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Abstract Understanding the underlying mechanisms of grain coarsening is
important to control the properties of metals, which strongly depend on the
microstructure that forms during the production process or use at high temperature.
Grain coarsening of austenite at 1,273 K in a binary Fe-2 wt% Mn alloy was
studied using synchrotron radiation. The evolution of volume, average crystallo-
graphic orientation and mosaicity of more than 2,000 individual austenite grains
was tracked during annealing. It was found that there exists an approximately
linear relationship between grain size and mosaicity, which means that orientation
gradients are present in the grains. The orientation gradients remain constant
during coarsening and consequently the character of grain boundaries changes
during coarsening, affecting the coarsening rate. Furthermore, changes in the
average orientation of grains during coarsening were observed. The changes could
be understood by taking the observed orientation gradients and anisotropic
movement of grain boundaries into account. Five basic modes of grain coarsening
were deduced from the measurements which include: anisotropic (I) and isotropic
(IT) growth (or shrinkage); movement of grain boundaries resulting in no change in
volume but change in shape (III), movement of grain boundaries resulting in no
change in volume and mosaicity, but change in crystallographic orientation (IV);
and no movement of grain boundaries (V).
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1 Introduction

This chapter is based on work that we published earlier [1]'. At high temperatures,
coarsening of grains occurs in order to reduce the total energy of the system [2].
Understanding grain coarsening in three-dimensional (3D) structures is essential
for control of microstructures of metals and ceramics, which bears a direct
influence on the resulting mechanical and functional properties. For example,
control of grain size at high temperatures is very important for maintaining high
strength of materials over time during operation in energy conversion systems.

For many decades, extensive effort has been devoted to understanding and
prediction of grain coarsening at high temperatures. However, even for very
simple systems, knowledge of the process of grain coarsening is still incomplete
[3, 4]. A substantial part of the work has focused on the development of models for
prediction of grain coarsening [4-9]. These models assume grains as perfect
crystals, the character of which does not change during coarsening and attribute
coarsening entirely to the reduction of total interface area of the system [10], but
cannot yet accurately reproduce the real material behavior [2].

Classically grain coarsening at high temperatures in polycrystalline materials is
attributed to reduction of the grain boundary area and consequently of the total
energy of the system. A widely used semi-empirical grain coarsening equation to
fit the experimental data for average grain sizes is expressed as

D' =Dl +kt (1)

where D is the average grain size at time ¢, Dy is the average grain size at the start of
isothermal annealing ( = 0) and k and » are empirical fitting parameters [2]. In most
studies, values of n are commonly found to be much higher than the ideal value of 2,
which is based on proportionality of the local grain curvature driving coarsening and
the grain size [2]. A higher value of n means that the rate of grain coarsening decays
faster than if n had a lower value. This effect is commonly attributed to solute drag
(that is, slowing down of grain boundaries by foreign atoms present in the matrix), to
non-regular microstructures or to presence of texture [2], but no underpinning
observations for these assumptions have been presented. More recently, a model
based on stagnation of grain coarsening induced by grain-boundary smoothening has
been proposed [4]. In the present chapter, an additional contribution to the often
observed fast decay of the rate of grain coarsening is presented.

Even though significant advances have been made in modeling of coarsening,
direct experimental observation of the coarsening process is lacking. Direct
experimental observation of grain coarsening at high temperature requires a
combination of experimental settings that, until recently, had not been accom-
plished: in situ observations of three-dimensional grain volumes in the bulk of the

! Reprinted with modification from Acta Materialia, vol. 60, Sharma H, Huizenga RM,
Bytchkov A, Sietsma J, Offerman SE, Observation of changing crystal orientations during grain
coarsening, pp. 229-237 (2012), with permission from Elsevier.
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material during coarsening. Up to date, experimental studies have been limited to
ex situ observations on cross-sections of quenched materials [11] or in situ
observations on the surface of specimens at high temperature [12]. In the first
approach, the time resolution and the accuracy of the observations was limited,
especially if the microstructure (e.g. austenite in steel) underwent a phase trans-
formation upon cooling. In the latter case, coarsening at the surface was studied,
which can essentially differ from the bulk behavior [13]. In either case, just a 2D
analysis of the grain-size distribution was performed.

The recent advances made at 3rd generation synchrotron sources capable of gen-
erating high energy X-rays with increased flux have made it possible to observe the
bulk of materials [14] and study individual grains in polycrystals [15-19]. In a
promising study, Schmidt et al. [20] studied grain coarsening in an aluminum alloy by
employing the 3DXRD technique [21]. However, in the case of alloys which undergo
a phase transformation upon cooling to room temperature, the technique of interrupted
heat treatments as followed by Schmidt et al. [20] cannot be used. In the present
chapter, the first in situ three-dimensional observations of bulk grain coarsening at
high temperatures in an alloy that undergoes a phase transformation upon cooling are
presented. It will be shown that experimental observations at the level of individual
grains reveal essential information about the behavior of grains during coarsening.

2 Experimental Details
2.1 Sample

The alloy under investigation was manufactured from electrolytic (99.999 % pur-
ity) iron and manganese to get a composition of 2 wt% Mn. The concentration of
other impurities was kept very low in order to minimize any influence of other
solute particles on the rate of grain coarsening. The composition was chosen in
order to slow down the rate of grain coarsening by solute drag as compared to pure
iron. This was warranted by time resolution of the 3DXRD technique used. The
initial material was homogenized at 1,553 K for 21 days followed by furnace
cooling to room temperature. The sample was manufactured using electro discharge
machining (EDM) with dimensions shown in Fig. 1 in order to fit in the furnace
described in reference [22]. The sample had a change in diameter from 1 to 1.5 mm
in the middle which is used to define a reference by scanning with the X-ray beam.

2.2 3DXRD Experiment

The experiment was carried out at beamline ID11 of European Synchrotron
Radiation Facility (ESRF), Grenoble, France. Figure 2 shows the experimental
setup. The sample was placed in a furnace developed especially for 3DXRD
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Fig. 1 Schematic geometry 1.9
of the sample. Location of the
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measurements, described in reference [22]. An S-type thermocouple was spot-
welded to the top of the sample for accurate temperature control. The sample
chamber was purged with helium and sealed at a pressure of 0.4 atm. The X-ray
beam, 500 um high and 1,200 pm wide with energy equal to 88.005 keV, cali-
brated using a Pb-foil, was incident on the sample at the location depicted in
Fig. 1. The sample was heated rapidly to a temperature of 873 K in 60 s, followed
by isothermal holding for 900 s and heating to a temperature of 1,173 K at a rate
of 0.033 K/s, followed by rapid heating in 120 s to 1,273 K. The sample was then
held isothermally at 1,273 K for 7,740 s (2.15 h). During the heat treatment, the
furnace was rotated repeatedly over a total angle w equal to 24° (so-called sweep
equal to one full rotation of 24°). Diffraction patterns were recorded during every
0.3° rotation with an exposure time of 0.2 s. This setup means that every 180 s a
diffraction pattern is recorded at the same orientation of the sample with respect to
the incident beam. The sample was then cooled to room temperature. Due to the
limited number of grains in the illuminated volume which satisfy the Bragg
condition for diffraction in a certain orientation of the sample, individual spots
from individual grains were observed in the diffraction patterns. An example of a
diffraction pattern is shown in Fig. 3. The sample to detector distance was adjusted
in such a way that four complete diffraction rings of the austenite phase were
recorded. An austenite grain of any crystallographic orientation combined with a
rotation of the sample over 24° for the first four families of hki-planes would come
into diffraction between 3 and 9 times. Thus, all the grains in the illuminated
volume were studied in the present experiment. The small rotation angle of 24°
means that spatial characteristics of the grains cannot be determined. However,
this angle was chosen in order to get a good time resolution. At the beginning and
end of isothermal annealing, the vertical size of the X-ray beam was increased to
600 um in order to verify the diffraction spots originating from the grains situated
partially in the illuminated volume.
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3 Data Analysis Method

This section describes the method that we used to analyze the diffraction patterns.
A more extensive description of the methodology is given in two papers by
Sharma et al. [23, 24].

3.1 Grain Volume

The grain volume is calculated from the diffraction patterns according to the
following procedure:

1.

2.

The recorded diffraction images are corrected for beam current, electronic
noise and detector imperfections.

A minimum intensity (threshold) is set in order to identify different peaks
originating from grains. In the current case, the threshold is set at 200 counts
above the background, which corresponds to a minimum detectable grain
volume of around 35 pm® (grain radius of ~2 pm). The pixels in the dif-
fraction image which have intensity above the threshold and are connected are
identified as a single peak and the sum of intensity of all the connected pixels is
stored as integrated intensity from that peak.

. If the diffraction spot is present in multiple diffraction patterns, that is, if the

location of some pixels constituting two or more peaks is the same in the
images, the total intensity of the diffraction spot is calculated by summing all
the individual peaks and is counted as one diffraction spot.

By calibrating the distance between the sample and the detector, all the peaks
found in the previous step are assigned to families of &kl planes. For this pur-
pose, Transformation code is used, which is a part of the Fable package [25].

. The location of the center of mass of the diffraction spot is calculated in terms

of 1, 20 and w (see Fig. 2 for definitions).

. The powder intensity (/,) per diffraction image for a hkl-ring is calculated by

summing the total intensity of all the peaks recorded during one full rotation of
the sample (or furnace) over the angle of 24° lying on the hkl-ring and dividing
by the number of diffraction images. Such a procedure ensures the most
accurate value for I,, compensating for texture effects.

. The volume of the grain (V,) giving rise to the diffraction spot is calculated

according to the following expression

1
auge i A0 (2)

1
Vg = Emhkl COS(O) Vg
where my,, is the multiplicity of the hki-ring, 0 is the Bragg diffraction angle,
Veauge 1 the volume of the sample illuminated by the X-ray beam, I, is the
integrated of the diffraction spot, k is the normalization factor for I, and is
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Fig. 2 Schematic showing the experimental setup. The dimensions are not to scale. The angles
20, w and 5 are defined

Fig. 3 Example of a diffraction pattern showing austenite reflections at 1,273 K. Dark regions
show pixels with positive intensity. The solid rings indicate the expected location of Debye-
Scherrer rings for austenite phase at 1,273 K for the following hkl planes (radially outwards):
{111}, {200}, {220} and {311}. The deviation of diffraction spots from the ideal location at the
diffraction rings is due to the effect of positioning of the diffracting grain inside the sample

equal to the number of diffraction patterns in which the diffraction spot is
observed, I, is the powder intensity per diffraction image for the hkl-ring
and D@ is the rotation of plane normal over which the diffraction spot is
observed or, in other words, D@ is the change in the scattering angle due to
rotation over Dw. D0 is given by the following expression

A0 = sin~! (sin(0) cos(Aw) + cos(0) sin|y| sin(Aw)) — 0 (3)

where Dw is the rotation angle of the sample over which the diffraction
spot is observed, 0 and 5 are defined in Fig. 2.
For derivation of Eq. (1) and details on Eq. (2), please see the Appendix.
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8. The set of volumes obtained during each repeated rotation of the furnace over
24°, from now on called a sweep, are stored as the volumes of austenite grains
during that particular sweep in the illuminated volume.

3.1.1 Volume Evolution of Individual Grains

1. The volume grains and location of the center of masses of the corresponding
diffraction spots are calculated in the previous step. The location of the center
of mass of each diffraction spot in a sweep is then matched with the location of
the center of masses of all the diffraction spots in the next sweeps.

2. By using a relatively small tolerance (3 pixels in the position of the spot on
the detector and +0.3° in w), the diffraction spots coming from the same grain
are identified in different sweeps and the volume of the grain as a function of
the time of acquisition of the diffraction pattern is stored.

3. If two or more diffraction spots come from the same austenite grain, the
evolution of grain volume must be the same for all of them. By matching the
time evolution of grain volumes for all the diffraction spots found with a
tolerance of 5 % in volume, a list is generated with the spots belonging to the
individual austenite grains. The total volume of the grains found in such a
manner is 97.3 % of the illuminated volume, the rest being grains for which the
diffraction spots overlap or grains which are too small to be detected.

4. The volume of the grain is taken to be the average of the volumes resulting
from all the diffraction spots belonging to the same grain per sweep.

5. The spots which show an increase in intensity more than 5 % of the integrated
intensity upon opening of the X-ray beam are rejected as coming from the
grains which are partially illuminated by the X-ray beam.

6. The number of grains during each sweep is calculated by counting the total
number of grains identified in step 3.

7. The average austenite grain volume of all the austenite grains is calculated by
computing the volume weighted average of the grain volumes.

3.1.2 Calculation of Mosaicity of the Grains

Mosaicity, Av, defined per grain as the maximum difference in crystallographic
orientation between any two regions in the grain [26], was calculated as the rotation
of the diffracting plane normal required to produce a diffraction spot of the observed
size in w and . In either ® or x, the mosaicity calculated is the maximum difference
in orientation in a single direction of the grain. The average mosaicity was calcu-
lated as the average mosaicity of all the grains with radius between intervals of
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5 um.” The mosaicity per grain was calculated by averaging the mosaicity calcu-
lated from all the diffraction spots identified as belonging to the grain.’
The following procedure was used to calculate the mosaicity:

1. The mosaicity or the maximum difference in orientation of plane normal
between any two regions of the grain can be characterized by analyzing the
diffraction spots arising from the grain.

2. In case of an un-deformed grain, the change in orientation of a grain with an
isotropic shape is assumed to be isotropic in all directions.

3. In diffraction, the mosaicity of a grain can be described in terms of the size of
the diffraction cloud in reciprocal space. The size of a diffraction spot on the
detector is the convolution of the beam divergence, the Darwin width of the
reflection, the size of the diffracting grain and the mosaicity of the grain. In
the current experimental setup, the location of the detector far away from the
sample (375 mm) and use of an undulator beamline at a synchrotron mean that
the size of the grain and the divergence of the X-ray beam have a negligible
effect on the size of the spot as compared to the mosaicity of the grain. Fur-
thermore, the Darwin width of the reflection, which can also cause widening of
the spot, has a negligible contribution in the current experimental setup.

4. In terms of the diffraction geometry shown in Fig. 2, the mosaicity of the grain
can be calculated either by calculating the size of spot (A#) along the #-direction
(mosaicity by rotation of the diffracting plane normal around the X-ray beam) or
the rotation of plane normal, A6 (mosaicity by rotation around the diffraction
plane normal) from Eq. (3), characterizing the diffraction spot. Depending on
the number of diffraction patterns that the diffraction spot is present in, the
following strategy is used to calculate the mosaicity of the austenite grains:

(a) If the diffraction spot is present in one or two diffraction patterns, the
mosaicity of the grain from the diffraction spot is calculated by calculating
the rotation of the plane normal corresponding to the size of the diffraction
spot in #-direction corrected for the divergence of the X-ray beam which
is known from the setup. In this method, the error in characterizing the
mosaicity is equal to the effect of the size of the grain.

(b) If the diffraction spot is present in three or more diffraction patterns, the
mosaicity of the grain is calculated by calculating the spread of the dif-
fraction spot in w-direction. The amount of rotation in @ for which the
grain is in diffraction is calculated as follows:

2 In case of very big grains diffraction spots in first and second diffraction rings are saturated and
thus cannot be used for analysis. In such cases, spots from third and fourth rings were used for
calculating the mosaicity. However, this has the disadvantage that mosaicity of such grains is
underestimated arising from problems with the background. Due to this reason, average mosaicity
was calculated only for grains with radiuses up to 130 pum.

3 In this way, the mosaicity calculated is the average of maximum orientation difference in
multiple directions. This was done in order to compare the mosaicity with equivalent grain radius.
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A = Wgep (I—l +(n-2)+ L ) (S(iii))
12 Infl

where w,,, is the rotation step during acquisition of each diffraction
pattern, n is the number of diffraction patterns in which the diffraction
spot is present, I, is the intensity of the diffraction spot in the n-th
diffraction pattern.
Equation S(iii) takes into account the fact that the grain is not in dif-
fraction for the whole w,,,, in the first and the last diffraction pattern. The
mosaicity of the grain from the diffraction spot is then equal to the rotation
of plane normal, A0, calculated from Eq. S(ii). In this method, the max-
imum error in characterizing the mosaicity is equal to the value of A0
corresponding to half the value of wgep.

5. The value of mosaicity of the grain, calculated by the procedure mentioned
above, is always in only one direction in the grain. In reality, however, the
mosaicity can be slightly different in different directions. Thus, the average
value of mosaicity of the grain is calculated by averaging the mosaicity cor-
responding to different diffraction spots from the grain.

3.1.3 Calculation of Rotation of Average Plane Normal

The average normal to a diffracting plane was calculated using the centre of mass
of the diffraction spots belonging to the grain. The rotation of the average plane
normal was then calculated by calculating the angle between the average plane
normal of the spots for the first and the successive sweeps.

The following procedure was used to calculate the rotation of the average plane
normal:

1. The direction of plane normal of a reflection corresponding to the orientation of
the center of mass for an austenite grain is calculated by assuming that the
center of mass of the grain is present in the center of the sample and in the
center of the beam. This assumption does not give any error for the present
calculation if the center of mass of the grain does not move more than 100 pm
during coarsening.

2. The center of mass of the diffraction spot is used to calculate the direction of
the average plane normal.

3. The rotation of the average plane normal is calculated by calculating the angle
between the average plane normal of the grain for the first and the successive
sweeps.

4. The value of rotation of the average plane normal is then calculated by aver-
aging the rotations per sweep calculated from different diffraction spots from
the same grain.



118 H. Sharma et al.

Fig. 4 Evolution of austenite grain size distribution (P,) during isothermal annealing at 1,273 K

4 Results

Figure 4 shows the evolution of the volume-weighted-grain-size distribution (P,)
in the sample as a function of isothermal annealing time. It can be seen that,
consistent with the general idea of grain coarsening, the fraction of the illuminated
volume occupied by small grains is high in the beginning of isothermal annealing
which gradually decreases as the coarsening progresses. This is reflected in Fig. 5,
where the volume-averaged grain volume (red symbols) and the number of grains
in the illuminated volume (black symbols) as a function of annealing time are
shown. It can be seen that as coarsening progresses, the average grain volume
increases and the number of grains in the illuminated volume decreases.

The average volume of austenite grains (Fig. 5, red symbols) increased from
1.24 x 10° pm’ at 1 = 0 s to 9.08 x 10° um® at r = 7,740 s. The best fit (Fig. 5,
blue curve) of the average austenite grain size data to Eq. (1) gives value of the
grain coarsening exponent n = 8.3. This value is much higher than the reference
value of 2, an observation made more often in literature [2]. During annealing, the
number of grains in the illuminated volume decreased from 2,385 at t = 0 s to
1,201 at + = 7,740 s (Fig. 5, black symbols). Out of the 2,385 initial grains, 104
grains increased in volume, 283 had an eventual change in volume less than 5 %,
814 grains decreased in volume by more than 5 % and 1,184 grains disappeared
completely.

To highlight the relationship between size and mosaicity of grains, the average
mosaicity for all the grains in the illuminated volume is plotted in Fig. 6 as a
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Fig. 5 Grain characteristics during isothermal annealing at 1,273 K. Evolution of number of
grains in the illuminated volume as a function of annealing time (black circles) and evolution of
volume-averaged grain volume as a function of annealing time (red squares). The blue curve
shows the best fit to Eq. (1)
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function of the equivalent grain radius (calculated from grain volume by assuming
spherical grain shape). The error bars for the average mosaicity give the standard
deviation of the observed mosaicity among the observed grains. Figure 6 shows
that there exists an approximately linear relationship between mosaicity and grain
radius.

For five austenite grains out of the 2,385 observed grains, Fig. 7 shows the
evolution of grain volume, mosaicity and rotation of the average plane normal. It
can be seen that, in comparison to the average grain coarsening behavior shown in
Fig. 5 (red symbols), the volume evolution of individual austenite grains varies
considerably. Figure 7a shows an example of an austenite grain that grows con-
tinuously over time. The evolution of the grain is similar to the average grain
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Fig. 7 Evolution of grain volume (black squares), cumulative rotation of average plane normal
with respect to the original orientation (red diamonds) and change in mosaicity (green circles) of
individual austenite grains during isothermal annealing at 1,273 K. Different shading colors
represent regions of different modes shown in Fig. 8. a Example of an austenite grain which
increases in size. b An austenite grain shrinking continuously over time. ¢ Example of an
austenite grain which grows first and then has constant volume. d Example of a grain which
initially grows and then shrinks to disappear. e Example of a grain which decreases in volume,
becomes stable and then shrinks to disappear. The error bars are calculated based on the error in
measurement of the quantity

coarsening behavior shown in Fig. 5. However, the grains shown in Fig. 7b—e
exhibit a combination of evolution of size of the grains completely different from
the evolution of the average grain size in Fig. 5. The grain in Fig. 7b shrinks
continuously; the grain in Fig. 7c witnesses rapid growth and then stabilizes in
volume; the grain in Fig. 7d first grows, followed by shrinkage, and then disap-
pears; and the grain in Fig. 7e shrinks, stabilizes in volume and then disappears.

A crucial feature of Fig. 7a is the development of mosaicity of the grain, which
follows evolution of volume of the growing grain. This is consistent with the
results for average mosaicity of all the grains shown in Fig. 6. The grains shown in
Fig. 7b—e exhibit the same behavior, that is, the mosaicity of a grain follows the
evolution of its volume. This shows that the direct relationship between mosaicity
and size of the grains is also maintained during coarsening. Furthermore, Fig. 7a—e
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show that the average orientation of diffracting plane normal for the grains changes
during coarsening. The information shown in Figs. 6 and 7 is unique in terms of
the extended insight that can be obtained into the behavior of individual grains
during coarsening.

5 Discussion

It is shown in Figs. 6 and 7 that the mosaicity of a grain is directly proportional to
its radius and that this relationship holds true during coarsening. The direct rela-
tionship between grain mosaicity and radius implies that crystallographic orien-
tation gradients exist in the grains, which persist during coarsening such that
during growth of a grain the variations in its orientation increase. The presence of
orientation spreads in well-annealed grains has been observed before in literature
[27], but the present measurements of constant orientation gradients in grains
during coarsening are first of their kind. This is very interesting, since even though,
from a theoretical viewpoint, the presence of variations in orientations of crystals
is thermodynamically unfavorable [2], the present observations show that not only
are crystallographic orientation gradients present in the grains, but also that their
magnitude does not reduce during coarsening, but remains constant instead.

Based on the observation of maintenance of constant orientation gradients, a
total of five different modes of grain evolution (shown in Fig. 8 and Table 1) can
occur:

1. Mode [—anisotropic growth, I(a), or shrinkage, I(b), leads to an increase in the
total mosaicity of the grain and a change in the average orientation.

2. Mode II—isotropic growth, II(a), or shrinkage, II(b), leads to increase in total
mosaicity but the average orientation remains constant.

3. Mode III—combination of anisotropic growth and shrinkage result in the same
volume, however, the mosaicity increases in one direction while it decreases in
another direction. The average orientation changes after annealing in mode
II(a). Another variant, mode III(b), of this mode is when the average orien-
tation of the grain remains constant while the mosaicity in different direction
changes.

4. Mode IV—combination of anisotropic growth and shrinkage results in the
same volume and mosaicity of the grain, whereas the average orientation
changes after annealing.

5. Mode V—no movement of grain boundaries occurs. Volume, mosaicity and
average orientation of the grain remain constant.

The case of shrinkage is analogous to growth and additional features of each
mode are explained in Table 1. Different shading colours in Fig. 7 are used to
highlight the mode of evolution of the grains in different periods during annealing.
An interesting case is the grain shown in Fig. 9, the volume of which remains
constant during annealing but the grain exhibits a combination of Mode III (which
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indicates changes in shape), Mode IV (which indicates no change in shape but
change in centre-of-mass position) and Mode V (which indicates no apparent grain
boundary movement). In order to highlight shape effects, mosaicity of the grain in
Fig. 9 is calculated using a single diffraction spot such that mosaicity in only one
direction is measured. Even though the total volume of the grain remains constant,
local grain boundary motion combined with constant orientation gradients can lead
to changes in mosaicity and average orientation as seen in Fig. 9.
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Table 1 Features of the different modes of evolution of grains shown in Fig. 9

Mode no. Volume Rotation of average plane normal Mosaicity
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The corresponding change in grain volume, rotation of the average plane normal and mosaicity is
listed. For rotation of the plane normal, there is no distinction between + or — and change is
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Fig. 9 Example of evolution of grain volume (black squares), cumulative rotation of average
plane normal with respect to the original orientation (red diamonds) and change in total mosaicity
(green circles) of an austenite grain with constant volume. The axis on left is for volume of the grain
and the axis on right is for the rotation of the diffracting plane normal and the mosaicity of the grain.
Different shading colors (legend in Fig. 7) represent regions of different modes shown in Fig. 8

In literature, it has been proposed by the use of simulations that grains in nano-
crystalline size range can rotate during coarsening [28, 29], similar to the observed
change in orientation of the average diffracting plane normal for the grains in
Fig. 7. However, the grains shown in Fig. 6 are of a much bigger size (of the order
of tens to hundreds of pm in radius) and rotation of the whole volume of these
large grains during coarsening in absence of external stresses is not expected. The
constant orientation gradients in grains can be considered to explain the observed
changes in average diffracting plane normal. The average orientation of a grain, if
the observed constant gradients in orientation are present, is essentially the ori-
entation of centre of mass of the grain. Thus, in case of anisotropic growth (or
shrinkage) of grains, when centre of mass of the grains shifts, the average
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Fig. 10 Example of an austenite grain, same as in Fig. 7e, for which orientation in the beginning
of isothermal annealing is completely different from orientation just before disappearing.
Evolution of grain volume is shown by black squares and cumulative rotation of the average
diffracting plane normal with respect to the original orientation is shown by red diamonds. The
error bars of rotation of the average diffracting plane normal are equal to the mosaicity of the grain

orientation of grains changes as well. An extreme case is for the grain in Fig. 6e
shown in Fig. 10, where the error bars of rotation of the average diffracting plane
normal are equal to the mosaicity of the grain and thus the limits of the error bars
represent the extrema of orientation in the grain. The observed change in average
orientation and the reduction in mosaicity mean that no part of the grain remaining
at 4,000 s has the same orientation as any part of the grain which was present at the
start of isothermal annealing. This is particularly interesting, since, in case of an ex
situ study, if the same grain was observed at the beginning of annealing and at
4,000 s into annealing, the different orientations would suggest that a new grain
had nucleated.

Having established that grains at high temperatures have orientation gradients
which remain constant during coarsening, the possible implications of the results
on the process of grain coarsening are now examined. Even though the presence of
orientation spreads in grains is well known [2, 3, 27], their influence on the process
of coarsening has not been explored before.

Grain coarsening at high temperatures in polycrystalline materials occurs in
order to reduce the total interface energy of the system ( | ydA, with y the specific
interfacial energy and the integration running over the grain boundary area in the
microstructure). For each grain boundary, its contribution to the total interface
energy of the system can be reduced either by reducing the contributing interface
area, A, or the specific interface energy, 7. Reduction in A takes place by increase
of the radius of curvature of the grain boundaries, so-called capillarity-driven grain
coarsening [2]. It has been proposed before by means of simulations that y can be
reduced by changes in the inclination of the grain boundaries [30]. The average
interface energy can also be reduced by direct elimination of high energy grain
boundaries during grain coarsening [10].
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The present observations show that orientation gradients are present in grains
and that these gradients remain constant during coarsening. This means that, in the
case of neighbouring grains, both having an orientation gradient, the movement of
a grain boundary combined with observed constant orientation gradient in all
regions of the grains would change the local misorientation (difference in orien-
tation at opposite sides of the grain boundary) across the grain boundary. This can
be expected to affect the specific grain-boundary energy (7), since it is known that
7 depends on the misorientation angle (0) between the grains constituting the grain
boundary [3]. In simple terms, the relation between change in interface energy
(Ay) and the change in misorientation (Af) can be written as:

Ay = (%) A0 (4)

Depending on the sign and magnitude of (0y/00), Eq. (4) can result in three cases:
Ay =0, Ay <0 and Ay > 0. In case Ay = 0, there would be no effect on the
driving force for grain coarsening, G, and grain coarsening would be driven only
by curvature. In cases when Ay is negative, for example in the case of low-angle
grain boundaries with decreasing A0, this would result in a decrease in G, since
G is directly proportional to y. This results, in turn, in additional decay of the rate
of grain coarsening during the process. The motion of the grain boundary in this
fashion would continue with an ever decreasing rate until the grain boundary
reaches a minimum in 7. In cases where Ay is positive, the motion of the grain
boundary would lead to an increase in ). Even though y increases, the total
interface energy contribution of the grain boundary, [ydA, could still continue to
decrease as long as the decrease in the interface area, A, can compensate for the
increase in . A meta-stable condition would be reached when the motion of the
grain boundary in any direction leads to an increase in [ ydA, either by increasing
A or y. Thus, for materials with a distribution of grain boundaries of multiple
characters, the combined effect of the latter two cases would be a reduction in the
overall rate of grain coarsening and increase in the grain coarsening exponent, n. It
must be noted here that in situ experimental measurement of y during coarsening is
not possible with the techniques presently available.

The next step is to examine the probability of occurrence of the two cases which
affect n. The change in misorientation due to movement of grain boundaries and
the added imposition of maintenance of the orientation gradient will be of the
order of a degree. This means that the grain boundaries, the energy of which is
strongly dependent on the misorientation, for example, low angle tilt boundaries or
special Y boundaries, are affected strongly by the relatively small change in
misorientation. It is already known that the fraction of these special low energy
grain boundaries in materials is high and increases during annealing [10, 31, 32].
Thus, always a high fraction of grain boundaries in materials would be affected by
the change in misorientation resulting from maintenance of a constant orientation
gradient.
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6 Conclusions

Grain coarsening of austenite in a binary Fe-2 wt% Mn alloy was studied by
measuring the evolution of volume, average crystallographic orientation and
mosaicity of more than 2,000 individual austenite grains during annealing at
1,273 K. The following conclusions can be drawn from the measurements:

1. For more than 2,000 austenite grains, it was observed that the average mosa-
icity of all the grains is approximately directly proportional to the average grain
size of the grains.

2. For individual grains, it is shown that mosaicity is directly proportional to the
grain volume at all times during coarsening at 1,273 K. This means that con-
stant orientation gradients exist in the grains which persist during coarsening.

3. The persistence of orientation gradients coupled with movement of grain
boundaries results in changes in the grain boundary character, affecting the
coarsening rate.

4. Changes in the average orientation of large (10-200 pm in radius) austenite
grains were observed during coarsening.

5. Five modes of grain growth are proposed: anisotropic (I) and isotropic (II)
growth (or shrinkage); movement of grain boundaries resulting in no change in
volume but change in shape (III) and movement of grain boundaries resulting
in no change in volume and mosaicity, but in the average crystallographic
orientation (IV); and no movement of grain boundaries (V).

Acknowledgments The authors thank E. G. Dere for assistance during the synchrotron mea-
surements, F. Gersprach for discussions on the generation of defects by moving grain boundaries
and C. Kwakernaak for EPMA analysis. This research is financially supported by the Foundation
for Technical Sciences (STW) of the Netherlands Organization for Scientific Research (NWO).
The authors thank the European Synchrotron Radiation Facility for the provision of beamtime.

A.17 Appendix
A.1.1 Equation of Volume of a Grain

The diffracted intensity I, per unit time from a single grain, rotated through the
Bragg condition in order to illuminate the whole grain, is given by the following
expression for the kinematic approximation (4, 5):

Iy (mo\2e* Xy, -
Igrain = IH (ﬂ) ﬁ Vg VngPGXp(—2M) (S(Vl))
where [ is the incident intensity of photons, Fy; is the structure factor of the hkl-
reflection, A is the photon wavelength, V, is the volume of the grain, A0 is the
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change in scattering vector over which the grain is in reflection (Eq. S(ii)), V. is
the volume of the unit cell, P = (1 + cos?26)/2 is the polarization factor, and
L, = 1/sin20 is the Lorentz factor, where 260 is the scattering angle. The Debye-
Waller factor exp(—2 M) accounts for the thermal vibrations of atoms, with

w =S g+ (f) (S(viD)

where & is the Planck constant, m is the mass of the vibrating atom, kg is the
Boltzmann constant, ® is the Debye temperature, x = ®/T is the relative tem-
perature, T is the temperature and

W
P(x) = ;/7exp(f) — 1df (S(viii))
0

The integrated intensity I, per unit time of a hkl-diffraction ring of a polycrys-
talline material (often termed as powder in diffraction) with randomly oriented
grains is given by (4, 5)

H 2 6‘4 /13mhk1F2 .
Ipowder = ¢() (ﬁ) W Thkl VgaugeLpP eXP(—ZM) (S (IX))

where my, is the multiplicity factor of the hkl-ring and Vg, is the volume of the
diffracting phase. The Lorentz factor for a powder is given by L, = 1/(4sin0).

The volume of an individual grain is calculated from the measured grain
intensity I, normalized by the powder intensity I, of the hkl-ring in which the
reflection from the individual grain appeared. In case the diffraction spot appears
in more than one diffraction pattern, the intensity from the grain is divided by a
factor k, equal to the number of diffraction patterns in which the spot is present.
Combining Eqs. S(vi)) and S(ix) and introducing k gives Eq. S(i)

Iy

1
Vg = E Mkl COS(O) Vgauge ﬁ
P

Af (S(@)

Equation S(i) is similar to the equation for volume of a grain used by Lauridsen
et al. (6) and Offerman et al. (7). However, the following corrections have been
made-

1. In the current analysis, diffraction spots distributed in more than one diffraction
pattern were used for the volume calculation. Thus, the additional factor k is
used.

2. The expression for AQ used by Lauridsen et al. and Offerman et al. is
A0 = Aw - |sin(n7)|. However, this is an approximation which does not hold for
low values of 7. In the current analysis, Eq. S(ii) is used which is the exact
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of

form of the expression for Af. From Fig. S6, the expression for Af can be
calculated as follows:

The projection along the x-axis of the vector (x, y, z) of length r in the direction
the plane normal before rotation is given as

x = —rsinf
After rotation, the vector is given as
X = —rsin(6 + AB) (S(x))
Also, applying the rotation transform on vector ¥ gives
X = —rsinfcos Aw — rsiny sin Aw cos 0 (S(xi))
Combining Eqgs. S(x) and S(xi) gives Eq. S(ii)

A0 = sin~ ! (sin(0) cos(Aw) + cos(0) sin|ny| sin(Aw)) — 0 (S(ii))
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