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In this study, the underlying atomic-scale plastic deformation mechanisms responsible for the crack prop-
agation process in nanograined gold thin film with an average grain size of ~10 nm (ranging from ~2
nm to ~22 nm) is investigated by the in situ high-resolution transmission electron microscope observa-
tions (i.e., a homemade device with atomic force microscope inside transmission electron microscope)
and atomistic molecular dynamic simulations. The real-time results based on the experimental obser-
vations and simulations uncover consistently that the crack propagation in nanograined gold thin film
is accommodated by the grain boundary-mediated plasticity, which may result in the grain coalescence
between neighboring nanograins. Furthermore, we find that the grain boundary-mediated plasticity is
grain size-dependent, i.e., GB dislocation activities-induced grain rotation in relative larger grains and GB
migration in relative smaller grains in comparison with a critical grain size of ~ 10 nm.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Enhancing the mechanical properties and understanding the
underlying plastic deformation mechanisms of metals have been
the long-term objectives of materials scientists and engineers. The
strength of the coarse-grained (CG) metals are mainly controlled
by the interactions of intra-grain dislocations with grain bound-
aries (GBs) [1,2] and/or other barriers [3]. In contrast, these dislo-
cation activities are severely suppressed by the significantly refined
grains and increased GB fraction in the nanogained (NG) metals
with grain sizes down to nanometer scale (d < 100 nm), thus lead-
ing to the unusual high strength but poor ductility [4,5]. Notice-
ably, the GB-mediated plasticity might take the place of the ordi-
nary dislocation plasticity to dominate the softening deformation
process of NG metals with grain size below a critical value (e.g., d
< ~ 15-30 nm) [6-10].

Over the past decades, some advanced techniques, such as
in situ transmission electron microscopy (TEM) observations and
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molecular dynamic (MD) simulations, have been widely devel-
oped to capture and visualize the dynamic information about the
microstructural evolution during the plastic deformation/cracking
process in NG metals. In this regard, most of the in situ ob-
servations and simulations revealed that the GB-mediated plas-
ticity also dominate the potential nucleation and growth of
nanovoids/nanocracks at GBs for coalescing the main cracks, lead-
ing to the intergranular cracking process in NG metals with grain
sizes below certain critical values [11,12]. Noticeably, various GB-
mediated plasticity mechanisms, such as GB dislocations [13,14],
GB migration/sliding [15], and GB diffusion [16], etc., have been
reported to be able to accommodate the cracking process of NG
metals, suggesting a characteristic of size-dependence. To name a
few, the crack propagation by purely atomic migration with steps
at GB from the tip region to the crack rear was reported during
the in situ TEM straining crack propagation process of NG gold
(Au) thin film (d~ 10 nm) [17]. While some other in situ TEM ex-
periments and MD simulations of NG Au metals with compara-
ble grain size reported the mechanism of grain rotation near the
crack tip to accommodates their crack propagation processes [13-
16]. In addition, even the grain rotation process might also be grain
size-dependent, e.g., accomplished by cross-grain dislocation activ-
ities in larger grains (d > 6 nm) while GB dislocation activities in
smaller grains (d < 6 nm) in NG Pt [14]. The discrepancy in size-
dependent GB-mediated plasticity mechanisms might also be at-
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Figure 1. | The homemade in situ AFM-TEM design for observing the cracking process of NG Au thin film. (a) TEM image showing that Au thin film is sputtered on the
sharp Cu wire tip by a Gold Coater. (b) The TEM image showing the sputtered Au thin film is NG structure with nanocracks pre-existing on the surface (as indicated by the
dash red line). These pre-existed nanocracks would be propagated when the NG Au thin film is moved to against the AFM tip along the direction indicated by the arrow.
(c) SAED pattern of the right surface thinner region in (b) indicating the pure NG Au structure. (d) Grain size statistical distribution of NG Au thin film, denoting an average
grain size of ~10 nm. (e) A HRTEM image and (f) corresponding atomic IFFT image taken from the rectangle frame in (e), showing the atomic structure of NG Au.

Figure 2. | In situ observation of the GB migration-induced grain coalescence during the cracking process. (a-c) A sequence of HRTEM images showing that the GB
migration process induces the GB to move toward the interior of G2, resulting in the grain coalescence from G1 and G2. (d-f) The schematics, corresponding live FFT patterns
and IFFT images taken from the rectangle frames 1 and 2, respectively, providing the details of the dynamic process of GB migration.

tributed to the complications associated with the nature of mate-
rials, e.g., loading condition and stress field near the crack tip dur-
ing the cracking process. Nonetheless, the above description indi-
cates that the GB-mediated plasticity mechanisms responsible for
the crack propagation process of NG metals have not been well un-
derstood yet, meaning that more direct and detailed evidence is
still needed.

Herein, we develop a facile homemade in situ TEM observation
device (i.e., atomic force microscope (AFM) inside TEM) and MD
simulations to uncover the underlying plastic deformation mecha-
nisms responsible for the dynamic cracking process in NG Au thin
film. As for the design of the homemade in situ AFM-TEM exper-
iments, the sharp copper wire with a diameter of 0.5 mm and a
length of 10 mm was first put into a Gold Coater (Scancoat Six,
Edwards) as a substrate to sputter Au for ~15 seconds, as shown
in Fig. 1(a). The TEM image in Fig. 1(b) shows that a ~200 nm-
thick Au thin film has been successfully sputtered on the surface

of copper wire. According to the contrast of the TEM image, a dash
white line is added to separate the TEM image into two regions in
Fig. 1(b). The right surface thinner region with clear GBs should be
the pure Au thin film, which is also approved by the corresponding
SAED pattern in Figure 1(c). The grain size statistical distribution in
Fig. 1 (d) shows that the grain size ranges from ~2 to ~22 nm of
the sputtered NG Au thin film, denoting an average grain size of
~10 nm. In addition, Fig. 1 (e-f) show respectively a typical HRTEM
image and inverse fast Fourier transfer (IFFT) image taken from
the rectangle frame in Fig. 1 (e), where the interplanar spacing is
well characterized for the Au crystal. Noticeably, the TEM image of
Fig. 1 (b) shows apparently that the surface of the sputtered NG Au
thin film is not smooth with some grains protruded from the sur-
face, possessing many nanocracks tips on the surface, as indicated
by the dash red line in Fig. 1 (b). The copper wire with sputtered
NG Au thin film was then installed on an in situ AFM-TEM holder
(Nanofactory). The AFM tip is manipulated by a piezo-driven head
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Figure 3. | In situ observation of the GB migration and grain rotation at the crack tip during the cracking process. (a-d) A sequence of HRTEM images showing the
crack blunting from ~110° to ~135° at one typical crack tip. (e) The live FFT patterns of G2, G4, G5, and (f-g) IFFT images taken from the rectangle frames (f-g) in (a). (h-i) The
IFFT images taken from the frames in (d). (j-m) Schematics showing the microstructural evolution during the crack blunting, which is accommodated by the GB migration

and grain rotation.

and thus can be driven flexibly toward the protruding NG Au part,
along the direction indicated by the arrows in Fig. 1 (b). Once the
AFM tip is contacted to the surface of the protruding NG Au thin
film, they will stick together easily due to the nanoscale adhesion
effect. In addition, some grains on the surface of the NG Au thin
film might even be worn off and attached to the AFM tip after the
thin film is against by the AFM tip [18,19]. Nonetheless, the adhe-
sion effect between the AFM tip and NG Au thin film will not be
weakened in the follow-up experiments. Instead, it might be en-
hanced because re-joining between these small grains would take
place, which can also be understood by the cold-welding effect of
the ultrathin metals at the nanoscale [20]. As a result, the propa-
gation of these nanocracks can be induced and observed in NG Au
thin film based on the design in our experiments. The real-time
dynamic cracking process was observed by HRTEM (JEOL 2010F)
operating at the voltage of 200 kV. Note that the substrate cop-
per wire with excellent thermal conductivity could promptly re-
lease any potential thermal energy induced by the electron beam,
thus maintaining the desired room temperature in NG Au thin film
during the in situ AFM-TEM observations.

The in situ AFM-TEM observation was first performed at a lo-
cation away from the crack tip during the cracking process of the
NG Au thin film. Fig. 2 shows a sequence of HRTEM images taken
at different durations during the cracking process, demonstrat-
ing the GB migration-induced grain coalescence from two neigh-
boring small grains with grain sizes below ~10 nm (Supplemen-
tary Movie S1). Fig. 2(a) is the HRTEM image captured at the ini-
tial stage of cracking process, where two nanograins with grain

sizes of ~8 nm and ~5 nm are marked as “G1” and “G2”", respec-
tively. Fig. 2(d) gives the schematic and corresponding IFFT pat-
terns/images of initial grains G1 and G2 taken from the rectangle
frames 1 and 2, respectively. Noticeably, the (111)a, planes with in-
terplanar spacing of ~0.229 nm can be easily indexed for the grain
G1 in Figure 2(d1), while the live FFT pattern in Fig. 2(d2) indicates
that the grain G2 does not exist any obvious crystallographic orien-
tation under the same electron beam projection direction. There-
fore, it can be concluded that initial grains G1 and G2 have dif-
ferent crystallographic orientations. Once the cracking process is
in progress, the GB between grains G1 and G2 is moved toward
the interior of G2, as proven by the HRTEM image in Fig. 2(b) and
corresponding FFT patterns in Fig. 2(e), respectively. This cracking
process is governed by the GB migration process and no obvious
dislocation activities are found according to our observations. The
GB migration process makes the crystallographic orientation of the
migrated part in grain G2 rotate to the same as that of grain G1.
As a result, it leads to an increase in the grain size of G1 while a
decrease in the grain size of G2. As the cracking process contin-
ues, the GB migration process is continuously toward the interior
of grain G2. At last, the HRTEM image in Fig. 2(c) and correspond-
ing FFT patterns/images in Fig. 2(f) show that the crystallographic
orientation of the whole grain G2 is rotated to the grain G1, result-
ing in the grain coalescence from these two neighboring grains.
Fig. 3 presents a series of HRTEM images taken at different du-
rations to depict the microstructural evolution at one particular
crack tip during the cracking process of NG Au thin film (Sup-
plementary Movie S2), showing the crack blunting from ~110° to
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~135°, In addition to the pure GB migration between small grains
in Fig. 2 (grain sizes below ~10 nm), here we in situ observe an-
other GB-mediated plasticity mechanism, i.e., grain rotation be-
tween relatively larger grains. Fig. 3(a) is the HRTEM image for the
initial status at the crack tip, in which five nanograins are marked
as “G1”, “G2", “G3”, “G4” and “G5”, respectively. The grain sizes of
G1 and G5 are over 20 nm, obviously larger than those of G2, G3,
and G4 (approximately 10 nm or slightly below 10 nm). Initially,
grains G2, G4, and G5 do not show any obvious crystallographic
orientations under the current projection zone, as evidenced by
corresponding live FFT patterns in Fig. 3(e). Fig. 3 (f-g) are re-
spectively the IFFT images enlarged from the rectangle frames (f-
g) in Fig. 3(a), in contrast, presenting the (111)Au planes for both
grains G1 and G3. Noticeably, these two grains have a misorienta-
tion of ~11° and an array of dislocations can be observed at the
GB, as marked as “T” in Fig. 3(g). Once the crack blunting pro-
cess is triggered, we first observe the slight GB migration between
grains G1 and G2, i.e., the GB moves from the larger grain G1 to-
ward the smaller grain G2, as shown in Fig. 3(b) and corresponding
schematic in Fig. 3(k). However, this GB migration process is post-
poned with the crack blunting continues. Alternatively, the orien-
tation of the region near the GB between grains G1 and G2 be-
come to rotate, as highlighted blue line in Fig. 3(c) and region in
Fig. 3(1), respectively, inducing a misorientation of ~17° between
the grain G1 and the rotated region in grain G2. Finally, Fig. 3(d)
shows that the whole grain G2 is rotated to have a misorientation
of ~17° to grain G1, as evidenced by the IFFT image in Fig. 3(h)
taken at the rectangle frame (h) in Fig. 3(d). In addition, it is noted
that the GB migration also happens between two small grains, i.e.,
from grains G3 to G4 as schematically indicated in Fig. 3(1), lead-
ing to the grain coalescence from grains G3 and G4. As a result, a
new coalescing grain G3 with grain size over 10 nm is then rotated
to reduce the misorientation between grain G1 and G3 from ~11°
to ~8°, which is evidenced by the IFFT image in Fig. 3(i) taken at
the rectangle frame (i) in Fig. 3(d). In addition to the arrays of dis-
locations at the GB for accomplishing the small-angle tilt GBs be-
tween nanograins, as indexed in Fig. 3(g-i), GB dislocation activities
can also be observed according to the distortion regions near the
GBs. Fig. 3(m) demonstrates schematically the final status of mi-
crostructure at the crack tip during the cracking process of NG Au
thin film. In situ results in our work clearly indicate that the GB-
mediated plasticity mechanism is grain size-dependent to accom-
modate the cracking process of NG Au thin film, i.e., GB activates-
induced grain rotation in relative larger grains with grain sizes over
~10 nm, while the GB migration process in relative smaller grains
with grain sizes below ~10 nm.

In addition to the in situ HRTEM observations, atomistic MD
simulations were also performed to carry out the cracking process
of NG Au thin film and uncover the corresponding plastic defor-
mation mechanisms. The LAMMPS code [21] and embedded-atom
method potential [22] were employed to build up a fully dense
three-dimensional 70 x 70 x 20 nm3 NG Au model, which con-
tains 100 Voronoi tessellation grains with grain size ranging from
~5 nm to ~20 nm, denoting an average grain size of ~10 nm. The
relaxation at 500 K for 1 ns was conducted to initially stabilize
the model, especially the GB atoms, within a Nosé-Hoover ther-
mostat [23,24]. Then, a surficial crack tip with a length of 23 nm
and a width of 2 nm was introduced in the middle of the simu-
lated sample, as shown in Fig. 4(al). The mechanical loading per-
pendicular to the crack length direction was imposed with a con-
stant strain rate of 2 x 108 s~ to generate the crack blunting, i.e.,
mimic a model I crack system. During the crack blunting, lattice
defects were recognized by the common neighbor analysis (CNA)
[25]. Note that both of GB migration and grain rotation would lead
to the grain coalescence with the change of orientations. Fig. 4 (a1-
c1) shows that a vertical straight line with 1 nm width (> -60, < -
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Figure 4. | MD simulation of the cracking process in NG Au. (al-c1) The crack
blunting process of NG Au at several representative strain levels of 0%, 8.8%, and
30%, respectively, showing the change of grain orientations as the marked vertical
straight line is gradually not straight anymore. (a2-c2) The corresponding disloca-
tion behaviors visualized by DXA, and (a3-c3) atomic-scale stress distribution cal-
culated via Viral theorem showing the dislocation activities/stress are mainly con-
centrated at the GBs during the cracking process.

50 A) is selected to trace the evolution of grain orientations during
the cracking process. The change of orientation happens if the line
is not straight anymore, potentially suggesting the GB-mediated
plasticity via GB migration and/or grain rotation. Fig. 4 (b1-c1) are
the images at the strain levels of 8.8%, and 30%, respectively, in-
dicating the possible occurrence of grain rotation and/or GB mi-
gration as the vertical straight line is gradually not straight any-
more. Interestingly, the dislocation behavior visualized by Disloca-
tion Extraction Algorithm (DXA) in Fig. 4(a2-c2) and atomic-scale
stress distribution calculated by Viral theorem in Fig. 4(a3-c3) con-
sistently show that some dislocation activities with stress concer-
tation mainly at GBs are generated to accommodate the cracking
process. It means that the dislocation behaviors also operate in
extremely small grains and may facilitate GB plasticity within the
confined volumes.

More specifically, Fig. 5(a-c) gives a series of simulated atomic
images at the crack tip to reveal the corresponding deformation
mechanisms. Initially, four nanograins with different grain sizes
and orientations are marked in Fig. 5(a) as “G1”, “G2”, “G3”, and
“G4”, respectively. With the cracking process in progress, on one
hand, the grain rotation happens between two large grains G1 and
G2. As indicated in Fig. 5(a-b), the misorientation between them
is gradually reduced from ~ 13° to ~8°, by rotating the orientation
of grain G2. On the other hand, the GB migration process happens
in small grains, i.e.,, GB is migrated from grains G2 and G4 toward
the grain G3. Finally, Fig. 5(c) shows that both grain rotation and
GB migration processes lead to the grain coalescence between two
neighboring grains, forming two new coalescing grains G1 and G4.
Furthermore, Fig. 5(a-b) indicates that the grain rotation should be
accomplished by the GB dislocation activities, which is also sug-
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Figure 5. | MD simulation of GB migration and grain rotation at the crack tip during the cracking process. (a-c). A series of simulated images showing the GB migration
and grain rotation, resulting in the grain coalescence from G1-G2 and G3-G4. (d) The stress-strain curve and corresponding evolution of the dislocation density during the

cracking process.

gested by the increased dislocation density in Fig. 5(d). One might
note that the external mechanical loading directions between ex-
periments and simulations are different in this study. However, the
localized nanocrack tips on the surface of the protruding NG Au
thin film have various orientations, which make some particular
crack tips have the same cracking mode as that in simulations, as
shown in Fig. 3 and Fig. 4-5.

Although several types of GB-mediated plastic mechanisms
have been explored in various NG metals, such as Ni[26], Al [27],
Pt [14], Cu [28] and Au [15,29,30], etc., there is still limited di-
rect experimental evidence for the cracking process, especially in-
volving the grain size-dependence in the NG metals with grain
sizes below ~ 20 nm. In this study, the direct evidence for the
grain size-dependent GB-mediated cracking mechanisms by in situ
HRTEM observations and simulations are consistent. Grain rota-
tion is one well-known characteristic responsible for the plastic-
ity of polycrystalline materials. However, the traditional grain ro-
tation, which is normally accomplished by cross-grain gliding of
numerous dislocations to reorient one entire grain, is expected to
subside in NG metals with such extremely tiny grains at room
temperature, especially below certain critical values. Alternatively,

a particular GB mediated-plasticity, i.e., GB dislocation activities-
induced grain rotation with the climb of dislocations at GBs, would
dominate the plastic deformation process [14,31], as observed in
some nanograins (e.g., ~10 nm < d < ~20 nm) during the crack-
ing process in this work. GB migration is another prevalent GB
mediated-plastic deformation mode in NG metals. Note that GB
migration mechanisms in NG metals would be influenced by sev-
eral factors, e.g., GB size and structure, loading condition, and tem-
perature. Therefore, numerous theoretical and experimental inves-
tigations have been conducted to propose various GB migration
mechanisms, such as GB diffusion [15,26], atomic shuffling [32],
and shear-coupled migration [29,30], etc. For instance, the shear-
coupled migration of ¥11(113) coherent GBs in Au bicrystals was
revealed to be realized by GB disconnections and/or GB disloca-
tions [29]. In the present work, however, no obvious dislocation
activities are observed during the GB migration responsible for the
cracking process of the small grains (< ~10 nm) in NG Au thin film.
In addition to some pre-existing defects (e.g., solutes, vacancies,
dislocations, stacking faults, and/or twins) at the GBs, increasing
the GB diffusion coefficient could also substantially promote the
GB mobility, which is beneficial to the GB migration. Noticeably,
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the GB diffusion coefficient in NG metals could be ~2-3 orders of
magnitude larger than that in CG counterparts [33-36]. Therefore,
the observed GB migration in small grains with grain sizes below
~ 10 nm is expected to be able to accommodate the strain rate
generated in our experiments. As a result, our in situ experiments
and simulations uncover consistently the size-dependent GB plas-
ticity, i.e., GB dislocation activities-induced grain rotation in larger
grains (d > ~10 nm) and GB migration in smaller grains (d < ~10
nm), resulting in the grain coalescence to accommodate the crack
propagation in NG Au thin film. In addition, it should be noticed
that the GB-mediated plasticity of the sputtered NG Au thin film
under in situ AFM-TEM loading in our work might not be able to
fully represent that of some other common bulk counterparts. This
because some critical factors such as the processing routine, load-
ing conditions, and the specimen geometry are different between
them. Nonetheless, our homemade in situ TEM device with the
facile procedures of nanofabrication, mechanical loading, and ob-
servation would provide more opportunities to systematically in-
vestigate the mechanical failures and underlying plastic deforma-
tion mechanisms of some nanoscale components and/or devices.
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