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We report a new mode of grain growth, involving the macroscopic translation of grain centers
during non-isothermal annealing. Through synchrotron high-energy x-ray diffraction microscopy,
we find dissolution of semi-coherent precipitates generates dislocations, thereby raising the stored
strain energy within grains. The subsequent evolution of grains shows unexpected grain
translations over length scales of 10-100 um. Phase-field simulations reveal that such translations
are not uncommon in strain-energy-driven grain growth, wherein different regions of a grain may

grow and shrink simultaneously.

A wide range of physical systems are composed of domains of different crystallographic
orientation, from dusty plasmas!' to colloidal crystals? to polycrystalline metals®*. Our traditional
understanding is that the domains (hereafter called grains) will grow and shrink in response to the
capillary pressure across their boundaries. That is, a grain boundary (GB) migrates towards its

center of curvature with a velocity, v, proportional to the pressure, F;, as v = MF, where M is a



phenomenological, temperature-dependent grain boundary mobility and F; is taken to be the
product of the local mean curvature, H, and the grain boundary energy, v, This capillary-driven
growth law has found success in explaining the evolution of bubbles in soap froths>%”8, More
refined models of grain boundary displacement do consider the driving force due to the long-range
interactions between disconnections along the grain boundary'®. However, these descriptions are
insufficient to fully explain the richness in grain growth dynamics!’»1%!3, This is mainly because
they do not take into account many other confounding factors that perturb the GB trajectories such

as spatial variation in densities of bulk dislocations and second-phase precipitates!#!>16:17,

As an example, Omori et al.!® and Kusama et al.'” observed the development of subgrain structures
in Cu-Al-Mn alloys during dynamic annealing, i.e., oscillating above and below the solvus
temperature for the FCC-a phase. They proposed that these subgrain structures accommodate
transformational strains between the FCC particles and BCC matrix via geometrically necessary
dislocations, which presumably provide an energetic advantage for GBs to migrate. It stands to
reason that stored strain energy may lead to a significant displacement of grain centers (in addition
to grain growth and shrinkage), although this phenomenon has yet to be explored in detail. To our
knowledge, past studies focused on grain displacement via grain boundary coupling and sliding
driven by externally applied stresses?®?! or as a consequence of artificially introduced chemical
potential gradients in a multi-phase system??. None have experimentally observed this
phenomenon nor attributed it directly to stored strain energy. The microstructural consequences of
a stored strain energy (in the absence of an external stress) remain an enigma, in part due to the
lack of a suitable model to quantitatively study the effect of the driving force arising from
dislocation density when it varies from a grain to grain and/or within each of the grains. Moreover,
it is impossible to reconstruct the interfacial dynamics underlying grain growth through a post
mortem characterization of microstructure. Recent expansions of in situ characterization

capabilities at synchrotron facilities offer unparalleled insights into microstructural evolution?3->423,

In this Letter, we reveal a new mechanism of grain growth, whereby an entire grain effectively
migrates with the aid of an elevated and inhomogeneous lattice strain. This discovery was made
possible through synchrotron high energy x-ray diffraction microscopy (HEDM)?3:2627:28 coupled
to an in situ furnace (see Supplementary Information). We resolve the microstructural details

during dynamic, non-isothermal annealing with spatial and angular resolutions of 1 pm and 0.1°,



respectively. The resolvable unit in HEDM is the individual pixel/voxel, compared to a much
larger discretization unit (the entire grain) in diffraction contrast x-ray tomography (DCT)?*-30,
This attribute makes HEDM the ideal tool for capturing lattice rotations within each grain, and in
turn, the dislocation densities. Analysis of dislocation densities calculated from near-field (NF)
HEDM reconstructions shows the apparent distance traversed by a grain is of the same order as
the grain size (10-100 pm) when the mean and variance in coarse-grained dislocation densities are
of the order 10" and 10'> m2, respectively, and temperature is adequately high to drive grain
growth (>650°C). To fill in the spatiotemporal gaps of our experiment, we conduct phase-field
simulations of grain growth incorporating an additional driving force from the stored energy due
to the presence of dislocations. Our joint experiment and simulation provide a unified description

of the mechanism of grain translation.

We investigate grain growth in Cu-Al-Mn as a model system, following the work of Kusama et
al.’?. An ingot of composition Cu-17at%Al-11.4at%Mn was machined in the shape of cylindrical
rods of Imm diameter by 7cm height. The grain structure of the prepared samples was equiaxed
with a grain size of 79.7um; the GB distribution was near-random; and the crystallographic texture
was weak (see Supplementary Information). HEDM experiments were conducted at beam-line
1-ID-E at the Advanced Photon Source at Argonne National Laboratory. Orientations in each
quasi-two-dimensional sample slice probed by the beam were optimized on a square array of points
with 7 um spacing and spanning the mm diameter circular sample cross-section. Slices separated
by a distance of 7 um were concatenated to yield a three-dimensional volume. Of note is that a
new NF-HEDM compatible infrared furnace was mounted at the beamline for the first time
(Fig. S3), allowing for in situ imaging of diffraction signals while avoiding the challenges

associated with alignment of a sequence of volumetric data sets.

Samples were subjected to a dynamic annealing schedule similar to the ‘low temperature cycle’
described by Kusama et al'®. A given cycle begins with a 5min. hold at 260°C and ends when the
sample is quenched immediately upon heating to a temperature just above the a solvus (726°C);
see Supplementary Information. One cycle of dynamic annealing was completed before imaging
the second cycle at the following temperature points: 505°C, 650°C, and 730°C. We conducted
our study in an ‘interrupted in situ’ manner,*' whereby the sample was air quenched after reaching

the prescribed temperature and subsequently imaged at room temperature. HEDM data collected



after the 730°C anneal has inter-layer spacing of 43 pm to accommodate the significant increase
in grain size. Reconstructed 2D (slice) and 3D (volumetric) data were processed and analyzed in
MATLAB using the PolyProc function package®? (see Supplementary Information). Diffraction
spots from the BCC-B phase were tracked over time and found to be largely preserved during

thermal cycling.

Fig. 1(a) shows grain maps of two datasets labelled S; and S; and collected after annealing at
650°C and 730°C, respectively. Datasets are shown with specimen Z axis through the page for
better viewing of the underlying grain structure. The circular silhouette represents the external
sample surfaces. The FCC particles that are present within the grains are not shown here, as our
focus is on the evolution of the grain structure. It is important to note that the imaging field-of-view
(FOV) represents an open system: grains are free to move into and out of the FOV from its top and

bottom surfaces (i.e., into and out of the page in Fig. 1(a)). That is, the length of the cylinder
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Fig. 1. (a) Grain maps at 650°C (S, left) and 730°C (S., right) colored based on the
inverse pole figure relative to the specimen Z axis. Reconstructed datasets are displayed
at an azimuth angle of 20° and an elevation of 10° for perspective. Grain 4 undergoes
significant displacement and is marked for reference. Particles are excluded for clarity.
(b) Dislocation density maps in cross-section of states S; (left) and S, (right) with grain
A indicated. Yellow regions correspond to high dislocation density and blue the converse.
Red regions represent a particles. Arrow points to a notch used for sample alignment.



sample is much larger than the length of the FOV (along the specimen Z direction). It is also worth
noting that the two datasets are aligned in the X — y plane, with the silhouette of the sample
matching exactly (see arrows pointing to fiducial notch on the left-hand-side). While we find a
slight misalignment of 14 um along the Z axis, it is relatively minor considering the scale of the
grains (average equivalent radii of 90 grains at S; is 112 um), and, as we will see, their
displacement (comparable to the grain size). We follow the evolution of the grain labelled 4
between the temperatures of 650°C (S1) and 730°C (S2), which is the largest grain visible in the
imaging FOV. Over the course of 800 minutes from states S; to S», grain 4 shrinks significantly
(from 273 to 168 um) and its center has translated across the FOV by 70 um. This behavior upends
our conventional wisdom of capillary-driven abnormal grain growth?®?, wherein the largest grains
with the most grain neighbors (such as A4) are expected to grow out and consume the sample
volume32**, Moreover, the self-similar nature of capillary-driven grain growth results in significant
back pressure from neighboring grains®>3¢37, which would prohibit significant displacements of

grain centers. Clearly, a new mechanism is required to explain the observation.

We postulate that the observed center translation and size reduction of grain 4 are due to the

differences in stored strain energy between the grains (Fig. 1(b)), resulting from the dislocations
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Fig. 2. Mean dislocation density averaged over each grain at 650°C vs.
the volume fraction of a precipitates within the grain at 505°C (a
solvus: 726°C), showing a positive correlation. Each point represents
one grain tracked between the two datasets. Grain 4 is indicated for
reference. A linear fit with Pearson correlation coefficient of 0.52 is
shown, along with 95% confidence interval bounds.



generated by the semi-coherent BCC-B—FCC-a interface upon dissolution of a phase. In this case,
grains that contain a higher density of a precipitates should possess a correspondingly higher
dislocation density. To confirm this hypothesis, we plot the grain-averaged dislocation density
against the particle density at the preceding temperature point (505°C). Fig. 2 shows a scattered
but clearly positive correlation between the two quantities. Within grains, the generated
dislocations form cellular subgrain structures as seen in the S; dataset of Fig. 1(b). Subgrain
structures have a misorientation <5° with respect to the grain-averaged orientation (by definition®®)
and represent dislocation densities within the grains. Since precipitate density varies from grain to
grain, as well as within a grain, dynamic annealing leads to a corresponding spatial variation in
dislocation density and thus in stored strain energy. Annealing between the S; and S states leads
to a drop in the dislocation density by one order-of-magnitude on average due to recovery and
grain growth; see Fig. 1(b). The volume fraction of a phase also decreases from 0.14 to near-zero
between the two temperature points, as expected. The evolution of the grain structure from S; to
S> is marked by the shrinkage and, in extreme cases, disappearance of grains with high stored
strain energies in S;. We note also there is no preferential texture at the S» state (see also Fig. S6)

nor is there any evidence of “particle stimulated nucleation of recrystallization™.

The high fidelity of the HEDM data enables us to calculate and compare the various driving forces
for GB motion, including capillarity and stored energy. Taking ¥, to be 0.595 J/m? from Kusama
et al.!® and calculating the surface-weighted mean curvature*®*' H of grain 4 directly from the 3D
reconstruction to be (4.3 +0.2) x 103 m’!, the capillary pressure y,,H is 2.6 £ 0.1 kPa.

Meanwhile, the stored strain energy, fsroreq () at point 7, is3842

1
fstored(F) = Eszp(F)' (1

where G is the shear modulus of B phase at a temperature of 650°C assuming isotropic, elastic
behavior, 28.3GPa;* b is the magnitude of the Burger’s vector, 0.255 nm; and p is the dislocation
density. From the difference in p between grain A and its grain neighbors in the S; state in Fig. 1,
which was determined to be (5.7 + 3.1) X 10?m™2, the corresponding driving pressure due to
stored strain energy is calculated to be 5.2 + 2.8 kPa. Thus, the driving pressures associated with
capillarity and stored strain energy are of the same order of magnitude. We also consider the

influence of the precipitates and external surfaces on retarding grain growth. According to classical



measures,* the particle drag pressure should decay to zero as the volume fraction of particles
approaches zero (Fig. 1(b)). Likewise, the pressure associated with GB groove pinning®#’ is about
one order of magnitude smaller than the pressure associated with the stored strain energy. Thus,
stored strain energy plays an important role in driving grain growth, largely unhindered by the

particle drag near the solvus temperature.

To help interpret our results and provide insight in microstructural evolution between the two end
states, we developed a phase-field model#647:484° that extends the recrystallization model employed
by Moelans et al.’>*! and Gentry et al.,’>>* which accounts for the contribution of strain energy to
the driving pressure for GB displacement, fior0q(7,t) in Eq. (1). We approximate the local
dislocation density p(7,t) in a system of N grains as a weighted average of the dislocation density

of each grain, p;, which is assumed to be uniform in the bulk and constant in time:

o, O = 2P @)
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where n; (7, t) represents the order parameter of the i-th grain, which is a field having a value of 1
within the grain and 0 outside. The time-evolution of each of the order parameters is driven by the
reduction of the free energy as described by Allen-Cahn dynamics,

n; L((SF) 3
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while the governing equation for the dislocation density field is given by
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See Supplementary Information for the full derivation of the model.

We employ the model described above to simulate two scenarios of grain growth: with and without
the effect of stored energy. The system is set up to initially contain 80 grains (see the
Supplementary Information for the generation of the initial condition), as shown in Fig. 3(a). For
the simulation with stored energy, the dislocation density values were chosen randomly from a
normal distribution with mean of 1.21 X 10'3m? and standard deviation of 3.8 X 10'?2m2 based

on the experimental results from the S; state (see Fig. S7). The intermediate and final states are



defined to be the states that contain 77 and 69 grains, respectively. Microstructure evolution that
considers the stored energy is shown in Figs. 3(b)-(¢). For comparison, grain growth that does not
consider the contribution of stored energy is presented in Figs. 3(e)-(f), in which the same set of
colors is used to indicate different grains. Even though capillary-driven grain growth occurs in
both cases, for the strain-driven case, it can be observed that the grain boundary motion is primarily
driven by the differences in the stored strain energy between neighboring grains, leading to grain
boundary migration toward regions with lower dislocation density. A grain with a medium value
of dislocation density may grow into a neighboring grain with higher value and at the same time
be consumed by another neighboring grain with low value on the opposite side; the net result is a
large-scale translation of the grain. Two examples are highlighted by the grains marked by A and
B in Fig. 3(a)-(c), whose positions of grain boundaries at t* = 0, 250, and 500 are indicated in
blue, green and red, shown in Fig. 3(g). The translation of the grains is evidenced by the small

degree of overlap between the initial and final regions, which was the criterion used in the selection
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Fig. 3. Phase-field simulations of grain growth. (a) Initial arrangements of the grains. (b) Intermediate state with 77 grains and
(c) final state with 69 grains (with a stored energy term). (e) Intermediate state with 77 grains and (f) final state with 69 grains
(without stored energy term). (d) Average displacement of the grains’ center of mass. The time axis of the capillary-driven case
is rescaled so that two curves visually have the same initial slope. (g) Translations of grains A and B. Blue, green and red outlines
indicate the positions of GBs at time t* = 0, 250 and 500, respectively, of the two grains. Dislocation density shown in the figures
is normalized with respect to the mean (1.25%10'3m™2) of the dislocation densities of the grains in the initial condition. Color
indicates the normalized dislocation density where the stored energy is considered (a-c) and indicates different grains otherwise.



of these grains (more details are provided in the Supplementary Information). Moreover, while the
small computational domain size does not permit a quantitative analysis, the simulation
demonstrates that strain-energy-driven grain growth results in a grain size distribution having
extreme values (Fig. 3(c), where more small and large grains emerge as compared to the
capillary-driven grain growth shown in Fig. 3(f)). The comparison of the grain size distribution
for the systems with 50 remaining grains is provided in the Supplementary Information (see
Fig. S8). The strain-energy-driven grain growth appears to be leading to a grain microstructure

with a bimodal distribution, which is one of the classic signatures of abnormal grain growth?%3433,

To quantitatively compare the grain translation in the two cases, we compute the magnitude of the
displacement of each grain’s center of mass as a function of time. We plot the average
displacement of the center-of-mass positions of the grains at different time, as shown in Fig. 3(d).
The grains that disappear during the evolution are included in this average using their displacement
at their final value. The unit length for the displacement is assumed to be 128um, the average grain
radius estimated from the experiment, and t* is a nondimensionalized time (see Supplementary
Information). The time axis of the capillary-driven case is rescaled so that the initial slopes (the
rate of change of the average displacement) of two curves are visually matched. Although the
magnitudes of the average displacement of two cases are comparable at the start of the simulation,
the average displacement in the strain-energy-driven simulation maintains a higher rate than in the
capillary-driven simulation. The latter is driven solely by the reduction of the system’s total grain

boundary energy (that scales as t~1/2)%,

Our observations are somewhat reminiscent of the so-called “grain migrations” seen in dynamic
recrystallization’” and grain boundary sliding via Rachinger>®* and Lifshitz mechanisms®*¢!. Yet
the underlying mechanisms are fundamentally different. In those cases, lattice defect energy is
continuously being supplied to the grains by the deformation, and the grains will move along the
direction of the applied stress. In contrast, our sample was fully recrystallized prior to annealing
to ensure the residual stored strain energy from rolling was eliminated (see Fig. S1). Furthermore,
it was not subjected to any plastic deformation during the anneal cycle. That is, in our case,
dislocations are embedded by thermal processing (see Fig. S4 and Fig. 2) and not mechanical
processing. The geometrically necessary dislocations can be re-introduced with additional anneal

cycles, thereby stimulating strain-energy-driven (abnormal) grain growth. Nevertheless, our



simulations show that the driving force from the stored energy reduces with time (see Fig. 3c,
where most of the high-dislocation-density regions have been eliminated, and Fig. S9 showing the
driving forces as a function of time), which explains why cyclic heat treatment is necessary in
driving abnormal grain growth. The phase field model developed herein will offer an
understanding of how the stored-energy driving force evolves with time and how to optimize such
a process to achieve polycrystalline microstructures with exceptionally large grains, given the rate

of dislocation formation during non-isothermal heat treatment.

In summary, we have investigated the translation of grain centers during non-isothermal annealing.
HEDM together with an in sifu furnace enabled us to characterize not only the two-phase
microstructures but also dislocation densities within each grain. Our results support the hypothesis
that differences in dislocation densities between grains induce their apparent translation.
Phase-field simulations demonstrate that grains with lower strain energy grew in expense of those
with higher strain energy, resulting in a decrease in stored energy. The process of grain growth is
highly inhomogeneous and localized, with some grain boundaries growing outward and others
receding inwards. Our integrated efforts show that stored strain energy and its gradient bring about
a complexity in the dynamical behavior of polycrystals, not predicted by conventional theories of
grain growth nor detected through post mortem metallographic analyses. These results have
broader implications to systems with stored energy differences between neighboring grains from

62,63

other sources, such as an elastic or magnetic anisotropy®~°”, where grain translations may be

expected to occur.
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