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ABSTRACT

Obvious grain growth was observed in regions around the fatigue cracks in the Au thin films under
cyclic loading. Dominant generation of twin boundaries (TBs) and low-angle grain boundaries was
observed in the coarsened grains. The experimental evidence shows that the newly formed TBs are

mainly incoherent TBs, rather than the classical coherent TBs.
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IMPACT STATEMENT

A number of newly formed twin boundaries (TBs) are observed to be mainly incoherent TBs rather
than the classical coherent TBs in the coarsened grains of the fatigued Au film.

The grain boundary (GB) microstructure is a key fac-
tor to control the performance of metallic materials, such
as mechanical properties, corrosion resistance, diffu-
sion and electrical conductivities. With low mobility, low
boundary energy and the minimum scattering of con-
ducting electrons, twin boundaries (TBs) and low-angle
GB (LAGBs) are preferential choices for microstruc-
ture control.[1-10] However, such really special bound-
aries only constitute a very small group among all the
boundaries in polycrystalline metals due to the restric-
tion of thermodynamic equilibrium.[11] Till date, GB
engineering has been developed to optimize material
microstructures,[4,12] such as rapid-solidification,[13]
thermalmechanical method,[14,15] annealing,[16]
electrodeposition,[1,2,17] sputtering,[6,17] processing
under plastic [3,18] and magnetic fields.[19] Recently,
researchers have succeeded in fabricating ultrastable
materials with high-density TBs [1,2,6] or LAGBs,[3]
which show excellent mechanical properties.[1-8,10]
Nevertheless, difficulties in producing large bulk

structural components for practical services potentially
drive much effort to look for new principles of creating
dominant generation of the special boundaries (espe-
cially LAGBs and TBs).

Thermodynamic considerations indicate that some
specific misorientation would appear or disappear to
reduce the overall energy of the system during grain
growth. This can be evidenced by the preferred generation
of the LAGB from the high angle GB during nanocrys-
talline grain growth under mechanically loading.[20-23]
It implies that the mechanically driven microstructure
instability could be utilized for the GB microstructure
control.

Twins form as the production of grain growth, heat
treatment (like annealing) or mechanical deformation.
[17,24-30] The most frequently observed and discussed
types of TBs in face-centered-cubic (fcc) metals include
(i) the low-energy coherent TB (CTB) across which a
mirror image of atoms can be seen; (ii) the incoherent
TB (ITB) with high boundary energy where there is a

CONTACT Guang-Ping Zhang @ gpzhang@imrac.cn @ Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese
Academy of Sciences, 72 Wenhua Road, Shenyang110016, People’s Republic of China

© 2016 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.


http://www.tandfonline.com
mailto:gpzhang@imr.ac.cn
http://creativecommons.org/licenses/by/4.0/

% X.-M.LUO ET AL.

partial dislocation on each slip plane. Due to the low GB
energy, the CTB is the most favorable TB during grain
growth. However, subnanometer resolution inverse pole
figure orientation mapping recently revealed that many
as-grown CTB is generally defective with kink-like steps
and curvature.[31] These imperfections consist of inco-
herent segments and partial dislocations.[25,26,28,31]
Here, we raise the question that whether the ITB can be
the dominant TB during the mechanically driven grain
growth. In this work, we present experimental evidence
for the dominant formation of ITBs during grain growth
in nanocrystalline Au films under cyclic loading.

Experimental

We deposited Au films (target purity: 99.99%) with a
thickness of 930 nm onto the 125 pum-thick polyimide
(Dupont Kaptone) substrates using direct curret (DC)
magnetron sputtering (Denton sputtering system) under
ultra-high vacuum (1077 torr) with the working pressure
of 0.4 Pa. Before the deposition, the substrate was cleaned
by sputtering Ar ions for about 5 min to remove the sur-
face contamination and to improve the bond between
the substrate and the film. The samples for HRTEM and
TEM investigations were mechanically ground from the
substrate side to ~30um in thickness, and then fur-
ther thinned from the substrate side by ion milling on a
precision ion polishing system (Gatan 691) at —100°C.

Fatigue testing of the film samples with a gauge section
of 13 mm in length and 3 mm in width was performed
under load control with a frequency of 20 Hz and a load
ratio (the minimum load/the maximum load) of 0.1. A
real-time electrical resistance of the film was measured
during cyclic loading to determine the number of cycles
to failure of the Au film. More details of the fatigue testing
can be found in our former work.[32]

The texture of the as-deposited film was measured
by X-ray diffraction 6-20 scans under a Rigaku X-ray
diffractometer D/MAX-2500/PC equipped with CuKo
radiation (56 kV, 182 mA). Orientations of the coarsened
grains along the fatigue cracks were measured by electron
backscatter diffraction (EBSD) mapping in an EBSD sys-
tem (HKL, Channel 5) in field-emission scanning elec-
tron microscopy (SEM, Zeiss Supra 35). The area of each
EBSD mapping was about 90 um? with step intervals of
0.05 um. Damage morphologies of the films were charac-
terized by Zeiss Supra 35 SEM and field-emission trans-
mission electron microscopy (TEM, FEI Tecnai F20).

Microstructural characterization

The as-deposited Au film studied here consists of near-
columnar grains with a mean in-plane grain size of

52+£20nm, as shown in Figure 1(a) and (b). X-ray
diffraction 6-20 scans (see Figure 1(c)) reveal that the
film has a strong {111} out-of-plane texture. We firstly
examined the film sample, in which multiple cracks
had appeared after 2.60 x 10* cycles under a total strain
range of 1.25%. Figure 1(d) presents a typical fatigue
damage morphology which mainly exhibits multiple
cracks, which are almost normal to the loading direction.
The cracks generally initiated in locations with bulk-
like fatigue extrusions/intrusions. The EBSD orientation
mapping of the post-fatigued Au films in Figure 2(a)
shows that grains along the fatigue crack had grown to
several microns. These coarsened grains could essentially
provide enough space for dislocation motion,[33,34]
which explains why we could observe the severe sur-
face extrusions/intrusions in the nanocrystalline films
(see Figure 1(d)). Besides, we can observe many twins
formed in the fatigued Au film, as indicated by arrows in
Figure 2(b) and (c). However, we failed to find any typical
newly formed wide twins under quantitative TEM obser-
vations (see Figure 2(d)) but some narrow twins in the
coarsened grains (see Figure 2(e)-(g)).
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Figure 1. (a) Cross-sectional TEM image of the 930-nm-thick Au
film on the polyimide substrate. (b) Plan-view TEM image of the
Au film. (c) The XRD 6-26 scanning result of Au films, revealing
the strong (111) out-of-plane texture. (d) SEM observation of the
damage morphology in the post-fatigued Au films.
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Figure 2. (a) EBSD orientation mapping of the cracked regions in the fatigued 930-nm-thick Au film. The white spots are areas with zero
resolution. (b) and (c) Local magnification of the framed twinned areas in (a). The red lines present the TBs as indicated by the arrows. (d)
TEM image of the coarsened grains along the cracks in the fatigued Au film. (e) TEM image of the typical grains with thin twin laminas in
the fatigued Au film. (g) HRTEM image of the twinned area in (f). The twin relationship is marked by the solid line.

Dominant generation of ITB during grain growth

Using the Kikuchi pattern analysis under TEM,[35]
we characterized GB features in different zones in the
fatigued sample, i.e. zone A represents the location along
the well-developed crack with a length up to micron size
(see Figure 2(d)), and zone B is the place around zone
A, as illustrated in Figure 3(a). It is shown that only
zone A did have an evident change in the distribution
of GB misorientation angles, as shown in Figure 3(b)
and (c). This indicates that it is associated with large
stress concentration ahead of the crack tip. Interestingly,
both TEM and EBSD characterizations (see Figure 3(c))

reveal the same trend in the misorientation distribu-
tion, that is, misorientation angles not only below 15°
(LAGB) but also around 60° took a dominant proportion
(85.1% for EBSD, 78.4% for TEM) in zone A. The 60°-
misorientation angle in the coarsened grains is mainly
corresponding to the appearance of the twin-relationship
misorientation, as shown in Figure 2(a)-(c). The similar
misorientation distribution under both TEM and EBSD
characterizations indicates that the TEM observations
did capture the images of the newly formed twins. These
coarsened grains with TBs are just not of typical fea-
tures of growth/annealing twins which have a lath shape
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Figure 3. (a) Schematic illustration of positions of zone A and
zone B in the cracked Au film after fatigue loading. Statistical dis-
tributions of normalized frequency of the misorientation angles
of (b) the as-deposited films determined by EBSD and zone B in
the fatigued Au film determined by TEM and (c) coarsened grains
(zone A) determined by TEM and EBSD.

and a rectilinear boundary commonly observed in met-
als with low-to-medium stacking fault energy.[2,17,29]
The following examples bring insight into features of the
observed TBs between the coarsened grains along the
fatigue cracks.

We can summarize from our EBSD orientation map-
ping images that there are two types of TBs: type A-TB is
almost macroscopically rectilinear, and the intersection
line of TB plane and the film surface is almost parallel to

that of the {111} plane and the film surface, as shown in
Figure 2(b); type B-TB is curved and looks like a general
GB, as shown in Figure 2(c).

Twinning mechanisms

Figure 4(a) shows a TEM image of the A-TB identified
by the corresponding selected-area electron diffraction
pattern. The close observation (Figure 4(b)) on the A-
TB in Figure 4(a) shows that Moiré fringes are visible
almost parallel to the A-TB. Obviously, the A-TB is not
a {111} CTB which is perpendicular to the specimen
surface. On the contrary, the A-TB is an ITB. The pro-
duction of growth twins during the grain growth is to
reduce boundary energy; so it is reasonable to have dom-
inant generation of growth twins with the low-energy
CTB rather than the high-energy ITB. Thus, the newly
formed twins in the coarsened grains are apparently not
growth twins, they are deformation twins instead. The
high stress at the crack tip not only caused grain growth
but also deformation twins.[36,37]

Repeatable patterns are clearly observed in the A-TB
step, which has many units involving three {111} planes,
as shown in Figure 4(c) and (d). It was suggested that the
deformation twins can form via the cooperative slip of
three partials dislocations [27,28,38-41]; thus there are
bundles of partials on the front tip of the deformation
twin, which is also an ITB. Due to a decrease in elas-
tic energy and the low stacking fault energy of Au, the
dissociation of the ITB was frequently observed, result-
ing in the emission of a Shockley partial dislocation on
every third (111) planes from the initial compact ITB
to produce a corresponding periodic array of stacking
faults.[28,38,39,41,42] Thus, we can observe the repeat-
able pattern in Figure 4(b)-(d).

Figure 4(e) shows a TEM image of the curved B-
TB identified by the corresponding selected-area elec-
tron diffraction pattern. The B-TB has an almost 28°-
deviation from the {111} CTB. The close observations
(Figure 4(f) and (g)) show a more complex faulted B-TB,
which indicates that the B-TB planes are also not per-
pendicular to the specimen surface. As discussed above,
the curved B-TB is also an ITB and such twin is also a
deformation twin. Grain rotation and GB sliding dur-
ing grain growth of the nanocrystalline Au film would
alter local stress.[43] These local stress variations were
believed to promote the random emission of partials to
form a deformation twin, in which partial dislocations
with different Burgers vectors are randomly activated
one after another.[27,44] Thus, we can observe irregu-
lar patterns of the boundary structure compared with the
A-TB,[45] as shown in Figure 4(c)-(d) and (f-g).
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Figure 4. (a) and (e) TEM images of two typical large grains with the twin misorientation in the fatigued Au film. The insets in (a) and
(e) are the corresponding selected-area electron diffraction pattern of the framed areas. (b—d) and (f, g) The corresponding details of the
framed areas in (a) and (e), respectively. The long arrows in (c) and (d) indicate the boundary steps. The short arrows in (f) indicate the
positions of the intersection between the boundary and the right grain. The dotted lines indicate the {111} pane of the left grains. The
twin relationship is marked by the solid line. A perfect dislocation is indicated by a symbol ‘L.

Figure 2(c) shows the growth evolution of the twin
with highly curved TBs. A small-sized twin is formed
near boundaries between the nano/submicron-sized
grains and the coarsened grains in zone A, as indicated
by the right arrow in Figure 2(c). The left twin with
so many TBs had already grown to several micron-size,
and stopped in the matrix grain interiors, as shown in
Figure 2(c). Obviously, the nanocrystalline GBs as effec-
tive sources of twining partials [46-49] played an impor-
tant role in the twin formation. Besides, grain growth
associated with grain rotation and sliding would pro-
mote the partial emission.[44] GB migration would also
be involved in grain growth to combine the small neigh-
bor grains. During the migration process, the local GB
environment would be changed,[50-52] which would
promote the emission of the partial along with local
changes in GB orientation, GB structure and GB dislo-
cation distribution.[50,53,54] Furthermore, coupled with
the high stress concentration at the crack tip, numer-
ous twinning partials would be emitted from the GBs to
form a twin. Thus, successive emission of partials would
happen during the grain growth process, so that we can
observe the highly curved TB with so many TBs con-
nected by ITBs, as shown in Figure 2(c). The twining

mechanism may be associated with both the coordinated
slip of three partials and the random action of partials.

These TBs can be formed by three different mecha-
nisms: (1) the coordinated slip of three partials (CSTP
mechanism, e.g. Figure 4(c)); (2) the random action
of partials (RAP mechanism, e.g. Figure 4(f)); (3) the
cooperative mechanisms associated with the first two
mechanisms (e.g. Figure 2(c)). The local stress state
has been found to be crucial in the activation of the
RAP mechanism and the CSTP mechanism.[27,39,40,44]
The former mechanism happens when the local stress
orientation changes.[27,44] In contrast, if the local
stress remains unidirectional without change in orienta-
tion, CSTP mechanism will be also favored to produce
twins.[27,39,40] Both the cooperative activation of par-
tials and the random nucleation of partials would relieve
local stress concentration in the crack tip.[40,44] The
competing relationship and the individual percent of
twins formed by different mechanisms would be clarified
in the future.

In summary, we have found that in addition to
LAGBs, a number of TBs are preferentially formed in
the coarsened grains driven by the stress concentration
at the fatigue crack tip in nanocrystalline Au film. An
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interesting finding is that the newly formed twins do not
show conventional growth twin features; instead they are
identified to be deformation twins with a large number
of ITBs. The findings may give rise to new clues for the
designing and manipulating optimum GB microstruc-
ture to produce high-performance structural materials
with specified GB characteristics.
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