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A “time-lapse misorientation map” is defined here as a map which shows the orientation change at each point in an evolving
crystalline microstructure between two different times. Electron backscatter diffraction data from in situ heating experiments can
be used to produce such maps, which then highlight areas of microstructural change and also yield statistics indicative of how
far different types of boundary (with different misorientations) have moved.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The microstructures of crystalline materials con-
trol their properties. An understanding of how micro-
structures develop is important in metallurgy so as to
point the way to improved manufacturing pathways,
and in rocks so as to deduce their histories of heating
and deformation from “post mortem” observations. A
direct way of investigating microstructural evolution is
to make repeated observations on a sample as it is sub-
ject to treatment [1]. Commonly heating is involved, and
the sample may either be repeatedly heated and
quenched, with ex situ observations following each
quench, or heated and observed in situ [2]. Electron
backscatter diffraction (EBSD) has proved an invaluable
tool in characterizing microstructures; this century
EBSD mapping has become routine. The CamScan
X500 SEM at Liverpool has a horizontal stage and tilted
beam column, a geometry offering certain advantages
for EBSD analysis in situ during heating experiments
[3]. We have studied phase transformation in Ti [4]
and recovery, recrystallization and grain coarsening in
NacCl [5,6], Ni [7], Al [8], Mg [9,10], Fe [11] and Au (re-
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ported below). Results from such experiments are dis-
played in standard ways (e.g. Euler angle maps, pole
figures), and much may be learnt by a qualitative assess-
ment of how the various displays evolve through time.
We have found, though, that it requires care to identify
the particular areas within maps which are actively
evolving at particular times. Moreover, there is much
information in the evolving time series that we do not
exploit fully. Here we discuss a more formal, quantita-
tive but objective method for comparing EBSD maps
from a time series.

EBSD provides crystallite orientation. The misorien-
tation between two measurements is defined as the min-
imum rotation required to bring one measurement into
parallelism with the other. On a particular EBSD map,
misorientations between adjacent pixels may indicate
the nature of a low-angle boundary. Misorientations be-
tween pairs of pixels selected at random can also be
used. Now suppose we have two maps taken from the
same region at different times (¢; and ¢;) during an
experiment. We define here a time-lapse misorientation
(TLM) map as a map that shows the orientation change
at a given point from time #1—7,.

Figure 1, left column, gives an example: an extruded
rod of the Mg alloy Magnox AL80 (with 0.9% Al,
0.005% Be) was machined, annealed and deformed at
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Figure 1. EBSD maps showing microstructural evolution. The left-hand column relates to Mg, the right to Au. (a) Orientation map of the initial
microstructure, colour coded according to the relationship of the x direction to the crystallite axes (key above). Scale bar = 500 pm for Mg, 1000 pm
for Au. White lines are >5° boundaries. (b) Orientation map after annealing as described in text. (c) The change in orientation between the two upper
maps, colour coded as in the colour bar shown below. The boundaries are shown after heating, as in map (b).

1.9 x 107* 57! to 30% strain at 200 °C (0.51 T},) [12]. An
area was mapped, taken to 200 °C in three 30 min
stages, cooled and mapped again in the Liverpool Cam-
Scan X500. The TLM map immediately highlights the
regions that have changed. The way in which the map
is interpreted depends on the processes involved, but
we suppose here that change is being accomplished by
the movement of boundaries, whilst material points
themselves remain fixed. The orientation of a point
changes as a boundary “sweeps” across it, so the TLM
map indicates which areas have been swept and provides
an indication of the misorientations across moving
boundaries.

Figure 2, left column, shows statistics of orientation
data from a larger area than that shown in Figure 1,
the larger area (1.56 x 3 mm) chosen so that statistics
will have more significance. The boundary length vs.
misorientation is a useful statistic [13]: histograms
showing it before and after heating (Figure 2a and
b) highlight how low-angle boundaries have been elim-

inated, thus reducing stored energy during recrystalli-
zation. Consider now a histogram of area vs.
misorientation (0) derived from the TLM map (Fig-
ure 2c), which shows peaks near 30° and 75°. What
is the origin of these peaks? They could indicate that
boundaries with those misorientations have moved
faster than others, or simply that there was a longer
total boundary length for those misorientations (as
shown in Figure 2a). To quantify these possibilities,
imagine first that the elapsed time is small, Az; the
swept area contributed by a boundary element length
As is then

A4 = u(0)As — At (1)
so that

AA/AO = u(0)(As/AG)At (2)
and

u(0)At = (A4/A0)/(As/AD) (3)
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Figure 2. Statistical data related to the microstructural evolution. The
left-hand column relates to Mg (a larger region than that shown in
Figure 1), the right to Au (the same area as in Figure 1). Boundary
length (um) vs. misorientation for >5° boundaries (a) before heating
and (b) after heating. (c) Area swept (umz) vs. the orientation change
after heating. (d) An indication of the boundary movement (um) vs.
misorientation derived from data in the other histograms; see the text
for details.

where u(0) is the local movement speed perpendicular to
the boundary trace in the plane of the map. This may be
a function of misorientation (we focus on this) as well as
other factors (e.g. plastic strain energy differences,
boundary energy as a function of orientation). The area
swept for a small misorientation interval A6 thus de-
pends on the length of boundary in that misorientation
range and the average speed that such boundaries move
at. For a finite elapsed time we can estimate the bound-
ary displacement. If the lengths of boundaries have
changed during that time interval, consider Figure 3,

*

Figure 3. A segmented boundary migrating by a particular displace-
ment amount (shown by arrows) sweeps out the grey area as indicated.

which shows how the swept area relates to boundary
geometry for a boundary with the same displacement
for each boundary segment. Each segment sweeps out
a trapezoidal region. Regardless of whether boundaries
are migrating towards their concave (1) or convex (2)
sides, each trapezoid has the area:

A = Displacement x (boundary length before
+ boundary length after)/2 4)

By summing the left and right sides of Eq. (4) over all
trapezoids, we find that this equation applies also to the
total area swept. Hence we obtain an indication of
boundary displacement from:

Displacement indication
= 2(binned area)/(binned boundary length before
+ binned boundary length after) (5)

The result is shown in Figure 2d, a simple proxy for
boundary displacement. A peak near 30° remains and
one at 75° is quite prominent. We suggest that bound-
aries with these misorientations migrate faster than oth-
ers. The peak near 90° relates to very small lengths and
areas, so is likely to have a large error and we do not dis-
cuss it further.

Figure 1, right column, gives a second example of a
TLM map. Natural surface alluvial gold nuggets display
internal recrystallization microstructures which can in
principle be used to interpret temperatures of formation.
To test this idea, an alloy of Au with 30% Ag was de-
formed to 10% strain by rolling then statically annealed
at temperature in the Liverpool CamScan X500. After
initial recrystallization, during which many twin bound-
aries with 60° misorientation developed, the sample was
held at 700 °C for 16 h. The TLM map shows various
features, which are numbered in Figure 1c. Some bound-
aries have moved towards their concave side, as ex-
pected for boundary energy-driven migration (e.g. the
bottom right of grain 1). There is an abundance of twin
boundaries and these have limited movement (note such
boundaries are surrounded by blue, indicating no orien-
tation change and no boundary migration, e.g. grain 2).
A slightly concave boundary has moved downwards at
the bottom of grain 3. Above it, a slender twin has dis-
appeared, indicating there is some migration of twin
boundaries.

Figure 2, right column, shows the corresponding his-
tograms, from the same area as shown in Figure 1.
There is an abundance of twin boundaries before and
after heating (Fig. 2a and b). The histogram of area
swept (Fig. 2c) shows a fairly large area swept by bound-
aries near 60°, which seems to contradict the inference
that twin boundaries are immobile. However, when di-
vided by averaged boundary length (Eq. (5)), the peak
becomes a trough (Fig. 2d), underlining the relative
immobility of twin boundaries. Other boundaries show
no particular pattern in terms of mobility, but studies
of a larger area could in principle reveal systematic
behaviour (as in the Mg example).

To use this approach, the two (or more) EBSD maps
must be registered: we need to ensure that the same
material points from the two maps are used for misori-
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entation calculation. This is analogous to the problem of
registering serial sections for three-dimensional (3-D)
data [14]. However, it is less severe because there may
be recognizable features which have remained stationary
during microstructural evolution, such as scratches and
other blemishes, or features introduced deliberately. Lo-
cally complicated, recognizable microstructural patterns
which persist can also be used, because one cannot
envisage an entire collection of ornate boundaries trans-
lating en masse without shape change. In practice, we
have found that if two maps are misaligned the TLM
map is quite diagnostic — for instance, misalignment in
the y direction gives rise to a “smearing” effect parallel
to y in the TLM map.

For a single boundary, the displacement on a 2-D
map will always be equal to or greater than 3-D dis-
placement because of the angle the boundary makes
with the map. One can envisage stercological biases if
boundaries with particular misorientations also have
particular orientations. Such biases will be present in
any quantitative analysis of 2-D maps, and we will in fu-
ture investigate how to deal with them. The deformation
histories of the two samples we show here do not imply
that there will be any correlation between boundary ori-
entation and misorientation. Although there are stereol-
ogical and other issues to be addressed as we develop
our approach, we have shown that the TLM maps and
related histograms are objective displays of microstruc-
tural evolution data and provide a stimulus for develop-
ing explanatory models.

In summary:

(1) TLM maps are objective displays of micro-

structural changes.

(2) They provide an incremental or cumulative
display of orientation through time, enabling
easy visualization of where changes are
localized.

(3) They provide quantitative statistics on the
areas associated with each orientation change.
In some circumstances these will relate to
boundary length and/or boundary migration
speed vs. misorientation.
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