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Abstract

The recovery dynamics of 498 individual subgrains within the non-recrystallized matrix of a 50% recrystallized aluminium sample is studied
using high resolution X-ray diffraction at a synchrotron source. The subgrains’ change in size, orientation, axial strain and internal disorder are
monitored as functions of temperature. The subgrains are surprisingly active, and the individual subgrains exhibit markedly different growth
kinetics. Contradictory to common knowledge we find that the individual subgrains’ sizes change significantly even though the average size
remain constant. Furthermore we observe no correlation between subgrain size and growth rate. An analysis of the volume changes of the
individual subgrains indicates a broad spectrum of critical temperatures above which the subgrains grow or shrink. Possible mechanisms are
discussed and related to relaxation of local stresses.

1. Introduction

When a deformed metal is annealed, the microstructure changes by processes generally referred to as recovery and recrystallization. During
recrystallisation the microstructure is changed by the formation and growth of nearly defect free nuclei, leading to a significant softening of the
material. Recovery is typically associated with much more subtle changes in microstructure and far less softening [e.g. 1, 2]. This may explain
why recovery has attracted far less attention than recrystallization. There are, however, cases when recovery leads to softening of almost the
same magnitude as recrystallization [e.g. 3, 4]. Altogether, recovery is of utmost importance for the mechanical properties and for the
subsequent recrystallization which is driven by a stored energy, which is lower than that being present in the material in the deformed state.

Recovery is generally defined as all annealing processes occurring in deformed materials which do not involve long range migration of high
angle boundaries (with misorientations > 15°) [5]. This is occurring by a range of processes including dislocation annihilation by glide, climb and
cross slip as well as absorption of dislocations at grain boundaries. The relative importance of these processes depends on the material, strain,
strain rate and temperature [e.g. 6, 7]. In some publications also subgrain growth by boundary migration [2] and triple junction motion [8, 9] are
demonstrated as recovery processes. Consequently, recovery is associated by many activation energies, and already in 1948, Kuhlman
suggested that the apparent activation energy increases as recovery proceeds [10]. This is discussed in detail in [2] and experimentally
documented by [11]. The increase in activation energy is related to the decrease in stored energy in the recovering matrix and values up to the
activation energy for recrystallization are observed [12]. At that stage recrystallization “takes over” and the recovered microstructure is
obliterated by recrystallization.

Very few studies have focused on the possibility of recovery occurring in the non-recrystallized matrix concurrent with recrystallization and the
results are non-conclusive. For example in Fe, Vandermeer and Rath found that the stored energy in the non-recrystallized matrix decreases
[13], while others found that in Cu the matrix is stable [14] and in Al the misorientation between recrystallizing grains and the matrix is observed
to be constant during recrystallization [15].

The aim of the present work is therefore to study if recovery continues in a sample that is already partly recrystallized. We use a newly
developed X-ray diffraction method, which provides unique information on the dynamics of the individual subgrains in the non-recrystallized
matrix.

Classical x-ray powder diffraction gives rise to continuous rings on a 2D detector and can provide accurate information on size and strain
properties but only as averages over the microstructure. By contrast, 3 Dimensional X-ray diffraction (3DXRD) monitors the diffraction spots
from individual grains. 3DXRD can be performed in modes that provide 3D volumetric mapping of the grains or alternatively in fast data
acquisition modes for providing statistics on the properties of individual grains during processing [16]. Lauridsen et al. used the latter mode to
identify and track spots from several hundred bulk recrystallizing grains over time during annealing [17, 18]. From such measurements Poulsen
et al. determined individual growth rates and activation energies [19]. Being near perfect crystals, the subgrains in a well recovered matrix also
give rise to diffraction spots although of lower intensity than the recrystallizing grains. However, carrying out the above type of 3DXRD-
measurements on the subgrain structures is difficult due to the vast number of illuminated subgrains and corresponding vast number of
overlapping diffraction spots. At present, the maximum number of identifiable diffracting units in a 3DXRD experiment is a few thousand [20],
which limits the sample size for a recovery experiment to a thin plate less than 100 ym thick even for a micron-sized point-beam. By using a
thin film sample, the feasibility of tracking individual subgrains during annealing was demonstrated by Gundlach et al. [21].

In the present work, the 3DXRD fast acquisition approach was applied and the setup was altered to allow tracking of subgrains in mm thick
specimens at the expense of only characterizing a section of orientation space. In this work ~2000 individual diffraction spots were identified
and their characteristics interpreted in terms of subgrain size and internal disorder. Furthermore, each subgrain was tracked during annealing at
a constant heating rate and the dynamics was quantified in terms of growth rate, as well as changes in strain and orientation, leading to a
statistical investigation of the recovery happening at annealing stages when also recrystallization is on-going elsewhere in the sample.

Cold rolled aluminium of commercial purity (AA1050) was chosen for the experiment. For this material it is well known that even the as-rolled
microstructure is dynamically recovered and significant softening occurs by recovery prior to recrystallization [4]. Our hypothesis was thus that
in a 50% recrystallized sample, the subgrain structure in the non-recrystallized matrix would be rather stable. As shall be shown, our hypothesis
was however, found to be false. The new measurements show that even at annealing temperatures below the recrystallization temperature lots
of activities are found in the not yet recrystallized matrix in the 50% recrystallized sample.

The experimental data point to the need for new recovery analysis and are essential for interpretation of the recrystallization processes and
kinetics.
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2. Material and experimental procedure

The material used for the present work was commercially 99.5% pure aluminium (AA1050) with an initial grain size of 70 ym. This material was
cold rolled to 50% reduction in thickness and annealed for 50 minutes at 325°C in an air furnace. The furnace was at temperature when the
sample was put in, and after annealing, the sample was air cooled. Thereby the sample was partly recrystallized and the volume fraction
recrystallized was found to be 50% by Electron Back Scattering Diffraction (EBSD). Using electrical discharge machining, a rod-shaped sample
was cut out, with a cross-sectional area of 300 x 300 ym? perpendicular to the rolling direction (RD) and a length of 1 mm.

The novel experimental approach used is a high spatial resolution version of 3DXRD and is somewhat similar to that presented in [17, 18]. The
main difference to classical 3DXRD is that the far field 2D detector, with typical pixel sizes of 50-100 um, is replaced by a near field 2D detector
with an effective pixel size below 1 um. As shown in the sketch of the experimental geometry in Figure 1a, this detector is placed off the optical
axis. Due to the limited field of view of the detector, only a section of a single Debye-Scherrer ring is acquired. Moreover, the sample is only
rotated through a few degrees instead of a full 180° or 360° rotation. As a result only a sub-set of subgrains are monitored, corresponding to a
small region within a pole figure. These modifications allow recording of thousands of subgrain in thick bulk samples.

The experiment was performed at the Dark Field X-ray Microscopy (DFXM) beamline ID06 at the European Synchrotron Radiation Facility
(ESRF). Using a Si-111 Bragg-Bragg monochromator, a 16 keV monochromatic X-ray beam was generated. This was focused and defined by
slits to provide a uniform box beam on the sample of size 100 x 100 ym?.

The sample was placed immediately after the slits at a distance of 55 m from the source on a goniometer that allowed high precision control
over tilts and translations of the sample. For the present experiment we used only the ‘rocking angle’, i.e. the rotation u around the horizontal
axis perpendicular to the beam direction, see Figure 1a.

The near field detector is an indirect 2D detector composed of a scintillator screen, an optical microscope and a FreLon CCD camera [22]. The
detector has an effective pixel size of 0.622 ym corresponding in the vertical direction to a resolution of A26 = 0.0014° and in the horizontal
direction to An = 0.0047¢ (for definition of angles see Figure 1a). The spatial resolution is matched to the effective pixel-size. This detector was
placed at a distance of 22 mm downstream of the sample position and elevated with respect to the direct beam to collect (111)-reflections at 26
=19.1°. At this position the detector covered a section of the Debye-Scherrer ring equivalent to An = 9.5° with a vertical width related to the
thickness of the sample, see Figure 1a. To avoid surface effects, a single deformed grain in the middle of the sample was identified and used.

The sample was heated continuously with a hot air blower from 25° to 75° at a constant heating rate of initially 1.2°C/min, and then of
0.6°C/min up to 225°. It has to be noted that even the maximum temperature in this experiment is thus 100° lower than that of the previous
annealing. The reasons for choosing this temperature range for the present investigations was the significant and unexpected activity in
subgrain structure observed while heating the sample. The duration of the full experiment was 5 hours. The actual sample temperature was
determined with an accuracy better than 10°C from the aluminium lattice expansion, i.e. from the vertical shift of the total 26-ring. Movement
and rotation of the sample during the annealing due e.g. to expansion of the sample holder was accounted for in the data analysis software.
However, the actual shift in the gauge volume implied that the number of subgrains traceable during the entire annealing was significantly
reduced from a few thousand to about five hundred.

While heating, data series were collected in situ for a total of 117 temperatures in the interval, each consisting of 40 consecutive images
covering a tilt range of +1° in u in steps of 0.05°. Each image was acquired while the sample was rotated continuously through the 0.05° step.
Combining all 40 images in a data series reveals several thousand diffraction spots. In Figure 1b an example of such a combined data set is
shown with colors indicating tilt in u and brightness indicating the diffracted intensity at that point. The internal mosaic spread of the subgrains
was less than the step size of 0.05°.

While individual diffraction spots from several thousand subgrains were identified at each temperature, the movement and rotation of the
sample reduced this number to 498 individual spots which could be traced through the series from 80°C to 225°C. For each of these the center
position in rocking angle u, the central position on the detector (xq4, zg), the integrated intensity, I, and the area of the peak, A, were determined
after a temperature-dependent background and collective shifts had been corrected for.
The integrated intensity of a diffraction spot can be related to subgrain volume, V; = %”qu, with Rq o i/l—s being the equivalent sphere radius

A

— is taken as a crude measure of the disorder within a given subgrain since the peak area is influenced by both the size
eq

and the internal mosaicity of the corresponding subgrain. u is a direct measure of the tilt of the (111)-lattice plane normal, see Figure 1a. The
position on the detector, (Xq4, Z4), is determined by a combination of the position of the subgrain within the sample, its orientation and its average
strain. We cannot from a single image de-convolve this information. However, the changes in subgrain radii were in general only small,
corresponding to less than a pixel, see below. Thus the observed shifts in position on the detector could not be accounted for by spatial
translation of the subgrain center-of-mass. Therefore, the observed horizontal shifts in spot position are ascribed to lattice rotation and vertical
shifts to changes in lattice spacing.

[18]. The ratio W =

3. Results

The statistical analysis of the dynamics of the 498 individual subgrains is summarized in Figure 2. The first column shows the evolution with
temperature of the size, disorder, subgrain rotation and axial strain for 10 randomly selected subgrains. The statistic for all the 498 subgrains
are shown in the middle column, with the central line being the average and the surrounding lines being one and two standard deviations,
respectively. The right column shows the distributions at selected temperatures.

The evolution in size of individual subgrains was tracked during heating (Figure 2a). None of these growth curves are identical and individual
subgrains may grow in one temperature interval and shrink in another. Some changes happened smoothly and continuously over larger
temperature intervals, other changes were more abrupt.

As can be seen in Figure 2b the average subgrain size of R.,~1 pm does not change significantly during the annealing. The lower threshold of
~200 nm indicates that all illuminated subgrains in the monitored section of orientation space were detected. Also, the shapes of the
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distributions (Figure 2c) are found to be largely similar for all temperatures. Thus in general, the average behavior and the size distributions do
not reflect the diversity and amplitude in the growth behavior of the individual subgrains.

The internal disorder, as quantified by the disorder parameter W, also varies as a function of temperature for the individual subgrains (Figure
2d), while the average remains largely constant (Figure 2e). This means that on average the mosaicity within the subgrains is not changing, but
as a given subgrain is growing or shrinking its internal mosaicity may change significantly. It either decreases or increases depending on the
local rearrangements of dislocations within that subgrain as it grows or shrinks. For example, the disorder parameter of a shrinking subgrain will
increase if the number of dislocations is preserved so that they are crammed in the subgrain interior to increase the local defect density.
Likewise, W decreases if dislocations annihilate or move to the subgrain boundaries to reduce the defect density within the subgrain. Such a
behavior could explain the weak peak seen in Figure 2e around 180°C, see below, although the observed effect is too small to be conclusive.

On average the shift in horizontal detector position with respect to position at 80°C was zero (Figure 2h) while the distribution of shifts (Figure
2i) broadened with increasing temperature to become a symmetric double peak at 222°C. The double peak corresponds to a lattice rotation of
~ 0.014° which could relate to either a pure lattice rotation or a shear strain of 2.4 - 10* (or a combination of the two). For a spherical subgrain
of radius 1 um the observed rotation corresponds to atoms near the boundary moving 2.5 A along the boundary, similar to the interatomic
distance in the structure. For comparison, a single edge dislocation (Burgers vector b = 2.335 A) through the center of a subgrain of 1 um
radius causes a difference in lattice orientation of 0.013° from side to side. Thus rotations of a similar magnitude are expected if a dislocation
enters or leaves subgrains of the observed average size.

Also the vertical shift distribution (Figure 2I) broadens with temperature and exhibits a shoulder at ~3 pixels above 160°C and symmetric side
peaks at shifts of 7 pixels for the highest temperatures. The positive mean shift in vertical detector position indicates that the individual
trackable subgrains on average expanded less with increasing temperature than the original grain as a whole. It is not possible from these
measurements to determine whether negative axial strain is building up due to external pressure on these subgrains or whether initially present
positive strain is released.

The side peaks in the vertical shift distribution corresponds to compressive/tensile changes in axial strain of € ~ 5.3 - 10™. For a spherical
subgrain of 1 pm radius such a change in axial strain means a lattice expansion or contraction that corresponds to atoms near the subgrain
boundary moving 5.3 A along the radial direction, again similar to the interatomic distances in the sample. Notably, only strain changes are
observed in the experiment, so both of these side peaks may represent strain relaxation.

As the observed rotations were smaller than the step size in u, similar lattice rotations in u could not be observed in the present experiment,
although the position in u was a direct measure of lattice orientation. As discussed above all shifts in detector position were interpreted in terms
of lattice rotations and changes to internal strain since the observed changes in subgrain sizes were too small to generate center-of-mass
translations large enough to explain the observed shifts. Thus based on this interpretation the data indicate that subgrain coalescence is not a
dominating mechanism in the present experiment.

3.1 Growth rates
The volumetric growth rate for each subgrain was calculated as the derivative of the subgrain volume Vs versus temperature: v, = %. For

each temperature the mean growth rate and the associated standard deviation for growing and shrinking subgrains are shown in Figure 3a.
The mean growth rate exhibits a peak at 160°C. This is consistent with the distribution of growth rates (Figure 3b) being slightly broader at
157°C, indicating faster dynamics at this temperature. This suggests that a thermally activated process became dominant around this
temperature. However, since the average size does not change markedly, this process merely caused a rearrangement of boundaries, not an
actual overall coarsening of the structure.

A scatter plot of growth rate versus subgrain volume is shown in Figure 3c. No clear correlation between subgrain size and growth rate is
evident. This is confirmed by a statistical test based on the ensemble of all subgrains: the Kendall r-coefficient is approximately zero, see
Figure 3d. A scatter plot of growth rate versus disorder is shown in Figure 3e and the corresponding statistical correlation in Figure 3f which
reveals no significant correlation. Thus within the statistical uncertainty of these tests the subgrain size and disorder does not determine
whether a subgrain is growing or shrinking. However, Figs 3d and 3f may indicate that larger, more uniform subgrains may be more likely to
exhibit faster changes in size, which calls for further investigation.

4. Discussion

4.1 Experimental outlook

Characterizing the evolution of the microstructure of deformed metals non-destructively in 3D is a challenge. Existing non-destructive X-ray
diffraction imaging methods such as 3DXRD and diffraction contrast tomography (DCT) are limited to deformations below 10% - 20%, due to
the broadening of diffraction spots from deformed grains. Furthermore the spatial resolution is too poor to map the subgrains. Other methods
such as Dark Field X-ray Microscopy [23-25] and Differential Aperture X-ray Microscopy [26-28] have a spatial resolution that allows mapping
of subgrains, but these methods are limited in terms of the number of subgrains characterized. As we have shown here, it is important to
sample a sizable population of subgrains for the present type of investigation.

In the approach presented here, the spot overlap issue of 3DXRD and DCT is overcome by resolving the subgrains. The subgrain diffraction
spots exhibit almost no angular spread (in this case less than 0.05°), and hence can be separated by placing a high resolution detector at a
sufficiently large distance to the sample. With a comprehensive characterization of thousands of subgrains within 2 minutes, statistics on very
large ensembles of subgrains is possible by translating or rotating the sample. Moreover the cutoff in terms of subgrain size — which is inherent
to any method based on segmentation - is a factor of 5 below the typical average subgrain size of 1 um [6], implying that the sampling is
essentially unbiased. By increasing the coverage on the (u,#) diffraction sphere, the ensemble could therefore be extended to all subgrains
belonging to a given deformed grain.

Furthermore, it is foreseeable that 3D mapping of the subgrains can be made by generalizing methods already known to the 3DXRD
community. Notably, at the microscope at ID06 such measurements may be combined with 3DXRD or DCT for coarse mapping of the
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recrystallized grains and DFXM for mapping the shape, mosaicity and strain inside individual subgrains or recrystallizing grains with high
resolution.

4.2 Analysis of the recovery

During the experiment no significant microstructural coarsening took place, since the size distribution and mean equivalent radius of the
subgrains remained largely unchanged, see Figure 2. Nevertheless, the size and disorder parameter for individual subgrains evolved with
temperature, as did the shear and axial strain. Previous studies have shown that individual subgrains evolve differently related to local stored
energy differences [29, 30]. However, these previous studies were focusing on recovery before recrystallization. The present result is therefore
unique as it documents significant local activation of recovery processes even at late recrystallization stages. The evolution is, in the present
experiment, observed not to be smooth, but peaks at certain temperatures. Significant variations in the disorder parameter for the individual
subgrains were observed in the range 140-180°C. Furthermore, at 160°C the growth rates were largest. This reflects the local behavior of a
given ensemble of subgrains originating from the same deformed grain. Such “transition” temperatures may be interpreted as local thermal
activation of a certain dislocation annihilation mechanism at that temperature.

It is customary to quantify recovery in terms of a bulk property such as hardness, and average subgrain size [2] and investigate the evolution of
this property with temperature or annealing time. However, the present study reveals that the average subgrain size was almost constant
although the sizes of individual subgrains change markedly. Notably within the temperature range explored, no correlation between subgrain
size and growth rate was observed. This is contradicting classical recovery models, which generally assume that large subgrains grow while
the smaller ones shrink [7]. Also, abnormal growth of some subgrains has been observed by electron microscopy [31] which may lead to
nucleation of recrystallization. Our observations imply that at the investigated late state of recovery the microstructural rearrangements are
more minor in scale and the driving force is of a more local nature, presumably related to the local dislocation density and morphology or the
subgrain boundary misorientation (which were not observed in this experiment). It should furthermore be noted that all the characterized
subgrains have more or less the same crystallographic orientation and are from a single original grain, which means that they originate from
more or less the same set of slip systems operating during the deformation. The observed dynamics thus appear to be determined by the
internal strain (equivalent to residual stress) and remaining dislocation density causing disorder in individual subgrains. Even though only
relatively few dislocations remain inside the subgrains and/or near the subgrain boundaries at this late annealing stage (50% recrystallized
aluminium) the dynamics of these seem to have huge influence on the evolution of the hosting subgrain making it grow or shrink. This
interpretation partly matches that of Hasegawa et al. [32] who in an investigation of pure aluminium single crystals, suggest Type Il (or ‘true’)
recovery at later stages of recovery leading to tightening of the cell walls into subgrain boundaries and to subgrain coarsening. Our results
reveal dislocation activities within the subgrains and/or near subgrain boundaries leading to changes in the individual subgrain size (a subgrain
may grow or shrink ) driven by the remaining residual stress/strain, whereas we do not observe an overall subgrain coarsening in the present
experiment. It is furthermore likely that where one or a few dislocations are annihilated in a given subgrain or in the subgrain boundary, it may
release its ‘pinning effect’ also in the neighbor subgrain and thus cause a short range relaxation reaction. Altogether this contributes to lowering
the energy stored in the yet non-recrystallized matrix.

It is intriguing that subgrain recovery occur to the observed extent in a 50% recrystallized sample at temperatures much lower than the
recrystallization temperature, and it may be questioned if there is a sufficient number of dislocations still present in the non-recrystallized parts
of the structure (in the subgrain interior as well as in the subgrain boundaries) which together with remaining local residual stress can drive
further recovery. The present experimental observations show that this is the case, and our result is substantiated by previous synchrotron
experiments showing that even in the interior of the recrystallized grains, there is a low density of dislocations organized mostly in very low
angle boundaries, giving rise to measurable mosaicity [33] as well as to the presence of residual strain [34]. Also, it may be questioned if the
small sample size and thus near-surface effects such as scratches and additional strains related to the sample preparation may have affected
the results. As the present measurements are from a gauge volume near the middle of the sample, see Figure 1a, and no signs of
recrystallization are observed, e.g. by growth of surface stimulated nuclei, we suggest that the present results are typical for bulk subgrains of
the present conditions also in much larger samples.

The present findings prove that the evolution of the average subgrain size is not an adequate measure of the local recovery reactions. Instead,
the dynamics of individual subgrains and the evolution of their internal strain and dislocation density should be monitored to quantify the overall
processes via statistics.

It has to be underlined that the present measurements are monitoring subgrains in the bulk of the sample. The small strains, which are
observed to remain within the subgrains, are likely to be relieved at free sample surfaces. It is therefore crucial to study the bulk kinetics to
allow for the importance of the remaining residual strains.

5. Conclusions

A high spatial resolution variant of 3DXRD has been developed and used to quantify the dynamics of individual subgrains during recovery in
the non-recrystallized matrix of an aluminium (AA1050) which prior to the experiment was 50% recrystallized. At this annealing stage the
subgrains are nearly perfect, containing only a few interior dislocations each.

Several thousand such subgrains have been identified from a series of high angular resolution X-ray diffraction images and characterized in
terms of size and internal disorder, subgrain rotation and strain while heating at a constant rate to 225°C. Furthermore, the kinetics of 498
individual subgrains has been tracked during the entire heating interval. It is found that:

- The average subgrain size and the size distribution remain constant during the annealing expressing that on average the not yet
recrystallized microstructure is stable.

- However, the individual subgrains grow and shrink significantly. Each individual subgrain has its own growth kinetics, which is markedly
different for different subgrains and vary with temperature.

- No statistically significant correlation is observed between subgrain size and growth rate. This observation is in contradiction with
classical models for recovery kinetics, which assume a direct correlation between size and growth rate.

- No subgrain lattice rotations larger that the experimental step size of 0.05° was observed, documenting that subgrain coalescence is not
an important recovery mechanism in the present experiment.
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- The average internal disorder parameter remains largely constant while that of the individual subgrains evolve during the annealing.
This suggests perfection of the dislocation and defect structure within individual subgrains and at the boundaries, affecting also the
neighboring subgrains.

- Transitions in the internal disorder parameter and in the growth rate evolution suggest activation of different dislocations annihilation
mechanisms at different temperatures.

- On average the axial strain is largely constant but within the distribution, individual subgrains exhibited a strain change by up to 5 - 10™.
Likewise, the shear strain evolved with evidence for a preferred accumulated strain change of 2 - 10, We interpret these strain changes
as relaxations reducing medium / long range stresses and suggest these to be the main driving force for the observed structural
dynamics.
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Figure 1: a) Experimental setup. Diffraction from subgrains within the gauge volume (marked as a box with dashed lines) gives rise to spots on
a high resolution detector within a band in scattering angle 26 and a section 4n of the (111) Debye-Scherrer ring. Exposures were made as
function of tilt angle u. An example of a raw data image is shown with intensity in arbitrary units. The vertical position on the detector is primarily
determined by the position within the sample in the direction of the thickness. b) A combined image representing information from the entire u-
range. The brightness of each pixel represents the maximum intensity for that pixel and the color represents the orientation in u for which the
intensity was maximum. The insert shows a zoom on the region marked by the white box.

[ Figure 1 has been updated ]
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Figure 2. Statistics of parameters characterizing the individual subgrains. From top to bottom rows represent equivalent radius, disorder
parameter, and horizontal and vertical shifts of the diffraction spots. Left: evolution of 10 randomly selected subgrains. Middle: Mean and 1 and
2 standard deviations. Right: Distributions for four selected temperatures. The statistics for the first two rows represent all ~2000 subgrains at
each temperature, while the statistics for the latter two rows represent the 498 subgrains that can be tracked through the entire temperature

range.

[ Figure 2 in the legend has been added degrees, and indices a, b, ... are added to the sub-figures]
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Figure 3. Statistics of growth rates for 498 subgrains. a) Mean growth rates as function of temperature. Red: growing subgrains, blue: shrinking
subgrains. The lines closest to zero are mean growth rates, followed by 1 and 2 standard deviations, respectively. b) Distribution of growth
rates for four selected temperatures. c) Growth rate versus size at the same four temperatures. d) Correlation between size and growth rate as
a function of temperature for all, growing and shrinking subgrains respectively. e) Growth rate versus disorder parameter. f) Correlation
between disorder and growth rate as a function of temperature for all, growing and shrinking subgrains respectively.

[ Figure 3 has been added degrees and indices a, b, ... as well as two new figures have been added, 3e and 3f ]
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