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Grain boundaries have complex structural features that influence strength, ductility and fracture in met-
als and alloys. Grain boundary misorientation angle has been identified as a key parameter that controls
their mechanical behavior, but the effect of misorientation angle has been challenging to isolate in poly-
crystalline materials. Here, we describe the use of bicrystal Au thin films made using a rapid melt growth
process to study deformation at a single grain boundary. Tensile testing is performed on bicrystals with
different misorientation angles using in situ TEM, as well as on a single crystalline sample. Plastic de-
formation is initiated through dislocation nucleation from free surfaces. Grain boundary sliding is not
observed, and failure occurs away from the grain boundary through plastic collapse in all cases. The fail-
ure behavior in these nanoscale bicrystals does not appear to depend on the misorientation angle or
grain boundary energy but instead has a more complex dependence on sample surface structure and

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Grain boundaries (GBs) are ubiquitous structural features in
metals that play an important role in mechanical behavior. The
effect of GBs on strength, ductility and fracture is complex, and
depends on numerous structural parameters such as GB spacing,
geometry, misorientation angle, atomistic structure and chemical
composition, as well as proximity to microstructural features such
as dislocations and precipitates [1-10]. In addition, strain rate,
stress state, and temperature influence the behavior of GBs. For in-
stance, within ductile polycrystalline metals that fail via transgran-
ular fracture, GBs act as obstacles for crack growth, which leads
to increased fracture toughness and enhanced ductility [10]. Less
commonly, fracture can occur along pre-existing GBs, which is in-
tergranular fracture. This is associated with decreased ductility of
the sample and low fracture toughness [3,6]. The misorientation
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angle between grains has been identified as a key parameter that
determines the failure mode. High angle GBs within polycrystalline
samples are more susceptible to intergranular fracture due to the
large lattice mismatch, high GB energy, and low cohesion strength
[10].

The deformation mechanisms that lead to these failure pro-
cesses such as dislocation emission from a crack tip [11] and
void formation [10], are difficult to observe dynamically. The
relationship between GB misorientation angle and deformation
mechanism remains unclear, because this information is gener-
ally deduced from post-failure scanning and transmission elec-
tron microscopy (SEM/TEM) imaging on polycrystalline samples,
which is difficult to compare to computational modeling of sin-
gle grain boundaries [1,8,10,12]. Molecular dynamics (MD) simu-
lations have shown that a higher GB energy results in easier dis-
location transmission across the GB [13], such that low energy
GBs (e.g. X3) result in dislocation pile-up and strain hardening
[13,14]. Tensile strength has been found to peak at a misorienta-
tion angle of ~110° in Cu bicrystals in MD simulation [15]. Un-
like the simulated GBs, bulk polycrystalline samples contain a mul-
titude of GBs and other microstructural features, each of which
is structurally unique and subjected to slightly different load-
ing conditions. In addition, the dynamic processes often do not
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leave identifiable traces that can be used to identify deformation
mechanisms.

To bridge the gap between modeling and bulk samples, ex-
periments can be conducted on bicrystal samples that contain a
single, well-characterized grain boundary. In large bicrystal sam-
ples made from fcc metals, the propensity for transgranular frac-
ture has been correlated with the GB energy [6,16,17], whereas bcc
molybdenum bicrystals show intergranular fracture for all GB an-
gles [18,19]. More recently, focused ion beam (FIB) milled bicrys-
tal nano- and micropillars have provided important insights on
dislocation-GB interactions and GB sliding [7,20,21]. Pillar size has
been observed to influence this behavior. Strain hardening occurs
due to dislocation pileup for high angle GBs in microscale pillars
[22-24], while strain softening is observed in sub-micron pillars
[25,26]. At smaller pillar sizes, high angle GBs act as dislocation
sinks and pile-up is not observed in post-deformation TEM [7,26].
In addition, GBs in >1 um micropillars can serve as sinks, trans-
mission, and re-emission sites for dislocations [22,24,26-28]. GBs
in nanopillars serve as sinks, and dislocations are nucleated from
free surfaces [26]. For GBs which are not orthogonal to the load-
ing axis, shear stress leads to GB sliding, which has a lower activa-
tion stress than for dislocation activity [7]. Thus far, bicrystal pillars
have only been tested in compression, which does not reveal ten-
sile failure mechanisms. Nanowires [29-31] and freestanding poly-
crystalline metal thin films [32-40] have been tested in tension,
but the mechanical response cannot be isolated at a single GB in
these experiments.

Here, we investigate the in situ TEM tensile deformation of
individual high angle grain boundaries using bicrystal Au thin
films fabricated via the rapid melt growth process. These bicrys-
tal (111)-oriented Au thin films possess a wide range of <111>
tilt GB misorientation angles [41]. FIB is used to remove bicrys-
tals from a substrate, and shape the samples into a dog-bone,
after which the samples are placed on push-to-pull devices for
in situ TEM tensile testing. Plasticity and failure of Au bicrys-
tals with misorientation angles of 25°, 35° (close to a X7 GB),
and 56° (close to a X3 twin GB) are compared to a single crys-
tal sample. We find that failure occurs away from the GB in all
cases, at tensile strengths of 300 to 675 MPa. Failure of the sam-
ples does not appear to be correlated with GB orientation or
energy.

2. Materials and methods
2.1. Growth of Au bicrystals

Samples are grown according to previously published methods
[41]. 600 nm of thermal oxide was grown on silicon wafers. A
30 nm thick Pt metal layer was deposited on the thermal oxide
substrate through electron beam evaporation and patterned into
seeds through photolithography and metal lift-off. Next, 70-100 nm
of Au was deposited and patterned into wires. The Au-Pt metal
structures are encased in a 3 um thick crucible of low-pressure
chemical vapor deposition (LPCVD) silicon dioxide and annealed
to 1080°C in a rapid thermal annealer. After cooling, liquid phase
epitaxy drives bicrystal formation. Following annealing and crys-
tallization, the width of the Au wires decreases, and the thickness
increases to roughly 150 nm. After removing the LPCVD oxide en-
capsulating layers through dry plasma etching, 150 nm thick Au
contact pads were deposited 8-20 um apart around each GB to
anchor the Au wires for suspension. The bicrystals are suspended
in air by etching the underlying thermal oxide substrate through
HF vapor etching.
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2.2. Characterization and in situ mechanical testing

The SEM images detailing the FIB liftout process were collected
using a FEI Helios G4 UX dual-beam Focused lon Beam Microscope.
Electron backscatter diffraction (EBSD) images were collected us-
ing a FEI Strata 235DB dual-beam Focused Ion Beam Microscope
equipped with an EDAX EBSD detector. The push-to-pull experi-
ments were performed using a Hysitron PI-95 TEM Picolndenter in
a FEI TitanX 60-300 Transmission Electron Microscope and TEAM
I double-aberration-corrected scanning transmission electron mi-
croscope located at the National Center for Electron Microscopy at
Lawrence Berkeley National Laboratory and a 200 kV JEOL 2100
Transmission Electron Microscope at Sandia National Laboratories.
Tensile testing was performed at a constant load rate of 3 to 7
1N/s. We are unable to determine strain during these experiments
due to the lack of fiducial markers on the sample, which pre-
vents us from converting the indenter tip displacement to sam-
ple displacement. Thus, the mechanical behavior of the samples is
reported as stress-tip displacement curves. All movies are played
back at 2x speed of test.

The indenter force and tip displacement are recorded by the
TEM nanoindenter holder. The stress applied on the sample, o, is
a function of indenter force, F, and sample cross-sectional area and
calculated by

F

o =—
wt

where w is the width of the dog-bone and t is the sample thick-
ness. The width and thickness dimensions were measured from
TEM and SEM images. The width of the 25° bicrystal was 625 nm,
the 35° bicrystal was 540 nm, and the 56° bicrystal was 540 nm.
The width of the single crystal sample was 680 nm. The gauge
length of all the samples was approximately 1 pm. All tested sam-
ples were approximately 140-150 nm thick.

3. Results

Fig. 1A displays an SEM image of a suspended bicrystal bisected
by a single GB. The fabrication technique described in the Materi-
als and methods section allows us to lift-out a planar, electron-
transparent sample without using FIB to thin the sample in the
imaging direction, which reduces FIB-induced damage. The sus-
pended bicrystal is lifted out using a micromanipulator (Fig. 1B),
welded across a 2.5 um gap on a push-to-pull device (blue dashed
region in Fig. 1C), and milled into a dog-bone shape (Fig. 1D &
E). The push-to-pull device translates a compression force applied
by a diamond indenter on a Hysitron PI-95 TEM Picolndenter into
a uniaxial tensile force on the sample (direction of loading is in-
dicated by the arrows in Fig. 1E). All single crystals and bicrystals
produced through this rapid melt growth are (111)-oriented normal
to the substrate and result in <111> tilt GBs, which is corroborated
by EBSD maps (Fig. 1F).

Three separate Au bicrystals were tested in situ with varying
misorientation angles. The bicrystal shown in Fig. 2 has a GB mis-
orientation angle of 35°, as determined by EBSD (Fig. 1F). The
GB is perpendicular to the loading axis. Higher magnification TEM
imaging of the sample shows light contrast regions of hundreds of
nanometers in size, that are surrounded by darker material, on ei-
ther side of the GB (Fig. 2). This contrast difference could be due to
thickness variations templated from the oxide crucible [41,42]. The
cellular regions of high and low contrast do not change during ten-
sile loading and do not interact with surface-nucleated mobile dis-
locations (Movie S2). These regions are likely thickness variations
that form during crystal growth. There is ~1 nm surface roughness
along the edges of the samples due to FIB milling. Previous high
resolution scanning TEM cross sections of the samples showed a
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Fig. 1. Preparation of in situ TEM samples. A) Gold bicrystal wires are suspended in air for sample lift-out. The GB is indicated by the arrow. B) A bicrystal is detached from
the chip using focused ion beam milling and lifted out with a nanomanipulator. Inset: Some of the thin-film bicrystal structures required a platinum-deposited frame to
prevent bending during liftout. C) A bicrystal is mounted to a push-to-pull device in the region marked by dashed lines. The push-to-pull device translates a pushing force
on the button to a tensile force on the sample. Inset: A bicrystal is welded to the push-to-pull device with platinum. D) A bicrystal is shaped into a dog-bone using focused
ion beam milling. E) TEM image of a dog-bone shaped sample. The tensile force direction is indicated by the arrows. F) EBSD orientation maps of a representative bicrystal
(tested in Fig. 2). All bicrystals are (111)-textured in the z-direction. The approximate location of the dog-bone shaped testing area is overlaid on the EBSD image with red

dashed lines.

A

Fig. 2. Higher magnification TEM images of bicrystal in Fig. 2 showing the GB (A) and light cellular regions surrounded by dark areas on both sides of the GB (B-C). The
cellular regions do not change during tensile loading and do not interact with surface-nucleated mobile dislocations. Scale bar is 50 nm.

few dislocations near the GB, but the field of view was too small
to estimate dislocation density [41]. In this sample, we potentially
observe dislocations within 200 nm of the GB in the upper grain,
with no apparent dislocations further away. For the upper grain,
there is an estimated dislocation density of 5 x 10'3 m~2 within
that region. These defects and microstructure do not appear to in-
teract with dislocations nucleated during mechanical loading and
thus do not appear to play a role in the mechanical behavior.

The stress-displacement curve for the sample is shown in
Fig. 3A. Tensile testing was performed at a load rate of 5 uN/s
(Movie S1). Video of the deformation was taken in bright-field (BF)
TEM mode. Yielding occurred at approximately 300 MPa. Partial
dislocations nucleate at the free surface in the upper grain, and
propagate across the grain to form stacking faults, which can be
seen as light streaks in Fig. 3B. Further loading leads to disloca-
tion nucleation in both grains (Fig. 3C), and strain hardening in
the sample. The ultimate tensile stress in the sample is 610 MPa
at which point an apparent twin forms in the lower grain at the
edge of the GB (Fig. 3D). The overall deformation of the sample can

be described as slip that occurs in one of the grains, which leads
to necking and twinning at about 45° to the loading axis. Finally,
failure occurs along this low energy twin boundary and results in
rapidly decreasing stress (Fig. 3E). This can be considered a type of
intergranular failure, but does not occur at a pre-existing GB. We
do not observe any GB sliding or motion during the test.

Two more bicrystals with 56° and 25° misorientation angles
were also tested in situ (Fig. 4). Tensile testing was performed at
a load rate of 4 pN/s and 3 pN/s, respectively (Movie S3 & S4).
Videos of the deformation were taken in BF TEM mode. The 56°
bicrystal had a GB perpendicular to the loading direction (Fig. 4B),
while the 25° bicrystal had a curved GB which is oriented 15° from
the loading direction (Fig. 4D). The GB could be tracked throughout
the experiments. Dislocation motion was not visible during loading
in these samples. Both bicrystals have pronounced strain harden-
ing and no apparent twin formation. The yield strengths are also
very similar at approximately 675 MPa for the 56° bicrystal and
650 MPa for the 25° bicrystal. No GB motion was observed during
loading. In the 25° bicrystal, fracture occurred at the edge of the
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Fig. 3. A) Stress-displacement curve with corresponding TEM snapshots (B-E) at different points during the tensile test. B) Stacking faults begin to form in each grain. The
GB is indicated by the black arrow and white dashed line. C) Further loading leads to continued stacking fault formation and strain hardening. D) Twin forms in lower grain
at edge of GB. E) Further loading leads to ductile fracture along the twin. The contrast in B-D is increased to see stacking faults, which are streaks of light contrast. Scale bar

is 200 nm.
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Fig. 4. A) Stress-displacement curve from a tensile test performed on gold bicrystals and the corresponding TEM images before (B, D) and after (C, E) the tensile tests. GBs

are indicated by the arrows and dashed line. Scale bar is 500 nm.

GB at 990 MPa whereas fracture in the 56° bicrystal occurred away
from the GB at 1250 MPa. In both cases, the fractured surface was
perpendicular to the loading direction with thinned jagged edges,
in contrast to the 35° bicrystal, which fractured along the twin.
Fig. 5 shows EBSD maps of the thin films used to make the bicrys-
tals in Fig. 4, and the location of the dog-bone on the as-grown
thin films.

As a point of comparison for bicrystal samples, we tested a sin-
gle crystal Au sample (Fig. 6) at a loading rate of 7 uN/s. Video of
the deformation was taken in scanning TEM mode using a high-
angle annular dark-field (HAADF) detector to observe defect mo-
tion (Movie S5). Upon loading, slip events can be observed at a
45° angle with respect to the loading direction starting at approx-
imately 1000 MPa. From EBSD crystallographic analysis (Fig. 6D),
we correlate these slip events to partial dislocation nucleation from
the free surface and subsequent stacking fault formation. Stacking
fault formation occurs uniformly across the sample with no indica-
tion of twinning. After deforming plastically, the sample undergoes
fracture at 2270 MPa. Fracture occurs perpendicular to the loading
axis with no apparent necking. The post fracture image (Fig. 6C)
shows thinner, rough edges on either side of the fracture surface.

4. Discussion

The Au bicrystals tested showed varying yield strengths ranging
from 300 to 675 MPa with pronounced strain hardening in all sam-
ples. With respect to failure, the bicrystals exhibited either ductile
failure upon twinning or sudden failure perpendicular to the load-
ing direction. The GB may have higher strength in these thin film
samples than in a bulk sample because dislocations can anneal at
the free surfaces of the GB. To understand differences in mechani-
cal behavior, we calculated the elastic modulus, Schmid factor, and
relative GB energy for all samples (Table 1). From EBSD, we deter-
mined the crystallographic orientation of each grain in a bicrystal
and subsequently determine the elastic modulus of the bicrystal
using Eq. 1:

11 1
EBicrystal EGruin 1

(1)
EGrain 2

Since the fabrication process of both the single crystal and
bicrystal samples is similar, the in-plane and normal crystallo-
graphic orientations are also similar (Figs. 1F, 5, & 6). Thus, the
elastic moduli and Schmid factors are similar across all the bicrys-
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Fig. 5. EBSD orientation maps of bicrystals corresponding to the 56° GB (A) and 25° GB (B) in Fig. 4. The blank region in A is due to an oxide particle on the chip that
obstructed the EBSD detector. The approximate location of the dog-bone shaped testing area is overlaid on the EBSD image with red dashed lines.
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Fig. 6. A) Stress-displacement curve from a tensile test performed on a gold single crystal and the corresponding STEM images before (B) and after (C) the tensile test. The
contrast in C is increased to see stacking faults, which are streaks of dark contrast. Scale bar is 500 nm. D) EBSD orientation maps of the single crystal. The approximate
location of the dog-bone shaped testing area is overlaid on the EBSD image with red dashed lines.

Table 1

Material properties of single crystal and bicrystal samples. Elastic modulus values were determined from crystallographic data collected from EBSD
and are not based on the experimental tests. Elastic modulus is not accurately measured in the experimental tests due to the lack of fiducial
markers. Schmid factor calculations are for 1/6<211> partial dislocations. The GB energy is reported relative to the surface energy [41].

Calculated Elastic Modulus (GPa) ~ Max Schmid Factor

Yield strength (MPa)

Critical resolved shear stress (MPa) Y/ ¥ surface

Ne 774 0.49 1000
25°  83.0 0.50 650
35°  80.2 0.48 300
56° 80.8 0.49 675

490

325 0.80
144 0.93
331 0.75

tal samples and the single crystal sample and cannot explain
the differences in plastic behavior. The calculated critical resolved
shear stress (CRSS) is approximately half of the yield stress in all
cases. The SC sample has the highest CRSS, and the 35° bicrystal
has the lowest CRSS.

Density functional theory has been used to calculate the ten-
sile strength of specific grain boundaries in Al, W and SiC [43-
45]. The strengths are on the order of ~10 GPa, close to theoretical
strength values. Our samples fail far below these values. The ten-
sile strength of the specific grain boundaries in the Au bicrystals
are not available in the literature. Thus, we use GB energy as a
related parameter. GB energies vary across the three bicrystal sam-
ples. The relative GB energy is calculated from the GB groove an-
gles from an aggregated set of bicrystal data, which is described in
greater detail in [41]. While GB energy generally increases with in-
creasing misorientation angle, symmetries exist at specific angles

due to lattice coherency of adjacent grains, which can lower GB
energy. The 56° bicrystal has the lowest GB energy since it is close
to the X3 twin GB angle of 60°. The 35° bicrystal has the high-
est GB energy and is close to a X7 GB. This is the only sample
that failed through twinning, which indicates that GB energy may
be correlated with failure mode, although a mechanistic reason for
this remains unclear.

From Fig. 3, it appears that dislocation nucleation from the free
surface is the primary driver of plasticity. Yield can occur when
partial dislocations are nucleated at either the edge of the sam-
ple or at a dimple on the face of the sample. The critical resolved
yield strengths for the bicrystals are within the range previously
reported for compression tests of single crystal Au micropillars of
similar size [46-49], whereas the yield stress of the single crys-
tal sample is a factor of 1.5-2x larger and comparable to defect
free, 150 nm wide <110> Au NWs [50]. The 25° and 56° bicrys-
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tals (Fig. 4) and the single crystal sample fail in the same man-
ner, which indicates that they should have similar yield strength,
yet the single crystal yield strength is significantly higher. We at-
tribute the large difference in yield strength between the single
crystal and bicrystal samples to subtle differences on the surface
of the samples that lead to differences in dislocation nucleation
energy [51-54], and assume that yield occurs through dislocation
nucleation at surfaces. This is also responsible for the scatter in the
yield strengths of the bicrystal samples.

Strain hardening within single crystal and polycrystalline Au
thin films has been correlated to high defect concentration that
impedes dislocation motion [35], and extensive twinning [34]. In
contrast, defect free Au NWs tested in tension plastically deform
without strain hardening, since the likelihood of interactions be-
tween two mobile dislocations is unlikely in nanoscale samples
[50,53,55-57]. The strain hardening observed in this work is simi-
lar to that observed previously in Au thin films. Compression tests
on bicrystals nanopillars of less than 1 pm in size have shown
that GBs act as dislocation sinks, thus preventing dislocation pileup
[25,26]. This matches our observations from Fig. 3 and Movie S2
where most dislocations are absorbed at the GB or the free sur-
faces with no dislocation transmission. The low defect content, lack
of multiple twins, and no dislocation pileup in our samples indi-
cate that a different mechanism is responsible for strain harden-
ing. We attribute the strain hardening observed to stacking fault-
dislocation interactions away from the grain boundaries. This has
been previously observed in nanocrystalline fcc metals and thin
walled nanostructures [58,59]. Stacking fault-dislocation interac-
tions were observed in Fig. 3C. Partial dislocations that nucleated
from the edge of one grain intersected with partial dislocations
that nucleated from the opposite side of the grain. This is observed
as intersecting lines of contrast. This may also be the source of
the subtler strain hardening observed in the single crystal sample
above 1000 MPa.

As with yield strength, the fracture strength of the bicrystals is
surprisingly lower than the single crystal sample. Yet, it is logical
that the lower yield strengths of the bicrystals would lead to lower
fracture strengths than in the single crystal, if the same deforma-
tion mechanisms lead to failure in both types of sample. Although
the 25° and 35° bicrystals did fail at the edge of the GB (Fig. 4),
none of the bicrystals fail along the GB. This is despite the fact that
the GB is perpendicular to the loading direction for the 35° and 25°
bicrystals, which favors failure along the GB and prevents GB slip.
This indicates that the edge of the GB is a stress concentration [60],
but that the GB itself is strong. Out-of-plane grooving at the GB
may also serve as a stress concentration that is not visible in the
TEM images. In the 25° and 56° bicrystals, the curved region at the
base of the gauge length serves as a stress concentration that leads
to failure. The absence of fracture at a pre-existing GB in bicrystal
samples is in contrast to previous tensile studies of bulk NisAl and
Cu bicrystals with high GB energies that show brittle failure along
the GB [16,61]. In nanocrystalline Au thin films tested in tension,
dislocation-mediated GB sliding leads to void nucleation at GBs,
which ultimately leads to intergranular fracture [60,62]. Even for
the 25° bicrystal sample where there is a shear component acting
along the GB (Fig. 4E & Movie S4), there is no GB sliding. Thus, we
conclude that the GB orientation relative to the loading direction
does not plays an important role in the failure behavior in these
bicrystal samples.

The failure behavior of two of the bicrystals (Fig. 4) and the
single crystal (Fig. 6) indicate a common mechanism that is not
dependent on the presence of the GB. When compared to the only
bicrystal sample, which exhibited ductile failure (Fig. 3), it is appar-
ent that twinning promotes ductile failure. This behavior matches
well with single crystal <110> Au NWs and thin films, where
twinning occurred before necking and ductile failure [50,53,55-
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57,63]. In the samples that do not fail through twinning, the sud-
den fracture perpendicular to the loading axis, jagged edges on the
fracture surface (Figs. 4 & 6), and lack of void formation are indica-
tive of plastic collapse whereby the material fails via gross plastic-
ity [64]. Plastic collapse is typically seen in materials under large
stress with plastic zones that traverse the critical length scale of
the material, such as foams [65-67], thin walled vessels [68-70],
and more uncommonly thin films [64,71,72]. Plastic collapse is less
likely along GBs since they act as efficient defect sinks for both dis-
locations and point defects [73,74]. This is supported by the lack
of crack formation during tensile testing for all samples. From a
fracture toughness analysis, the critical flaw size needed for crack
propagation is larger than the dimensions of the microscale sam-
ple [75]. Thus, the samples do not undergo crack-mediated brittle
fracture.

5. Conclusion

In summary, in situ TEM tensile testing is performed on Au
bicrystal dog-bones with various misorientation angles, as well as
a single crystalline sample. Yield strengths of the bicrystal sam-
ples matches with single crystal Au micropillar studies whereas
the pronounced strain hardening observed is attributed to GB-
dislocations interactions and stacking fault-dislocation interactions.
In contrast to bulk bicrystal studies, failure does not occur at
pre-existing GBs for any of the misorientation angles investigated.
Rather, in the absence of twin formation or pre-existing flaws, fail-
ure occurs via plastic collapse for both bicrystal and single crystal
samples. These results suggest that GBs are inherently strong and
previously observed intergranular fracture in thin film samples is
not directly related to GB energy.
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