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A B S T R A C T

Most metals, ceramics, semiconductors and rocks are composed of small crystals known as grains. When
annealed, this polycrystalline structure coarsens, thus allowing the properties of a material to be tailored for
a particular application. The mobility of grain boundaries is thought to be determined by the crystallography
of the adjacent crystals, but experimental validation in bulk polycrystalline materials is lacking. Here we
developed a novel �tting methodology by direct comparison of a time-resolved three-dimensional experi-
mental data to simulations of the evolution of 1501 grains in iron. The comparison allows reduced mobilities
of 1619 grain boundaries to be determined simultaneously. We �nd that the reduced mobilities vary by three
orders of magnitude and in general exhibit no correlation with the boundary’s �ve macroscopic degrees of
freedom, implying that grain growth is governed by other factors.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license.
(http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Most crystalline materials are composed of many small crystalli-
tes, grains, with lattices of different orientations. The boundaries
between the grains can move to reduce the total grain boundary
energy of the ensemble. Since many mechanical and physical proper-
ties of materials, from tensile strength in structural materials to resis-
tivity in electronic materials, are a function of the local grain
morphology, grain growth can be used to design materials with a
given set of properties. The predictive power of models of this grain
growth process is critically dependent on understanding the mecha-
nisms governing the grain boundary movement and measurements
of the relevant materials parameters.

The local velocity of a grain boundary is given by v …�mk; where
k is the total curvature of the boundary and m is the reduced grain
boundary mobility, m … Mgo. Here M is the grain boundary mobility,
and go is the grain boundary stiffness (see Section S3.8 in supplemen-
tary materials). The reduced mobility measures the rate by which a
boundary can move under the driving force of grain boundary
energy. Analytical models of grain growth have exploited the similar-
ity between the interfacial energy driving force for polycrystalline
grain growth and soap froth evolution [1�3]. However, these models
neglect the anisotropic crystalline nature of grains and grain bound-
aries, and assume an isotropic growth where M and go are constants.

The crystallography of a grain boundary can be described by �ve
macroscopic degrees of freedom representing the misorientation
(the orientation difference between the two grains that share the
boundary) and the inclination of the grain boundary plane [4,5]. The
grain boundary energy is a function of these �ve macroscopic degrees
of freedom [6,7]. Measuring grain boundary velocities at the surface
of bicrystals has led to the conjecture that the mobilities are likewise
determined by these same �ve degrees of freedom [5,8,9]. However,
only a limited number of mobilities can be determined in this way,
and it is not clear if the measurements represent grain growth
observed in three-dimensional polycrystalline materials.

The phase-�eld method has emerged as a powerful tool to simulate
microstructure evolution [10,11]. It has been successfully applied to
study grain growth [12�16]. The phase-�eld method can also incorpo-
rate the dependence of grain boundary mobility on the �ve macro-
scopic degrees of freedom [10,11,13�15,17]. However, these models
have only been compared to experiments in an indirect statistical or
qualitative way, due to the lack of experimentally measured grain
boundary mobilities. It is possible to determine grain boundary mobili-
ties using molecular dynamics simulations. For example, atomistic sim-
ulations of bicrystals indicate that the mobility can vary strongly with
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misorientation [18,19] and that a small fraction of low mobility bound-
aries in a sample can lead to grain growth stagnation [20]. However,
there is no experimental validation; therefore, it would be interesting
to determine if mobilities calculated using bicrystals can be applied to
grain growth in polycrystals. In another approach, the mobility is repre-
sented by disconnections in the boundary [21�23] and thus the mobil-
ity may not be an intrinsic property of a grain boundary [24]. However,
all the factors setting the disconnection content of a given grain bound-
ary in an evolving polycrystal are unknown. Thus, measuring reduced
grain boundary mobilities for a large number of boundaries in the inte-
rior of a polycrystal is essential in understanding the mechanisms con-
trolling grain growth in the polycrystalline systems found in real-life
materials.

During the last 15 years, nondestructive 3D grain mapping techni-
ques based on the use of synchrotrons have been developed, such as
three-dimensional x-ray diffraction (3DXRD) [25] and diffraction
contrast tomography (DCT) [26,27], which provide a possible remedy
to the problems. These techniques allow the study of grain growth
within bulk polycrystalline samples. Schmidt et al. [28] �rstly applied
3DXRD in studying grain growth of 480 Al-Mn grains with six time-
steps and a spatial resolution of about 5-8 mm. Researchers in Robert
Suter’s group have used 3DXRD to study grain growth in pure nickel
[29] and pure iron [30] with slightly improved resolution but fewer
time-steps. Syha [31] and Trenkle [32] used DCT to measure the
growth of 849 grains in strontium titanate with two steps and a voxel
size of 0.7 mm. Sun et al. [33] used a laboratory-based DCT method
[34,35] to measure three steps of grain growth of 300 iron grains
with a voxel size of 5 mm. However, in all cases, no reduced mobili-
ties for individual grain boundaries have been reported.

In this work, we report on results extracted from time-resolved
x-ray diffraction contrast tomography of grain growth in a polycrys-
talline iron sample. A novel �tting methodology developed previ-
ously by direct comparison between phase-�eld simulations and a
coarsening experiment [36] is extended for measuring reduced grain
boundary mobilities. By coupling 3D phase-�eld modeling with 3D
grain growth experiments, we simultaneously �t the reduced mobili-
ties for a large number of grain boundaries resulting in a rapid
throughput technique for measuring grain boundary properties. In
this paper, we focus on the �tting methodology and its application in
measuring the reduced grain boundary mobilities in pure iron. The
�tting results are analyzed within the classical framework of grain
growth, i.e., by investigating the correlation between the reduced
grain boundary mobilities and the �ve macroscopic degrees of free-
dom. We �nd, using a bulk polycrystalline sample, that in general
there is no correlation between the reduced grain boundary mobility
and the �ve macroscopic degrees of freedom of grain boundaries
and, moreover, that the reduced mobilities can vary with time. This is
in contrast to the conventional understanding and implies that grain
boundary motion in polycrystals is governed by factors other than
simply the crystallography of the component crystals.

2. Methods

2.1. Experiment

The raw material is Armco iron with 99.9 wt% purity. The main
impurities are Mn (0.074 wt%) and Ni (0.014 wt%). The raw material
was cold-rolled to 50% reduction in thickness, and then annealed at
700BC for 30 min. Vickers hardness tests and light optical microscopy
showed that the material had been fully recrystallized with an aver-
age grain size (equivalent grain radius) of 20 mm. The crystallo-
graphic texture of the sample was close to random [37]. After the
pre-annealing, the material was cut by wire electrical discharge
machining into 1 mm diameter rods with the rolling direction along
the cylinder axis. To remove the damage from cutting, the rods were
further electrochemically etched to a diameter of 500 mm.
The in-situ grain growth experiment was carried out at the materi-
als science beamline ID11 at European Synchrotron Radiation Facility
(ESRF). The beamline operates an end-station optimized for mono-
chromatic beam 3D X-ray diffraction and tomographic imaging experi-
ments. X-ray diffraction contrast tomography, DCT [26,27,38,39], is an
extended beam, diffraction imaging approach enabling rapid volumet-
ric mapping of grains and orientations within extended 3D sample vol-
umes based on a single rotational scan (typically mapping 4003 voxels
in 1 h). The metallic sample adhered to a low thermal conductivity
ceramic sample holder (2 mm Alumina tube) with a high-temperature
glue. The sample holder was mounted on the tomographic rotation
stage of the diffractometer which was rotated continuously over 360
degrees during x-ray exposure. The double-crystal Si (111) Laue�Laue
monochromator was set to an energy of 40 keV and delivered a uni-
form beam with a relative bandwidth of 1 � 10�3. A compound refrac-
tive lens [40] was used to collimate and condense the beam. The
extent of the mapped sample volume was de�ned by a slit, placed in
close proximity to the sample. The slit opening was 400 mm vertically
and 600 mm horizontally. The transmitted and the diffracted beams
were simultaneously recorded on a high-resolution near-�eld x-ray
imaging detector with 2048 £ 2048 pixels and an effective pixel size
of 1.54 mm. The detector-to-sample distance was 4.65 mm; thereby
enabling the recording of the �rst 5 hkl families of diffraction spots
from individual grains. Each of the DCT scans comprised 3600 images,
corresponding to rotation steps of 0.1 degrees, each with an exposure
time of 1s.

The sample was alternately mapped in air at room temperature
and annealed on the beamline with a retractable tube furnace operat-
ing at 800BC. Forming gas (Ar+2%H2) �owed through the tube furnace
to prevent sample oxidation. After annealing, the sample was cooled
by a jet of forming gas and allowed to stabilize for 5 min before start-
ing a new DCT scan. In total 14 annealing steps (with annealing time
of 5 min) and 15 DCT scans were performed at room temperature.
The annealing time between the �rst and the second scan was not
determined as accurately as the rest; thus, this �rst scan was not
used in the �tting procedure. The data was analyzed using the DCT
software package1 following the procedures summarized in [26,39].
The orientations of all grains and the grain boundary positions were
mapped with a resolution of 0.1 degrees and 1:5�3 mm; respectively
[37]. By inspection of the evolution of the reconstructed grain bound-
aries, we suspect that the spatial resolution of the relative boundary
movement can be less than one voxel (see Figure S1). Details of the
data analysis procedure are provided in Section S1 of supplementary
materials.

The resulting 3D experimental data of grain growth is shown in
the supplementary video 1. A statistical analysis of the evolution of
the grain ensemble showed that the growth of the average grain size
is somewhat consistent with classical isotropic grain growth models
[3], while the growth rates of individual grains are not consistent
with these models [37].
2.2. Phase-� eld method

Generally speaking, each grain is modeled by an implicit repre-
sentation where a phase-�eld variable, has a value 1 inside the grain,
0 outside, and a smooth transition from 0 to 1 near the grain bound-
ary. Anisotropy in grain boundary energies and grain boundary mobi-
lities can be built in the model [14,15]. For simplicity, in the work
presented here, the inclination dependence of the reduced grain
boundary mobility does not vary along a boundary, but can vary from
boundary to boundary, see supplementary materials (Section S3.8).
Thus, the inclination dependence of the reduced grain boundary
mobility can be examined by looking at boundaries with the same
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Fig. 1. Schematic diagram of the �tting method. The 3D position of grain boundaries,
uexp(t), is determined experimentally as a function of time, t. Using one time-step t0 of
the experimental movie as the initial con�guration, a 3D simulated microstructure
usim(t, m) is generated by a phase-�eld model with an initial guess of the reduced
mobility mi of each boundary i. At a later time-step t�t, the simulated microstructure is
compared with the experimental one, and a cost function fcost is de�ned to quantify
the difference between the experiment and the simulation, k ¢k2 is the L2 norm. The
cost function is minimized to �nd the set of reduced mobilities mi

fit of each boundary
that provide a best match between the simulation and the experiment.
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misorientation but different boundary inclinations. The model used is
related to [15]. It is described in detail below.

Assume there are p grains in the system. Let grain a be described
by a phase-�eld variable ua. Then the evolution of each phase-�eld
variable ua during grain growth is described by the vector-valued
Allen-Cahn equation

@u
@t

…L uð Þ kpfDu �
@W uð Þ

@u

� �
; ð1Þ

where the vector phase-�eld variable u … u1; u2; . . . ; up
� �

; L and kpf

are model parameters. The multiwell potential W has the following
form [12]:
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where w and sab are model parameters. In this work, sab … 1:5 in
order to have a symmetric pro�le. The misorientation dependence of
mobility is taken into account in the L parameter [15]:
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where Lab is related to the reduced grain boundary mobility mab
(between grains a and b) by

Lab …
4mab
3lgb

: ð4Þ

Here lgb is the width of the diffusion (grain) boundary, which is con-
trolled by model parameters kpf and w by

lgb …

����������
8kpf

w

r

: ð5Þ

In this work, the grain boundary width lgb is chosen to be 4 grid
points based on the previous analysis [41]. For the model used here,
phase-�eld parameters kpf and w are related by

��������������
2kpf w

p
… 3.

The phase-�eld equation (Eq. (1)) is solved on an NVIDIA Tesla
V100 GPU with the active parameter tracking (APT) algorithm
[42,43]. The numerical implementation of the model outlined above
has been carefully and successfully tested against known analytical
solutions for various geometries, which is detailed in Ref. [44]. Details
on numerical implementation are provided in supplementary materi-
als and Ref. [44].

More advanced phase-�eld models can be introduced, which, for
example, include the dependence on grain boundary inclination of
energy and mobility [16]. Notably, the good correspondence between
the grain boundaries provided by our simple model and experimental
data, as will be shown in Section 3, implies that such more advanced
phase-�eld models can at best provide incremental improvements,
and will therefore not in�uence the conclusions of this work. In addi-
tion, such models are signi�cantly more complex, and as a result, the
computational cost will increase dramatically both for the phase-�eld
simulation and for the �tting (a reinitialization process is needed to
connect the phase-�eld variable and the signed distance function, see
Section S3.1 in supplementary materials for details).
2.3. Fitting method

The �tting methodology is illustrated in Fig. 1: it combines a 3D
experimental movie of the grain growth with 3D phase-�eld simula-
tions. The reduced mobilities m … fm1; m2; . . . ; mng; where n is the
number of grain boundaries in the system, are iteratively re�ned
until the simulation optimally matches the experiment. Theoretically,
the reduced mobility of all grain boundaries in the sample can be
determined in this way, as well as their time dependence (if any).
Notably, this global �tting procedure avoids measuring the local
velocity and the dif�cult-to-measure curvature along the boundary.
Moreover, the effect of the morphology and topology of the grain net-
work on the migration of individual boundaries is accounted for in
the phase-�eld model, thus also in the �tting process.
2.3.1. Mathematical formulation
Formally, the �tting procedure can be described as an optimiza-

tion problem

find m… m1; m2; � ; mn
� �

minimize fcost t; mð Þ…
P

ab f ab
cost

such that usim t0; mð Þ…uexp t0ð Þ
usim t; mð Þ follows Eq: 1ð Þ;

ð6Þ

where t is time, and ab symbolizes the grain boundary shared by
grains a and b. The cost function fcost measures the difference
between the positions of the grain boundaries in the simulated
microstructure usim and the position of the grain boundaries in the
experimental microstructure uexp. The cost function is de�ned as the
summation over all grain boundaries of the local cost functions f ab

cost.
The local cost function related to the grain boundary between grains
a and b is de�ned as

f ab
cost ua

sim; ub
sim; fa

exp; fb
exp
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Z
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�
f ua
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�
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simÞ�fb
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�
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where the integral domain Gab is the region spanned by grain bound-
ary ab. In this work, as the grain boundary is diffuse in the phase-
�eld model, Gab is a narrow band near the grain boundary. fexp is
the signed-distance function determined from the experiment, f(u)
is the signed-distance function corresponding to the phase-�eld vari-
able, u (supplementary materials Section S3.1). As shown in
Section S3.4 of supplementary materials, the triple-junction region
V tj is excluded from the �tting domain Vab

fit …GabnV tj. The local cost
function in Eq. (7) is then calculated as

f ab
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Sensitivity analysis (see Section S3.2 of supplementary materials)
of the optimization problem reveals that the original optimization
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