Scripta Materialia 230 (2023) 115405

Contents lists available at ScienceDirect

Scripta Materialia

Materialia

e Atetersjoural

journal homepage: www.journals.elsevier.com/scripta-materialia

ELSEVIER

Check for

Energy dissipation by grain boundary replacement during grain growth e

Zipeng Xu®, Christopher M. Hefferan ”, Shiu Fai Li", Jonathan Lind ", Robert M. Suter ",
Fadi Abdeljawad ““, Gregory S. Rohrer "

@ Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, PA 15213, United States of America
Y Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213, United States of America

¢ Department of Mechanical Engineering, Clemson University, Clemson, SC 29634, United States of America

4 Department of Materials Science and Engineering, Clemson University, Clemson, SC 29634, United States of America

ABSTRACT

The changes in both the grain boundary area and grain boundary energy that occur during grain growth have been measured in polycrystalline Ni using high energy
diffraction microscopy. In addition to the reduction of grain boundary area, the average grain boundary energy decreases as higher energy grain boundaries are
replaced by lower energy grain boundaries. This energy dissipation mechanism influences grain boundary migration and might explain the absence of a correlation
between grain boundary curvature and migration velocity.

Classical studies of isotropic grain growth in polycrystals have been based on the idea that grain boundary (GB) migration is driven by the product of the GB energy
and curvature. [1,2] While support for this foundational concept is certainly found in studies of bicrystals [3] and simulations [4], recent experimental evidence
contradicts this idea. When measured curvatures and velocities were compared in Ni [5] and SrTiOs, [6] they were found to be uncorrelated. Similar observations
were reported for o-Fe, [7] where the measured constant of proportionality between curvature and velocity did not behave in expected ways. The purpose of this
letter is to present evidence that, during grain growth, the replacement of higher energy GBs by lower energy boundaries dissipates energy by a mechanism that is not

related to curvature. This reduction of the average GB energy represents an additional driving force for grain growth.
For a GB network comprised of N triangular mesh elements of area a;, the total free energy (F) is:

N
F= Z 7@5)01’ (@]
i=1

Where y(ps) is the five-parameter GB energy function that depends on
GB misorientation and GB inclination and ps is a vector specifying the
five GB parameters. If, during grain growth, GB area is eliminated
randomly and the GB character distribution remains constant, then the
average GB energy, y=(y(ps)), will not change. However, if the GB
distribution changes, so will the average GB energy. While Eq. (1) is used
for calculations in this paper, for the next stage of discussion we simplify
it to F=yA where A is the total area and vy is the average GB energy. In the
absence of stored plastic energy or external forces, the free energy can
decrease with time (t) by both the reduction in the total area and by
changes in the GB character distribution that reduce the average GB
energy. The derivative of the energy with respect to time gives the en-
ergy dissipated during annealing:

dF  dA  dy

—=y—+A— <0 2
dt J/dtJr dt< 2
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Classically, only the first term in the derivative (y dd—’:) is considered. In
this case, the energy dissipation must be manifest as a decrease in the
area and an increase in the average grain size. [8] If the GB free energy is
reduced only by the reduction of the area, then it is predicted that all
boundaries should move toward their centers of curvature. [1,9,10]
However, it is only valid to ignore the second term of Eq. (2) in the
special case where the average GB energy is constant with time (% =0).
While the energy per area of any specific GB with a constant misorien-
tation and GB normal is not expected to change with time, the distri-
bution of GB types can change with time. In real polycrystals with
anisotropic GB energies, when the types of GBs in the population change
with time, the average energy can also change with time. In the case that
% is negative, it is not necessary for % in Eq. (2) to be negative, so GBs
will not necessarily migrate towards their centers of curvatures as nor-
mally assumed.

The idea that the average GB energy can decrease with time through
changes in the GB character distribution has been proposed in the past
[11-16], but not directly measured. Precedents for the reduction of GB
energy by changes in the GB character distribution are found in the
well-known phenomena of GB faceting [17-23] and corner twin growth
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Fig. 1. A grain within polycrystalline Ni. The GBs are approximated by a
triangular mesh and each triangle is colored according to the energies assigned
by the BRK function.

[24-27], where a positive & is compensated by a negative %. Cahn and
Hoffman [28,29] formulated the capillarity vector in part to describe the
fact that it is possible to reduce energy through interface reorientation —
as happens during faceting.

Here we present evidence that during grain growth, the average GB
energy decreases as higher energy GBs are eliminated, thus altering the
driving force for GB migration. This reduction in average GB energy is
possible because there is a spectrum of GB energies and, in sufficiently
large samples, the boundaries occupy the full range of this spectrum.
[30] The purpose of this letter is to show that during grain growth, the
GB distribution evolves, resulting in a decrease in the average GB energy
through an increase in the relative areas of the lower energy GBs and a
decrease in the relative areas of the high energy boundaries. Here we
experimentally quantify this energy decrease. This is important because
it influences the direction and speed of GB migration. Importantly, the
driving force that derives from lowering the average GB energy will
drive boundaries in directions unrelated to curvature and this provides a
plausible explanation for recent experimental results showing no cor-
relation between curvature and migration velocity. [5,6]

To quantify the change in the GB energy with time during grain
growth, we use the microstructure of high purity Ni that was imaged by
high energy diffraction microscopy (HEDM) at six times during an
interrupted annealing experiment. The stress-free sample was annealed
at roughly 30 min intervals at 800 °C. During this time, the mean grain
size (spherical equivalent radius) increased from 19 pm to 23 pm. These
data have been the subject of other analyses and the details of the
experiment and acquisition of the data are available in earlier publica-
tions. [5,31,32] In [5], the microstructures were reconstructed with a
voxel resolution of 2.8 x 2.8 x 4.0 yum and the GBs were approximated
by a triangular mesh constructed in DREAM.3D, [33] as described pre-
viously. At the end of this process, the five GB bicrystal parameters for
each triangular mesh element of more than 50,000 boundaries were
defined.

An energy was assigned to each triangular mesh element using the
function defined by Bulatov et al. [34], referred to here as the
Bulatov-Reed-Kumar (BRK) function. The function was defined by
fitting curves to a large set of GB energies calculated by molecular dy-
namics (MD). [35] While the BRK energies are clearly an approximation
of the true energies, the MD calculated energies on which they are based
have been shown to be correlated with experimentally determined
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Fig. 2. Distribution of GB energies in the initial state and after annealing.
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Fig. 3. The fractional area of high and low energy GBs as a function of
annealing time.

energies. [36] Therefore, this represents the best available approxima-
tion that provides a comprehensive way to assign energies to the
boundaries. As an example, Fig. 1 shows a meshed grain with its trian-
gular elements colored by energy as assigned by the BRK function. With
energies assigned in this way, we can determine the total energy of the
GB network and how it changes with time.

The distribution of GB area as a function of GB energy in the initial
and final states are compared in Fig. 2. For this graph, the energy range
was divided into 11 discrete categories. In the observed microstructures,
show a preference for lower energy states, with only 65% of the
boundaries in states with energies between 1.0 and 1.4 J/m?. Note also
that the majority of boundaries below 0.7 J/m? are near the twin
orientation. The important point here is that with annealing, the dis-
tribution shifts to lower energy; the lowest energy categories increase in
relative area and the highest energy categories decrease in relative area.
In fact, the average energy per area of the network decreases from
1.026 J/m? to 0.998 J/m? during annealing.

The increasing relative area of low energy boundaries and the
decreasing relative area of high energy GBs at each annealing state are
depicted in Fig. 3. The fractional area of GBs with energy less than 0.8 J/
m? increases from about 18% of the total to 21%. At the same time, the
fractional area of GBs with energy greater than 1.15 J/m? decreases
from about 42% of the total to 39%. We note that the observed
replacement of high energy GBs with lower energy GBs is consistent with



Z. Xu et al.
0055 T ] L T
» - -o- - Total energy
g A - -0- - Total energy assuming constant y
) AN
‘& 0.050 | Y, -
- A}
A}
o '
S %
S N
o 0.045 | SN 4
2 -
> T~ lT~oo L
2 Tte._lT--n.
2 0.040 RN
w o[ TSI
1 1 L L
0.0 0.5 1.0 15 2.0 25

Annealing time, hours

Fig. 4. The total GB energy per volume. The data represented by empty squares
is computed under the assumption that every GB has the average GB energy of
the initial state. Because of this constant energy assumption, energy reduction
can only occur through GB area reduction. The data represented by solid circles
is computed by assigning the BRK energies to each GB in each state. Although
the areas are identical in the two cases compared, the GB network in the final
state with anisotropic energies has a reduced average energy because of
changes in the GB character distribution.

the model for the development of anisotropic GB character distributions.
[11,37]

As grain growth proceeds, energy is dissipated both through the loss
of area and the change in the types of GBs. The two energy dissipation
mechanisms occur in a cooperative way so it is difficult to separate them.
However, we can quantify the minimum amount of energy dissipated by
changing the types of GBs. Fig. 4 compares the total excess GB energy
per volume calculated using a constant average GB energy to the energy
calculated using the anisotropic BRK function. It is clear from this
comparison that when the change in the average grain boundary energy
is accounted for, the actual energy dissipated is greater than explained
by the change in area alone. Using the data in Fig. 4, the total energy
change is 0.014 J/m® and the difference between the energy lost under
the constant energy assumption and the anisotropic energies is 0.001 J/
m>. Based on this, we conclude that changes in the grain boundary
character distribution decreased the energy by at least 7%.

The evidence presented so far has been based on system averages.
Because low energy GBs are growing at the expense of higher energy
boundaries, it is possible to find individual examples of this phenome-
non. One such example is shown in Fig. 5. Here, a low energy GB (this is
a low angle GB with a misorientation of 8.1° around
[0.49 0.41 0.77], an axis that is about 5° from the [112] direction)
increases in area in each time step at the expense of neighboring higher
energy GBs. Tracking the change in energy that results from the motion
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of individual GBs was not possible. The challenge is that as a boundary
moves and changes area, there are area and energy changes for all of the
connected boundaries and it is unclear how to assign these changes to
individual GBs. The low energy GB in Fig. 5 provides an excellent
example; it is increasing in area at each time step, so its total energy is
increasing. However, this is offset by the reduction in the areas of the
surrounding higher energy boundaries. While these changes can be
computed, it is not at all clear what fraction of the energy reduction of
adjoining faces should be assigned to the low energy boundary of in-
terest. Keep in mind that each boundary is terminated by (on average)
five triple lines so that when it moves or changes area, ten other
boundaries must also adjust their area, position, or orientation. There is
no obvious way to distribute these changes among the affected bound-
aries. So, while it is not clear how to evaluate the energy dissipated by
individual boundaries, the energy of the entire polycrystal can be
measured and is clearly evolving in a way that lowers the average GB
energy with time.

While it is well established that GBs in bicrystals migrate toward
their centers of curvature, recent experimental observations [5,6] and
simulations [38] (assuming anisotropic energies) of polycrystals find
that curvature is not an accurate predictor for the direction or velocity of
GB migration. We have shown here that during grain growth, higher
energy GBs are substituted by lower energy GBs and this reduction in the
energy per volume need not be connected to a negative change in area.
In other words, this energy dissipation mechanism provides a driving
force for the migration of GBs that does not depend on curvature, and we
assert that this contributes to the absence of a correlation between
measured GB velocity and curvature. Conversely, this mechanism is not
operative in bicrystals with a single GB, so the fact that boundaries in
bicrystals always migrate towards their center of curvature does not
contradict the proposed boundary replacement mechanism.

The energy dissipated by the GB replacement process is evaluated to
be at least 7% of the total. This is energy dissipated in spite of the fact
that many of the boundaries are not moving in the direction predicted by
curvature. There are other features of GB migration in polycrystalline Ni
that might also play a role in disrupting the expected curvature-velocity
correlation. For example, there are many twin boundaries in Ni. These
boundaries are singular and their migration is not governed by curva-
ture. [39] Furthermore, because the energy is anisotropic in the GB
plane orientation space, the GB stiffness may have a significant effect on
GB migration. [40,41] While it is not yet possible to judge the impor-
tance these contributions, it is clear that the average GB energy is
decreasing with grain growth and this provides an energy dissipation
mechanism that is not related to curvature.

In summary, using the BRK GB energy function for Ni together with
three-dimensional microstructure data, we have evaluated the changes
in the GB energy as a function of microstructure evolution. The average
GB energy is decreasing with time by the process of GB replacement, in
which higher energy GBs are replaced by lower energy boundaries. This
dissipates GB energy by a mechanism that is unconnected to GB cur-
vature and provides an explanation for the absence of a correlation
between velocity and curvature in polycrystals.

GB energy, J/m?

Fig. 5. Selected grain with faces colored by the GB energy at (a) the initial point and after (b) 30 min, (c¢) 1 h, (d) 1.5 h, and (e) 2.5 h.
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