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Abstract

In nanocrystalline (nc) metals, it is still not clear how local grain boundary (GB) structures accommodate GB migration at atomic scales and
what dominates the motion of atoms at the inherently unstable GB front. Here, we report the adjustment of the local GB structures at atomic
scales during self-driven GB migration, simultaneously involving GB dissociation, partial dislocation emission from GB, and faceting/defacet-
ing in the nc Cu. Furthermore, we reveal that the fundamental of GB migration ability is closely related to the local structure, i.e. the GB segment

consisting of “hybrid” structural units and delocalized GB dislocations is relatively unstable.

Nanocrystalline (nc) materials, showing unusual mechanical
properties (dramatically increased strength and hardness,!-)
and even greatly enhanced ductility'*)), have great technologi-
cal attraction. However, grain boundaries (GBs) usually be-
come unstable, and GB-related deformation takes over in nc
materials.”>* The GB-related behaviors are found to operate
by three main processes: GB migration,'*! dislocation nucle-
ation from GB,'®! and GB dislocation (GBD) motion.!”) GB mi-
gration may happen simultaneously accompanying with other
GB-related behaviors. Molecular dynamics simulations®™ and
experimental observations!” suggest that twin lamella can
form via GB migration or dissociation. GBs containing
GBDs can emit a partial dislocation during deformation by
local atomic shuffling and stress-assisted free volume migra-
tion.['>'") Simultaneously, GB-related behaviors also greatly
change the local GB environment. GB ledges were observed
to form by the glide motion of dislocations in the GB
plane."”) GB migration would form periodic facets.!'’]
Obviously, the interaction among different GB-related behav-
iors is a very complex process, which needs to be gotten insight
into.

As auseful tool for studying GB, high-resolution transmission
electron microscope (HRTEM) observation has been performed
on thermal-activated [110] tilt GB motion,!"*! surface energy-
driven twist and general GB motion,!'>'® and stress-driven
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incoherent twin boundary (TB) motion.!'”! Although consider-
able progress has been made in understanding GB migration
and other GB-related behaviors, the underlying atomic-scale
mechanisms are still less known, especially when GB migration
involves other GB-related behaviors.!'*'®!

In this study, through in situ HRTEM investigations, we re-
veal the GB local structure adjustment at atomic scales during
self-driven GB migration under electron irradiation, simultane-
ously involving partial dislocation emission, GBD motion, GB
dissociation and faceting/defaceting. Based on the GB struc-
tural unit model, we uncover some interaction of the local
GB structures and quantitative GB-related behaviors, which
are closely related to the GB migration ability.

The 50 nm-thick copper film (target purity: 99.999%) was
deposited onto a 125-um-thick polyimide substrate under high-
vacuum conditions (base pressure <1 x 10~ Torr) using DC
magnetron sputtering. Before the deposition, the substrate
was sputtering cleaned by Ar' at a power of 50 W and a pres-
sure of 0.4 Pa for about 5 min. The samples for HRTEM and
transmission electron microscope (TEM) investigations were
mechanically ground to ~30 pm in thickness, and then further
thinned by ion milling on a precision ion polishing system
(Gatan 691) at —100 °C. The final low-angle (2°) and low-
energy (2 kV) ion mills were selected to minimize potential
contamination and surface damage.
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HRTEM observations were performed in a field emission
gun TEM (FEI Tecnai F20) operated at 200 kV and the current
density ~4.8 A/em®. Image sequences at magnifications of
1,050,000% were recorded with a 0.5-s interval by a Gatan
image intensified camera. To eliminate possible artifacts during
interpretation of the dislocation analysis, HRTEM simulations
were carried out using the multislice method as implemented in
the QSTEM program.[**]

Results

A TEM micrograph [Fig. 1(a)] indicates that initial microstruc-
ture of the copper film consists of nanograins with a size rang-
ing from 5 to 42 nm. Here, we focused on two nanograins G1
and G2 with a size of about 16 and 40 nm, respectively. The
characterization [Fig. 1(b)] on the twin relationship between
G1 and G2 shows that nanotwins exist in G1, and their TBs
were indicated by atom arrays, namely No. 13, 26 31, and
36. The formation of the twins in G1 would cause the local mis-
orientation variation between G1 and G2. As shown in Fig. 1
(b), the misorientation angles between M11 (or M12, M13)
and G2, T11 (or T12) and G2 are 36.8° [110] and 33.7°
[110], respectively. According to the Brandon criterion,!*"!
they are close to X9 and X27 coincidence misorientations, re-
spectively. Thus, we describe the apparent GB structure sche-
matically in Fig. 1(c), which exhibits an equilibrium triple
junction X9-X3->27. Furthermore, we found four GB facets
at the macroscopically curved G1/G2 GB, which consist of
two (115)/(111) asymmetric tilt GBs (ATGB), a stepped
(3,3,11)/(111) ATGB and a (115) symmetric tilt GB
(STGB), as shown in Figs. 1(b) and 1(c).

Tens of seconds later in the HRTEM, the GB started to mi-
grate from G1 toward G2, as shown in Fig. 2(b) for 20 s and
Fig. 2(c) for 26 s. Figure 2(d) depicts the variation of the GB
migrating front with the time (¢), revealing that the migrating
distance of different parts of the GB is quite different. Thus,
we separate the G1/G2 GB into three segments I, II, and III.
GB segment [ has an obvious migration distance, while the
GB segment III is quite stable. In addition, six GBDs defined
by the coherence across the GB between the (111) planes!'”)
are also observed, as indicated by numbered solid circles in
Fig. 2(d), showing the evolution of the GBDs with the GB seg-
ment moving into G2.

During GB migration, local GB structures experienced read-
justment through a series of GB-related behaviors. GB

Figure 1. Microscopy and schematic images of the HRTEM observation: (a)
Initial in-plane TEM image of the copper film. (b) HRTEM observation on the
framed area between grains G1 and G2 in (a). The twin relationship and GB
facets are indicated by the white and yellow lines, respectively. T11 and M11
have a twin relationship in G1. The circle indicates GBD. The thick yellow
dashed line is the reference line. (c) Schematic illustration of ideal coincidence
misorientations orientation 9 and 27 and observation in (b). We measure
the indices of the crystalline directions indicated by the arrows, based on the
coordinate axes in G1, T11, and M11. Then, we can get the plane whose
projection on (110) plane is the arrow-indicated crystalline direction.


https://doi.org/10.1557/mrc.2016.10

Research Letters

1 26 31 36 44

28 31 36 44

1 13

2831 36 44

Figure 2. Microscopy and schematic images of the in situ observation: A sequence of HRTEM images, showing the variation in GB positions at different time of
(@) 0s, (b) 20 s, and (c) 26 s. The GBDs identified by the coherence of the (111) plane across the GBs are indicated by the circles. The newly formed twin
is indicated by an arrow. (c) Schematic illustration of the migrating distance of the GB segments I, I, and IIl. The positions of the six numbered GBDs in the GBs

are shown in (d).

dissociation and partial dislocation emission from the GB were
observed. Comparing the initial GB structures [Fig. 2(a)] with
those after GB migration [Fig. 2(b) for =20 s], the TB (No.
26) in G1 had shifted to the atom array No. 28. Meanwhile, a
two-atom-layer thick twin indicated by an arrow in Fig. 2(b)
formed in G2 through the fact that two Shockley partial disloca-
tions were emitted along two adjacent (111) planes from the GB
[see the close observation in Fig. 3(a)]. A simulated image is
given in Fig. 3(b), which matches well with the experimental
image. According to the Burgers circuit (FS/RH conven-
tion?'!), the total vector of the twinning partials was
(a/6)[112] [see Fig. 3(c)]. Thus, the two twinning partials
had different Burgers vectors, here we take b, = (a/6)[121],
by = (a/6)[211], and b; + b, = (a/6)[112]. When these par-
tial dislocations approached the GB, they were absorbed by
the GB, leading to the rearrangement of the atoms at the GB
in the process of GB migration. Meanwhile, with detwinning/
twinning in G1 and G2, the original X9 GB segment was dis-
sociated into a quadrangle region bounded by three coherent
TBs, as indicated by three arrows in Fig. 3(a), and one incoher-
ent TB in front of the twin. Such dissociation X9 =X3 +X3 is
essentially an energy-reduction process.!'®?* With further GB
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migration [Fig. 2(c) for t=26 s], the GBDI circled in Fig. 2(b)
moved toward the triple junction and hardly advanced further
due to the block of the well-ordered facet [Fig. 2(c)], and then
caused another partial dislocation to emit from the junction
which left behind a stacking fault, as shown in the enlarged
image in Fig. 3(d) and the simulated image Fig. 3(e).

To uncover the physical origin for the local GB structure ad-
justment at the GB segments I, II, and III, we need to get full
insight into basic structural units at the GB, as shown in
Fig. 4. Most structural units indicated by star-marked capital
letters to differ from the common structural units'**** have be-
come distorted. They are regarded as new structural units that
have not been identified in idealized simulations and they are
related to those idealized units. A*/C* structural unit is a rotat-
ed and distorted A/C structural unit which is made of four
atoms placed in diamond. C** has one more atom than C*
structural unit. According to the relationship between the
atoms of the structure unit and the two neighboring grains,
we can differentiate A* and C* structural units, i.e. two
atoms of the C* structural unit belong to each neighboring
grain, while three atoms of the A* structural unit belong to
one grain. B* structural unit has one more atom than a rotated
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Figure 3. HREM observations of the newly formed twin and the partial dislocation: (a) Close observation of the area around the GB segment ranging from No. 28
to 31 in Fig. 1(d) and the Burgers circuit path about the defect is marked. The newly formed TBs are indicated by the red arrows. (b) The simulated image of the
area including partial dislocations and twin in (a) using the multislice method, showing the existence of two partial dislocations in the twin front. Simulation
conditions are chosen as following: sample thickness 5.1 nm and defocus value —70 nm. The local sample inclination induced by deformation was not taken
into account. (c) Schematic illustration of Burgers circuit (FS/RH convention) in displacement shift complete (DSC) reference lattice. Lines along [112] and [111]

directions are spaced at intervals of% [112]and %[1 117, respectively. (d) Close observation of the area in the GB segment around No. 13 in Fig. 2(c) shows the
existence of a stacking fault indicating the emission of a Shockley partial dislocation, as evidenced by the white lines. (e) The simulated image of a partial

dislocation and a stacking fault (SF) behind.

and distorted B structural unit which connects eight atoms by a
polygon and one atom inside the polygon. E* structural unit has
one more atom inside the unit than a rotated and distorted E
structural unit which has a mirror symmetry across the inter-
face. GB segment III initially consisted of repeated C* struc-
tural unit and a pentagon structural unit caused by the
existence of the GBD1 (indicated by a circle) near the junction
[No. 13 in Fig. 4(al)]. Then, GB segment III was transformed
into that composed of the C* structural units, additional A* and
E* structural units with increasing time [see Figs. 4(al)—4(a3)].
Especially, the GBD1 moved toward the triple junction and
hardly advanced further due to the block of the well-ordered
facet in Fig. 4(a3), which caused a partial dislocation to emit
from the junction. Here, the local atom shuffling at the GB as-
sisted the change in shape of the structural units and allowed
creation of the necessary Burgers vector for the Shockley par-
tial dislocation."®!! For GB segment II, the (115)/(111)
boundary [Fig. 1(b)] constituting of repeated B* structural
units [Fig. 4(bl)] moved toward G2 without losing the
atomic-scale facet structure [Fig. 4(b2)]. Then, the GBD6 [indi-
cated by a circle in Fig. 4(b3)] moved across the T11 boundary
(No. 36) and the GB junction, causing one B* structural unit
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[Fig. 4(b2)] transformed into the C* structural unit [Fig. 4(b3)].
For the GB segment I, the initially stepped (3,3, 11)/(111)
facet from No.14 to No. 20 has moved toward G2 and the
GBD2 moved out of the facet, which made the stepped facet elon-
gated about three atom columns [Figs. 4(c1)—4(c3)]. Another two
facets (1 15)/(1 11) and (1 15) facets in Fig. 1(b)] lost their facet
structures during GB migration [Figs. 4(c1)—4(c3)]. Especially,
the (1 15) facet was transmitted into a X3 coherent TB indicated
by the D structural unit in Figs. 4(c1)-4(c3), during the GB dis-
sociation. At the same time, the GBDs 2-6 all moved toward
right in the GB, indicating that the delocalization of the GBDs
greatly changed the local GB structures.

Discussion

The main finding was the evident adjustment ability of the local
GB structures during GB migration, which involved five types
of GB-related behaviors (i.e., GB dissociation, partial disloca-
tion emission from GB, faceting/defaceting, and GBD motion).
These GB-related behaviors were influenced by the local GB
structures (the basic structural units), and in turn also modified
the GB structures to accommodate GB migration.
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Figure 4. Evolution of the GB structural units and the GBDs during GB migration: Each GB structural unit is indicated by the red polygon, and the GBDs are
indicated by the blue circles. (a1-a3) for segment Il and GBD 1, (b1-b3) for segment Il and GBD 6, and (c1-c3) for segment | and GBDs 2-6 (counting
sequence from left to right). The white and black atoms indicate that they are on the different {200} planes.

Firstly, we would figure out the driving force for GB migra-
tion. Previous in situ experiments have proved that extensive
GB migration can happen only in the presence of applied driv-
ing force.!"*'>1In the absence of strong driving force, the lattice
regions were observed to fluctuate back and forth.!'*'>! The ob-
served GB migration in our experiments was irreversible,
which needed extra driving force. In thermal-driven GB migra-
tion, GB tends to get smooth (like faceting) to get a low-energy
state””! or GB migrates toward its center of the curvature, in re-
sponse of curvature or capillarity driving force.**! Here, the
GB moved in the opposite direction to the curvature center.
Besides, both faceting and defaceting were observed. Thus,
there should be an athermally driven force for GB migration.

Here, we need to consider the effects of electron irradiation,
GB energy reduction, and strain/stress. Main effects of electron
beam irradiation considered are heating, displacement damage,
and sputtering.!*”) Our HRTEM observations were performed
at 200 kV with the current density of about 4.8 A/cm”. Most
electrons go through a thin specimen and lose very little energy
under such current density, so the radiation heating can gener-
ally be neglected.'*”) Although the energy of the electron beam
(200 keV) is lower than the threshold energy (higher than 420
keV) for atom displacements,'*” atomic surface diffusion and
possible vacancy/interstitial formation may well be enhanced
under electron irradiation.”> Such processes, therefore, could
provide the necessary activation for GB migration at ambient
temperatures.!'*'*! In addition, the GB energy change during
GB migration also made a contribution. For example, the driv-
ing force®? for the GB dissociation AP= 2(y1/R1—y»/R5),
where Ry~ R,=1.94nm, ¥, =704 mJ/m>, Y2 =598 mJ/m?,
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where y; and y, are the GB energies of undissociated and dis-
sociated £9 GB, respectively.'*?! Thus, AP =109 MPa.

Irradiating solids with energetic particles does not always in-
troduce an undesirable phenomenon,?®! sometimes, it may have
beneficial effects, such as introducing driving force for high-
pressure transformations of materials on the nanometer
scale,’®® incoherent TB motion.['”! Direct measurement of the
interplanar spacing was performed to estimate the strain/stress
and strain energy in the present film. We estimated strain
& = (d — dy)/dy using the ideal (111) interplanar spacing d at
room temperature and the actual (111) interplanar spacing d mea-
sured from the HRTEM images. We found that the strain in G2
(e~0.67%) was two times higher than that in G1 (e ~ —0.21%),
and G1 had a more stable strain. Thus, GB migrated from G1 into
G2 due to the gradient of elastic energy across a GB.!"®! The or-
igin of strain may come from sputtering-induced mass loss from
the thinnest hole edge of the TEM sample. Such mass loss may
change the local shape of the sample, which would introduce
large internal stress. Although it would be arguable that the pre-
cision of HRTEM may not be sufficient to differentiate a 0.6%
versus —0.2% difference, the possible mechanical driving
force should not be ignored. The observed GB migration might
be a stress-enhanced diffusion-dominant process.

Secondly, we would explain why there is a difference in the
migrating distance of the three GB segments [Fig. 2(d)]. Based
on the atomic-scale observations, we calculate the maximum
normal GB migration velocity as a function of the GB inclina-
tion angle (¢) and present the corresponding GB adjustment be-
haviors in Fig. 5(a). As we known, GB mobility is dependent
on GB misorientation. In addition to misorientation, GB
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Figure 5. Relationship among local grain boundary structures and the grain boundary behaviors: (a) The figure shows the maximum normal GB migration
velocity as a function of the GB inclination angle (¢). GB-related behaviors are marked on the corresponding GB structures. In the measurement of the GB
inclination angle, the reference GB for the 33.7° (110) GB (blue points) and 36.8° (110) GB (pink points) is {115} and {114} STGBs, respectively.

(b) A schematic illustration of the different GB-related behaviors during GB migration, including B: partial dislocation (PD) emission from the GB, D: =9 GB
dissociation, and E: faceting. The dotted line presents the GB and the colored solid line indicates the GB segment where some GB-related behavior happens. “L”
and “|” indicate the GBD and the PD, respectively. 3ITB presents =3 incoherent twin boundary.

mobility is also closely related to GB inclination and GBD dis-
tribution. We can see from Fig. 5(a) that the velocity of differ-
ent GB fragments (presented by the filled circles) cannot be
simply explained by the misorientation angle or GB plane
(GB inclination), because even GBs with the same misorienta-
tion and inclination angle have different motion velocity. Thus,
boundary models based on the geometrical consideration (like
misorientation and inclination angles) are not suitable for un-
derstanding the nature of GB motion. To understand the differ-
ent migration behavior, we introduce structural unit model,
which is based on the thermodynamic principle that the free en-
ergy of the system is minimized.!**~"!

In Fig. 5, we can clarify the relationship among GB migra-
tion, GB adjustment behaviors and local GB structures, and
their interaction, and summarize the key points. Firstly, most
the GB-related behaviors listed in Fig. 5(a) are associated
with the GBD motion, which indicates that GB adjustment be-
haviors were accommodated by the GBD motion. The collec-
tive motion of the atoms during GB migration allowed the
motion of the GBDs. Atomic shuffling during the GBD motion
allowed the formation of the Burgers vector of the emitted dis-
location.['®!"! Figure 5(b) depicts the different GB-related be-
haviors during the GB migration process. Faceting is the
process that a GB step or a GBD moved out the GB faceting,
while defaceting is the process that GBDs move into the well-
ordered GB. X9 GB has a special GB misorientation angle,
which allows the existence of the triple junction X9-X3-X3.
Besides, the X3 coherent twin boundary has quite low GB en-
ergy; thus GB dissociation X9 =23 +X3 could be observed
during the GB motion process. Secondly, the different local
GB structures exhibit an evident difference in GB migration ve-
locity. An evident migration ability of GB segment I is due to
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the fact that the GB segment contains both the hybrid structural
units (different types of structural units) and the delocalized
GBDs. In contrast, well-fit GBs with periodic structural units
have lower GB migration velocity. The relative stability of
the GB segments II and III results from the fact that these seg-
ments initially have the same type of structural units. Besides,
the localized GBDs did not favor GB migration, like the GBD1
in the GB segment III. Our finding provides strong evidence to
the previous simulation work?®®*'! which suggests that a me-
chanically stable boundary is composed of a repeated sequence
of the structural units. Our observations may explain that the
macroscopic facets with high mobility may contain GBDs,
while facets with low mobility have a more well-fit structure.
Thirdly, the GB composed of the periodic structural units is
effective in blocking the GBDs motion but enhances the
possibility of the partial dislocation emission, as illustrated in
Fig. 5(b). For example, the GBDI1 blocked by the well-fit
(3,3, 11)/(1 11) facet, caused the emission of the partial dislo-
cation from the triple junction. It was reported that the emission
of the partial dislocation from the triple point is energetically
favorable.*?! Although the discussions on GB migration via
several mechanisms are built upon HRTEM studies of a specif-
ic high-angle GB near two grains, our findings that local GB
environment determines the GB behaviors have also been
proved,!'%!"-*3735] thus the observed GB-related behaviors are
not an unusual phenomenon. Of course, further investigation
on the GB migration behavior of other types of GBs to prove
the general applicability is necessary.

In summary, abundant adjustment behaviors of the local GB
structures were observed at the atomic scale during GB migra-
tion. GBs consisting of both “hybrid” structural units and delo-
calized GBDs are relatively unstable. Our observations reveal
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the interaction of the GB-related behaviors and GB structures,
and thus give direct experimental evidences for the numerous
simulation results about the GB-related behaviors.
Furthermore, the present results provide a fundamental solution
to stabilize nanoGBs by means of a suppression of local GB
structure adjustment through optimizing structural units.
Thus, this may deepen the understanding of the strategies to sta-
bilize the GBs through the pinning of particles/impurities and
the nanoscale chemical segregation of the atoms to the unstable
GBs.
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