GB migration and sliding, as well
as intergranular fracture via sliding-off of GBs. The same atom
coloring scheme is used as in Fig. 10c-f.

ponent. For a GB of mixed tilt and twist type, the observed gliding of
a GB step signals the movement of a corresponding GB disconnection,
while the GB dislocation component cannot be easily visualized due to
complex lattice geometry but usually moves simultaneously with the GB
step. Hence, MD results in Fig. 12 complement our in situ TEM observa-
tions by revealing the representative atomic-scale processes of coupled
GB sliding and migration through gliding of disconnections on a general
GB in nc Al

Despite differences in strain rate, grain morphology and film dimen-
sions between MD simulations and experiments, qualitative agreement
was found in the GB migration and fracture behavior, which was found
most pronounced in areas with localized necking deformation. Both sim-
ulations and experimental results point to GB migration leading to grain
growth as a dominant deformation mechanism. The MD simulations sug-
gest that dislocation emission and absorption are not a major contributor
to the migration and sliding but do play a role in accommodating de-
formation incompatibility at GBs. This is consistent with experimental
findings that showed in situ evidence of bend contours (suggestive of
dislocation activity) and post mortem observations of dislocation struc-
tures, but that GB migration was also observed to occur separate from
dislocation evidence. Bend contours can be indicative of dislocation ac-
tivity as the glide of countless dislocations can lead to a change in grain
orientation which can cause bend contours. Both simulations and exper-
iments also show that GB migration begins early in deformation and is
further promoted by increased stress due to localized deformation (neck-
ing or surface grooves). As with the experimental results, the simulations
also show inhomogeneous grain growth with certain grains growing at
the expense of other. Additionally, MD simulations reveal the atomic-
scale processes of coupled GB sliding and migration through gliding of
GB disconnections. Finally, large GB sliding is observed in both simula-
tions and experiments (especially near fracture surface). This GB sliding
was found to lead to intergranular fracture as the observed failure mech-
anism.

6. Conclusion

Using in situ TEM MEMS-based straining combined with MD simu-
lations, we have studied deformation-induced grain growth while also
investigating how the local stress imposed by necking promotes GB mi-
gration. The results of these experiments indicate that GB migration
is primarily stress-induced, as opposed to thermally-driven GB migra-
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Fig. 12. MD results showing atomic-scale processes of migration of a general GB of mixed tilt and twist type in nc Al. (a—c) MD snapshots of migration of GB,
toward grain 3 through the glide of GB steps (indicated by blue lines), signaling the glide of corresponding GB disconnections. This GB corresponds to the boxed
region of GBs, in Fig. 10c at 10% strain. The atomic configuration is viewed along the (110) direction of grain 3. The red dashed line indicates the edge-on {111}

plane in grain 3.

tion during high temperature annealing or creep. The local increase in
stress (either due to necking or a crack tip) drives faster GB migration.
Measured GB migration speeds ranged from 0.2 — 0.7 nm s~! when the
applied tensile stresses were close to the ultimate tensile strength of
450 MPa, increased up to 2.5 nm s~! for grains within the necked re-
gion where the local tensile stresses were elevated to around 630 MPa,
and even rose to 6 nm s~! for GB migration that occurred ahead of crack
tip. MD simulations utilized a coloring scheme to easily track GB mo-
tion over time, which yielded qualitative agreement with experimental
observations that significant GB migration leads to grain growth. MD
simulations further complement in situ experiments by uncovering the
underlying atomic processes of grain growth, GB migration and inter-
granular fracture that are not directly visible through TEM. Altogether,
these results underscore the important role of stress-driven grain growth
in plastically deforming nanocrystalline metals, particularly in regions
with large localized deformation.
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