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Polycrystalline material properties depend on the distribution and interactions of
their crystalline grains. In particular, grain boundaries and defects are crucial in
determining their response to external stimuli. A long-standing challenge is thus to
observe individual grains, defects, and strain dynamics inside functional materials.
Here we report a technique capable of revealing grain heterogeneity, including strain
fields and individual dislocations, that can be used under operando conditions in reactive
environments: grain Bragg coherent diffractive imaging (gBCDI). Using a polycrystalline
gold thin film subjected to heating, we show how gBCDI resolves grain boundary and
dislocation dynamics in individual grains in three-dimensional detail with 10-nanometer
spatial and subangstrom displacement field resolution. These results pave the way
for understanding polycrystalline material response under external stimuli and, ideally,
engineering particular functions.

E
lucidating the effects of grain heterogeneity
and defects on the properties of polycrystal-
line materials (1) is a topic of both scientific
and technological importance, relevant to
designing strain-tolerant materials (2, 3),

controlling ion intercalation (4, 5), and designing
new catalysts (6, 7). Thus, much focus has been
placed on understanding the links between the
heterogeneous grain distribution, the motion of
grain boundaries, and the resulting material prop-
erties. These ongoing developments have been
driven in part by the ability to nondestructively
determine the grain distribution and orientation
by using x-ray diffraction (8, 9), including ad-
vanced techniques such as micro-Laue (10, 11)
and high-energy diffraction microscopy (12, 13).
In particular, diffraction contrast tomography has
been used to study grain growth (8, 14). Electrons
are also used in the form of electron backscatter
diffraction (15) (EBSD) and electron microscopy
(16, 17). These techniques have made strides in
correlating grain heterogeneity with material
properties.
However, complete understanding at the

atomic level of how grain boundaries and de-
fects influence material properties requires the
ability to image individual grains in polycrystal-
line materials during dynamic processes. Bragg
coherent diffractive imaging (BCDI) is promising
in this regard because it uses hard (~9 keV in
this work) x-rays to obtain a three-dimensional
(3D) image of the strain field in individual crys-

tals. The primary difference between BCDI and
other x-ray diffraction techniques is the ability
to image the 3D strain and defect network in
individual nanocrystals during different physical
processes (18–20). A scanning version of the
method known as ptychography was also used
for 2D visualization of dislocations in silicon
(21). BCDI was recently performed on an indi-
vidual micrometer-sized grain, although special-
ized sample preparation was required and grain
growth, grain boundary dynamics, and disloca-
tion dynamics were not observed (22). Here we
demonstrate 3D imaging of dislocation and grain
morphology in sub–200-nm individual grains,
which we denote as grain BCDI or gBCDI, in
situ during heating. Using gBCDI, we show that
dislocations can locally enhance grain growth
and that coherent twin boundaries are very mo-
bile during heating. gBCDI will likely find broad
use in understanding the link between grains,
their defects, and the properties of polycrystalline
materials.
Gold thin films with a thickness of ~200 nm

were synthesized by means of e-beam evapora-
tion (23). In BCDI, the 3D intensity distributions
around an isolated Bragg peak are collected by
slightly rotating the crystal with respect to the
incident x-ray beam (for example, cross sections
from 3D data sets; see fig. S1.) In the past, ob-
serving isolated diffraction peaks from grains
was challenging. By using a nonsymmetric scat-
tering condition and a smaller beam, it was easy
to find isolated, single-grain diffraction by trans-
lating the sample in the x-ray beam. The isolated
3D intensity distribution is then Fourier trans-
formed into a real-space image after the phases
are retrieved by using iterative algorithms (23–27).
Real-space images of the Au grains were re-
constructed with ~10-nm spatial resolution as
determined by the phase retrieval transfer func-

tion (fig. S2). We first present results from an Au
grain on a boron-doped diamond (BDD) sub-
strate (fig. S3) that was imaged by using gBCDI
during heating.
We determined the initial shape and size of

a 200-nm-thick individual grain using an iso-
surface of the Bragg electron density (Fig. 1A).
The grain had an orientation relative to the sur-
face normal consistent with the electron micro-
scopy image (fig. S4). The 3D information provided
by gBCDI allows any cross section in the grain
to be shown. We show both the amplitude (Fig.
1B) [proportional to the Bragg electron density
(28)] and the phase (Fig. 1C) (proportional to
the displacement field) at a cross section taken
through the grain center. The grain has a low-
amplitude region near the boundary and a spiral
phase discontinuity at the same spatial location
(both marked with white arrows on the image),
which is the BCDI signature of a dislocation
core (20, 29).
We heated the sample (23) and imaged the

grain multiple times at each temperature step
(Fig. 2). Our heating procedure caused grain
growth and improved faceting (Fig. 1, D to F).
Growth and sharpening occurred nonuniformly
in space, and much of the growth occurred near
a previously identified dislocation (lower right
corner in the 2D cross section, Fig. 1B). This re-
gion also had high surface curvature as judged
by the rounded corner in the as-synthesized cross-
section (Fig. 1B). The dislocation is absent in the
400°C image (Fig. 1E). Correlating the disloca-
tion location with enhanced grain growth dem-
onstrates a coupling of grain boundary mobility
to intragrain dislocations.
One strength of our method is the ability to

determine the time-dependent displacement field
map that shows quantitative changes during the
heating of our thin film (Fig. 2). The key insight
we obtained from the correlation matrix (23) is
that the displacement field changes slowly up
through 300°C, and every scan is highly corre-
lated, leading to the block-like structure. Because
the film was previously annealed at 200°C for
30 min, we did not expect large changes up to
this temperature. The large change at 400°C is
due to the dislocation annihilation and cor-
responding grain growth (Fig. 1). This finding
is consistent with the hypothesis that grain
growth in nanocrystalline materials is limited
until the temperature exceeds one-half of the
melting point (30, 31). Finally, at 400°C, the
high correlation between displacement fields in-
dicates that the grain boundary motion has stag-
nated, consistent with grain growth stagnation
in pure materials (32).
We mapped the dislocation line in 3D using a

gradient-based method (20, 29) to determine the
location where the dislocation terminated on the
surface. Dislocation termination points can play
important roles in, for example, crystal growth
(29, 33). We found that the dislocation line fol-
lows a horseshoe-like path in which the line orig-
inates near the grain boundary, then continues
into the grain (extending ~40 nm inside) before
turning and ultimately terminating at the grain
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surface at a different location ~35 nm away
(fig. S5A). Although this type of dislocation line
is consistent with mixed dislocation loops that
make 90° turns by transitioning from edge to
screw dislocations (or vice versa) (34), exact iden-
tification would require measuring multiple Bragg
peaks (18). The dislocation line is found up to
and including the 300°C state and is not found
at 400°C (fig. S5, B and C).
Grain microstructure, including the types and

distributions of grain boundaries, plays an inte-
gral role in the bulk properties (35, 36). To in-
vestigate coherent twin boundaries (CTBs), we
made gBCDI measurements on SiO2. Whereas
the films on BDD were randomly oriented (fig.
S6A), the films on SiO2 were highly (111) tex-
tured (fig. S6B), and many of the imaged grains
contained CTBs.
The cross section of the reconstructed Bragg

electron density of a grain on a SiO2 substrate
at 500°C showed regions with the height of the
film thickness that have large gaps in between
the positive density regions (Fig. 3A). The bound-
ary between the grain and the gap shows mini-
mal displacement field variation, consistent with
small strain and the sharing of atomic planes
at that boundary (Fig. 3B). This type of image
is consistent with CTBs observed by transmission
electron microscopy (TEM) to have a low defect
density at their boundaries (37). In a CTB, the
twin and the parent crystal share a lattice plane
but have mirrored stacking orders. A twin in face-
centered cubic (fcc)–structured Au has, for exam-
ple, stacking sequence CBA, whereas the stacking
sequence in the parent region is ABC. The mirror
in the stacking sequence is not energetically
costly but changes the orientation of the lattice
planes with respect to the incident x-rays, causing
their diffraction to be located at a different place
in reciprocal space for certain choices of the
scattering vector relative to the twin plane (Fig.
3C). Any CTB with a {111} direction that is not
the (111) direction being measured can cause this.
Furthermore, gBCDI determines the phase dif-
ference between domains of the same orienta-
tion. This phase difference can only have three
values for CTBs (28), and so it is particularly di-
agnostic for their identification. EBSD maps of
the Au films on SiO2 further confirm this iden-
tification, as they show that many of the grains
within the film contain CTBs (figs. S7 and S8).
We tracked a grain (Fig. 4) with many CTBs

during the heating protocol. In contrast to the
Au on BDD samples, this film was not previ-
ously heated to 200°C. Initially, the grain shows
seven or eight distinct sections, all with the
same orientation. As the temperature is increased,
some sections grow and become sharper, where-
as others are reduced in size. At 100°C, it ap-
pears that the largest initial grains grow larger,
but this trend reverses at 200°C. Instead, the
grains on the far right that were initially small
have started to grow. Finally, we observed changes
even from 400° to 500°C. The grain growth at
lower temperature compared to the grain dis-
cussed in Figs. 1 and 2 is probably due to a com-
bination of the smaller initial grain size (38),
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Fig. 1. Grain boundary and dislocation movement in a single gold grain during heating. (A) A
3D rendering of the reconstructed grain image; (B) cross-section view [cross-section location shown
by the black dashed line in (A)] of the reconstructed Bragg electron density; and (C) cross-section
view of the reconstructed displacement field for the as-synthesized state.The black arrow is the [111]
scattering vector that is normal to a {111} facet. The white arrows show a low-amplitude region in
the Bragg electron density and a corresponding discontinuity in the displacement field, which is
consistent with a dislocation. (D to F) The same as in (A) to (C) but at 400°C. Grain growth,
particularly near the dislocation, has occurred. The dislocation is absent.

Fig. 2. Correlation dynamics
during heating. The correlation
matrix in which r(u111(m) to
u111(n)) is the Pearson r correlation
coefficient between two different
displacement fields u111(m) and
u111(n). The matrix contains
the computed r values for all
possible combinations of the
displacement fields measured
while heating the grain up to
400°C. The temperature steps
are 100°, 150°, 200°, 225°, 250°,
275°, 300°, and 400°C. The tem-
perature at which each individual
displacement field was measured
is shown in the matrix. By defini-
tion, the matrix is symmetric and
has a value of 1 along the diagonal
(red line) where m = n because
every displacement field identi-
cally correlates with itself. The
black boxes show the repeated
measurements made at the same
temperature. The largest change,
as determined by the drop in
correlation, occurred after heating
to 400°C.
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the lack of a 30 min 200°C pre-anneal, and the
different wetting characteristics of Au on SiO2

versus BDD. We show six additional grains (four
from Au on SiO2 substrates and two from BDD

substrates) both before and after the heating
protocol (fig. S9) to demonstrate the robustness
of this approach for tracking grains and their
defects. We also compare a reconstructed image

of a grain with CTBs to the same grain imaged
by EBSD and electron microscopy to show the
agreement between the two techniques (fig.
S10). The reconstructed image converges to the
same result when different numbers of gen-
erations are used (fig. S11). Finally, we have
computed the initial and final dilatory strain
distributions for the two grains discussed pre-
viously (fig. S12) (23).
Our results show an avenue for imaging intra-

and intergrain defect dynamics induced by ex-
ternal stimuli (e.g., pressure, temperature stress)
in reactive environments at the individual grain
level. The gBCDI method can provide informa-
tion important to many applications, including
creep and fatigue, strengthening mechanisms,
and in improving material properties for catal-
ysis and solar cells.
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Fig. 3. Coherent twin boundaries in gold grains on SiO2 substrates at 500°C. Cross sections
of the Bragg electron density (A) and the displacement field (B) in the grain.The grain shows
regions of zero density in between positive density regions.This density is physically present but
is diffracting to a different reciprocal space location. Grains that share the same lattice as the
parent crystal through coherent twin boundaries, which are shown schematically in (C), are prevalent
owing to their low energy cost and are responsible for the zero-density regions. A mirror in the
stacking sequence of the {111} planes causes the sequence of CBA to diffract at a different reciprocal
space location from that of the ABC sequence.When the stacking reverts back to the original order,
the lattice planes are exactly in registry with the original set and diffract to the same location.

Fig. 4. 3D morphological evolution of a grain with many CTBs during heating. The initial grain
shape is shown by a blue isosurface, whereas the shape at the indicated temperature is shown
by a yellow isosurface. A side view and top view are shown. Grain boundary dynamics occur already
at 100°C. The final state is correlated to the initial state, but the largest grains at 500°C are not
the same as the largest grains at 18°C.
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