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Abstract

This paper analyzes the changes in the five-parameter grain boundary character distribution in a-brass brought about by iterative
thermomechanical processing (ITMP). In both reference and ITMP specimens, there was a tendency for boundaries to terminate on
{111} planes. The high incidence of coherent twins and other boundaries terminated on {111} planes led to a high concentration of
asymmetric tilt boundaries with (1 10) misorientations. After ITMP there was a larger population of coherent twins, an increase in
the number fraction of X9 and %27 boundaries, an increase in the fraction of boundaries terminated on {111} planes (even when X3
boundaries are excluded), a decrease in the number of triple junctions with three random boundaries, and an increase in the number
of triple junctions with three twin-related boundaries. The results add strength to the suggestion that ‘special’ boundaries are those that

terminate on low-index planes.

© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Iterative thermomechanical processing (ITMP) is the
most well known method of manipulating the grain bound-
ary character distribution (GBCD) of face-centred cubic
(fcc) metals and alloys. ITMP frequently results in
improved bulk properties, and in these cases it is referred
to as ‘grain boundary engineering’ (GBE) [1]. For example,
GBE is known to mitigate intergranular stress corrosion
cracking in nickel-based alloys [2] and to influence mechan-
ical properties such as ductility [3]. The most prominent
change in the GBCD of materials produced by ITMP is
an increase in the density of annealing twins and twin-
related grain boundaries. It is therefore reasonable to
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assume that twinning is instrumental in the improvement
of bulk properties. The twins, however, do not constitute
part of the grain boundary network; rather they modify
the crystallography of the network where they join it.
How this situation can produce dramatic improvements
in properties is not yet completely understood.

A decade or so ago, ‘special’ boundaries in GBE mate-
rials were associated with low-X coincident site lattice
(CSL) boundaries, where X is the reciprocal density of
coinciding sites. This categorization is based solely on the
three independent parameters that specify the lattice mis-
orientation. Grain boundary properties, on the other hand,
depend on both the lattice misorientation and the orienta-
tion of the grain boundary plane. Because two additional
independent parameters are required to specify the bound-
ary plane orientation, the three-parameter CSL approach is
not capable of unambiguously distinguishing between spe-
cial and non-special boundaries [4]. A common example
is that the energy of the ‘coherent twin’, which is a X3
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boundary with a {111} boundary plane, is much lower
than that of the ‘incoherent twin’, which is a £3 boundary
on a {112} boundary plane.

During the same time period as the initial GBE work,
atomistic modelling and high-resolution electron micros-
copy (HREM) provided complementary insight into the
role of the boundary plane in determining the special char-
acteristics of a grain boundary. For example, HREM
observations of (110) tilt boundaries in gold bicrystals
showed that asymmetric boundary facets with one low-
index plane were dominant between regions of symmetric
boundary facets [5]. Atomistic calculations of grain bound-
ary structure-energy correlations augmented the HREM
findings. It was shown that asymmetric tilt grain boundary
combinations with one low-index plane, e.g., 111/115, 100/
221, 110/114 can have low energy, often lower than a sym-
metrical tilt grain boundary combination. More generally,
a linear correlation between the energy of a grain boundary
and its free volume was found [6].

There is growing evidence that grain boundary proper-
ties depend in a sensitive way on the grain boundary plane
orientation. For example, studies of (110) symmetric tilt
boundaries in Al, NiO, and MgO show that the energies
of low ¥ CSL boundaries depend on the orientation of
the grain boundary plane [7-9]. In this situation, rotations
of 70.5° and 109.4° about [110] are both X3 misorienta-
tions; however, a boundary made up of symmetric {111}
boundary planes at 70.5° has an energy that is as much
as three times lower than the boundary at 109.4°. Studies
of the inclination dependence of the energy of X3 grain
boundaries in Cu have also shown that the energy increases
with the angle of inclination away from the coherent twin
orientation [10,11]. A comprehensive study of grain bound-
ary energies in MgO over all five crystallographic parame-
ters has illustrated that the strong dependence of grain
boundary energy on grain boundary orientation is a gen-
eral phenomenon that occurs at all lattice misorientations
[12]. The effect of grain boundary orientation on energy
has also been illustrated for a single high-angle grain
boundary in NiAl [13]. So, if low energy is associated with
‘specialness’, then the grain boundary orientation deter-
mines how special it is.

Grain boundary orientation has also been observed to
be important for boundaries that are special because of
their corrosion resistance, degree of segregation, or grain
boundary wetting. For example, it was found that the cor-
rosion resistance of grain boundaries in pure copper was
correlated to the interplanar spacing at the boundary, but
not the X-value [14]. Similarly, in an Fe-6% Si alloy, 37°
[100] tilt grain boundaries terminated by low-index planes
showed greater resistance to corrosion than those termi-
nated by higher index planes [15]. In an Fe-3% Si alloy,
twist boundaries exhibited a higher degree of segregation
than did tilt boundaries [16]. Also, based on the amount
of segregation to grain boundaries in Fe-Si alloy bicrystals
with [100] tilt misorientations, symmetric tilt boundaries
and asymmetric boundaries formed with a (110) plane

were labelled as special [17]. Finally, studies of grain
boundary wetting by liquid copper in an iron—copper alloy
indicated that the propensity for wetting increased with the
grain boundary free volume and the atomic roughness of
the surfaces comprising the boundary. Furthermore, a
model incorporating grain boundary plane roughness as
a parameter predicted with 80% accuracy whether or not
a grain boundary would be wet [18].

Measurements of the relative areas of different types of
boundaries in very large sample populations as a function
of all five grain boundary parameters have illustrated a
clear tendency for grains to terminate on low-index planes
in a variety of ceramic and metal polycrystals [19,20]. For
example, in MgO, {100} grain boundary planes have been
shown to occur most frequently in the population and to
have the lowest relative energy [12,21]. Furthermore, there
is an inverse relationship between the frequency with which
boundaries occur in the population and their energy
[22-24]. The relatively low energy of boundaries comprised
of low-index planes arises because the energy of each grain
boundary is the sum of the energies of the planes, which
make up the boundary interface, minus a binding energy
that comes from bringing the two surfaces together. As
long as the binding energy is relatively constant, grain
boundaries with low index surfaces have relatively low
energies. These observations have led to the suggestion that
a ‘special’ grain boundary is defined as one that is termi-
nated by at least one low-index plane [20].

The observations described above have contributed to a
growing body of evidence that special behaviour at grain
boundaries is related to low-index planes rather than par-
ticular misorientations. We have recently reported preli-
minary results of measurements of the GBCD in a-brass
after five strain recrystallization cycles [25]. The purpose
of this paper is to compare the distribution of grain bound-
ary planes in samples of a-brass after one and five strain-
recrystallization cycles. The mechanical properties of these
samples have already been reported and it was found that
ITMP significantly increased the ductility of the material
[26]. Considering the fact that dislocation transmission
across boundaries depends on both the misorientation
and the grain boundary plane orientation, the GBCD is
expected to affect the ductility even when other microstruc-
tural features are unchanged [27]. By quantifying the
changes in the GBCD, it is possible to identify features that
might contribute to the increased ductility.

2. Methods

The o-brass specimens used in this study contained
70 wt.% Cu and 30 wt.% Zn. The ITMP was performed
on flat tensile specimens with a 40 mm gauge length and
a 6x 1 mm? cross-sectional area. For each iteration, the
samples were strained in tension by 25%, annealed in air
at 665 °C for 300 s, and then air cooled. The mechanical
properties of these same specimens were studied previously
and it was found that five iterative cycles doubled the
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material’s ductility [26]. Many high-resolution electron
backscatter diffraction (EBSD) orientation maps of both
the specimen that had received one processing iteration
(referred to as ‘reference’) and the specimen that had
received five processing iterations (referred to as ITMP’)
were obtained using HKL Channel 5 software interfaced
to a Philips XL30 scanning electron microscope operated
at an accelerating voltage of 20 kV. Maps were obtained
by beam scanning followed by stitching together contigu-
ous regions. A step size of 2 um was used for mapping.
The Brandon criterion was used to categorize a CSL.

A stereological method has been devised to extract the
relative populations of grain boundaries as a function of
all five grain boundary parameters from orientation maps
in a single planar section [28]. The orientation data were
used to determine the GBCD, A(Ag,n), which is defined
as the relative areas of distinguishable grain boundaries
characterized by their lattice misorientation (Ag) and
boundary plane orientation (n) [20]. The GBCD is mea-
sured in multiples of a random distribution (MRD). Each
grain boundary connecting two triple points can be broken
up into to several line segments, referred to as grain bound-
ary traces. The direction of the trace and the lattice misori-
entation across each trace specify four of the five
parameters necessary to determine the distribution; the
only unknown parameter is the inclination of the boundary
plane with respect to the surface. If a sufficient number of
grain boundary traces from randomly orientated, symmet-
rically indistinguishable bicrystals are observed, then stere-
ology can be used to specify the probability that certain
grain boundary planes appear in the microstructure [28].
In this case, our data set was made up of 92,000 and
77,000 grain boundary traces from the reference and ITMP
samples, respectively. These traces were extracted from the
orientation maps using a procedure described by Wright
and Larsen [29].

The GBCD, A(Ag,n), is parameterized and discretized as
described in our previous work, and therefore has a resolu-
tion of approximately 10° [20]. While earlier work has indi-
cated that this reproduces the principal features of
continuous distributions, it should also be noted that any
peaks in the distribution of grain boundary planes are aver-
aged with all boundaries in a 10° window [12,21,28]. Thus,
if there are cusps in the distribution, the true population
will be diluted by the coarse discretization. The effect is that
extreme values move closer to the average. Thus, while the
discretization may cause us to underestimate the actual val-
ues at the extreme positions in the distribution, it does not
alter the qualitative characteristics of the observations.

3. Results

Orientation maps from the reference and ITMP brass
are shown in Fig. la and b, respectively. The grain size
has approximately doubled after ITMP. If twins are
included as boundaries which define grains on the basis
of crystallography, the average crystal size in the reference

and ITMP specimens is 17 and 40 um, respectively. Table 1
shows proportions of X3, X9, and £27 boundaries accord-
ing to both length fraction and number fraction [30]. The X
27 category was split almost equally between X27a and
227b. The length fraction of £3 boundaries has increased
from 45% to 58% after ITMP processing. The number frac-
tion is approximately two-thirds of the length fraction,
because annealing twins (which make up the majority of
23 boundaries) tend to be long and frequently occur mul-
tiply in the same grain. In the case of both X9 and X27, the
length fraction was 3% and 1%, respectively, and increased
slightly during ITMP. However, in contrast to the case of
>3 boundaries, the number fraction was approximately
1.5 times the length fraction for the reference specimen
and double the length fraction for the ITMP specimen.
The fraction of low-angle boundaries in both specimens
was less than 2%. Grain boundaries with CSL misorienta-
tions other than X3, £ 9, and X27 are not present at levels
above those expected for a random distribution.

The distributions of boundary planes (for grain bound-
aries of all possible misorientations) for the reference and
ITMP specimens are shown in Fig. 2a and b, respectively.
The area distributions of grain boundary planes as a func-
tion of boundary normal are shown on a stereographic
projection in units of MRD. In both cases, there are pro-
nounced peaks at (111), with a greater area fraction for
the ITMP specimen (MRD = 7.81) compared to the refer-
ence specimen (MRD = 5.21). This result is not surprising
given that 45% and 58% of the interface length in the refer-
ence and ITMP specimens, respectively, is £3 and the mor-
phology of these boundaries in the maps (Fig. 1) indicates
that most of them are coherent twins on {111}. It is more
informative therefore to view the grain boundary plane
population distributions with boundaries that are close to
coherent twins excluded from the distributions. Boundaries
are selectively removed from the distribution if they meet
the Brandon criterion for a X3 and if the grain boundary
trace on the planar section is within 10° of the orientation
expected for a coherent twin. After removing coherent
twins, approximately 66,000 line segments (reference spec-
imen) and 45,000 line segments (ITMP specimen)
remained, which is still ample to produce reliable grain
boundary plane statistics [28].

The distributions of planes after excluding twins are
shown in Fig. 2c and d. Although the relative area fractions
are reduced, there is still a peak at (11 1), with MRD values
of 1.27 and 1.40 for reference and ITMP specimens, respec-
tively. This means that {111} planes have the largest rela-
tive areas, and that this proportion has slightly increased
after ITMP. Conversely, {100} boundary planes are
observed with a frequency that is less than expected in a
random distribution.

Sections through the five-parameter grain boundary
space reveal subtle details of the distributions. In particu-
lar, it is useful to partition the space according to low-index
misorientation axes, because these have geometrical signif-
icance in that tilt or twist boundaries on low-index axes
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Fig. 1. Orientation maps from brass for (a) the reference sample and (b) the ITMP sample. X3, X9, and X27 boundaries are coloured red, blue, and yellow,
respectively; other high-angle boundaries are black and low-angle boundaries are grey.

have been shown to be associated with ‘special’ properties,
as described in Section 1. Grain boundary plane distribu-
tions for boundary misorientations about the [100],
[110], and [111] axes are shown in Figs. 3-5, respectively,
in misorientation angle steps of 10°. The range of angles
examined covers the fundamental zone of distinguishable
misorientations. As in Fig. 2c and d, coherent twins are
excluded from the distributions.

In both sample populations, there are relatively few
boundaries with misorientations about the [100] axis. A
visual comparison of these data indicates that the repetitive

Table 1
Proportions of X3, X9, and X27 boundaries in reference and ITMP
specimens

Reference ITMP
Length Number Length Number
fraction (%) fraction (%) fraction (%) fraction (%)
>3 45.1 313 57.7 38.2
29 34 5.3 3.8 6.7
¥27 1.1 1.5 1.9 3.9

strain-recrystallization cycles had no significant effect on
the distribution of grain boundaries with misorientations
about [100]. In these plots, pure twist boundaries occur
at the [100] and [100] positions and pure tilt boundaries
occur along the great circle (vertical line) connecting the
[010]and [010] directions. The peaks in these distributions
do not occur at either of these special positions. The (111)
type orientations are the one low-index plane that is consis-
tently observed more frequently than random. This corre-
sponds to a mixed tilt-twist boundary configuration and
illustrates the tendency of these boundaries to seek a low-
index, close-packed plane. The ITMP leads to a small
increase in the areas of the low-angle boundaries, but this
is not considered significant.

The interface plane distributions for grain boundaries
with [110] misorientations are shown in Fig. 4. For each
misorientation angle, there is a significant peak (between
4 and 19 MRD) in the distribution. The [110] misorienta-
tion axis is in the plane of the projection and tilt boundaries
are found in the [110] zone, i.e., along the great circle
(diagonal line) connecting the [110] and [110] directions.
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Fig. 2. Distribution of grain boundary planes, A(n), in ITMP brass specimens. (a) The distribution for all boundaries in the reference sample. (b) The
distribution for all boundaries in the ITMP sample. (c¢) The distribution for all boundaries in the reference sample, but with coherent twins removed.
(d) The distribution for all boundaries in the ITMP sample, but with coherent twins removed. The data are plotted in stereographic projection along [001]

and the triangle indicates the position of the [11 1] direction.

It is striking that, for all misorientation angles, it is tilt-type
boundaries that dominate the population. The population
is greatest for misorientations of 30° and 40° about the
[110] axis because these configurations are close to the lat-
tice misorientations of the £27a and X9 CSL boundaries,
respectively. For misorientations less than 60°, there are
multiple maxima on each of the [1 1 0] zones, indicating that
the tilt boundaries are asymmetric. The shapes of the distri-
butions are similar before and after the ITMP. However,
there are some differences. For the distribution of grain
boundary planes at 30° around [110], the maxima
increased significantly after ITMP whereas at 40° the max-
ima stayed the same and there are more mixed boundaries
with orientations away from the [110] zone.

The distributions of grain boundary planes for bound-
aries with misorientations about the [111] axis are illus-
trated in Fig. 5. For all of the high-angle boundaries
there is a single pronounced peak at the [111] orientation,
indicating a preference for twist boundaries in which both
crystals adjacent to the boundary are terminated on (111)
planes. The peaks of the distribution for boundaries with
misorientations about [111] are less than for those along
[110]. The peaks of the distributions are slightly higher
after the ITMP. In the distribution of grain boundary
planes for the 60° rotation about [111], there is no clear
maximum at the position 82° away from the coherent twin
where the so-called 9R facet has been observed in Al
bicrystals [31].

The grain boundary plane distributions for X9, X27a,
and X27b CSL misorientations are shown in Fig. 6. To
emphasize how the distributions are changed by the grain
boundary engineering process, the differences between the
reference and ITMP distributions are also shown. The
changes in the distribution of planes for boundaries with
the X9 misorientation are particularly interesting.
Although the fraction of these boundaries increases (see
Table 1), the maximum in the distribution does not
increase. This means that the new X9 boundaries in the
ITMP specimen have orientations away from the maxi-
mum and the axis of asymmetric tilt boundaries. This is
clearly illustrated by the difference plot in Fig. 6¢, which
shows maxima near the {111} orientations. The peak on
the zone of tilt boundaries is centred at the [221] orienta-
tion, which is a symmetric tilt. The other peaks in Fig. 6¢
correspond to boundaries with mixed character.

The grain boundary plane distributions for the X27a
CSL (32°/110) are shown in Fig. 6d and e for the reference
and ITMP specimens, respectively. In contrast to the X9
case, the ITMP increases the relative areas of asymmetric
tilt boundaries. The distribution of grain boundary planes
for the X27a CSL peaks at a higher value than the for the
distribution for the X9 CSL, even though the length frac-
tions listed in Table 1 show that there are more X9 type
boundaries. This apparent contradiction arises because
the discretization used for the analysis of the five-parame-
ter data effectively fixes the acceptance criteria for each



4494

A(n[20°/[100])
MRD

G.S. Rohrer et al. | Acta Materialia 54 (2006) 4489-4502

Mn|10°/[100])

Fig. 3. Distribution of grain boundary planes for [100] misorientations, with X3 misorientations excluded. The misorientation angle increases in 10°
increments. The data are plotted in stereographic projection along [001]. The arrow in (a) shows the direction of the [100] misorientation axis and the
white triangle indicates the position of the [11 1] direction. Figures in the left-hand column (a—d) represent the reference sample and figures in the right-

hand column (e-h) represent the ITMP sample.

CSL at a constant value of about 10°, while the length frac-
tion calculations use the variable Brandon criterion which
leads to an acceptance criterion for the X27a CSL that is
narrower than for the £9 CSL.

The distribution of planes for £27b boundaries is inter-
esting because it appears to lie close to the [110] zone, even

though the disorientation is 35°/[210] and the [1 1 0] zone is
not the zone of tilt boundaries. Furthermore, the bound-
aries added by the ITMP also lie on this zone. This is yet
another indication that the matching of crystal planes at
the grain boundary is more important than achieving a
high-symmetry configuration. It should also be noted that
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Fig. 4. Distribution of grain boundary planes for [1 10] misorientations, with X3 misorientations excluded. The misorientation angle increases in 10°
increments. The data are plotted in stereographic projection along [001] and the reference frame is the same as in Fig. 3. The arrow in (a) shows the
direction of the misorientation axis and the white triangle indicates the position of the [111] direction. Figures in the left-hand column (a—f) represent the
reference sample and figures in the right-hand column (g-1) represent the ITMP sample.

this misorientation is symmetrically indistinguishable from
the boundary obtained by a 146° rotation about the [771]
axis and, because this direction is only 5.8° from [110], the
zone of tilts is very near (110).

To estimate the fraction of X3 boundaries that was
coherent, the observed grain boundary traces were com-

pared to the traces that would be observed if the bound-
aries were coherent twins. Specifically, for every surface
trace that was within Brandon’s criterion of the ideal X3
misorientation, the angle it makes with the ideal coherent
twin trace was calculated. These data are shown in
Fig. 7. If the angle is less than the resolution of the
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Fig. 4 (continued)

experiment (about 10°) it may be coherent. If the angle is
greater, it is definitely not coherent. The majority of the
traces have an orientation that is consistent with that
expected for a coherent twin. It is noteworthy that essen-
tially all of the additional £3 boundaries induced by the
ITMP process are ideal, coherent twins. In other words,
the added boundaries are annealing twins, which occur
mostly within grains. These boundaries alter the grain
boundary network only through the constraints they intro-
duce at the positions where the twins join the network.

To understand how these twins influence the grain
boundary network, we have analysed the distribution of
triple junctions and how it is changed by the ITMP. In
the reference sample, 52,000 triple junctions were analysed
and, in the ITMP sample, 36,000 junctions were analysed.
Boundaries were classified as X3, 29, £27, or R, where R is
any other boundary, and the triple junctions were classified
into four categories: J, junctions have three R boundaries,
J1 junctions have two R boundaries and a X3, X9, or X27
boundary, J, junctions have one R boundary and two
twin-related boundaries (3,27, R; 9,27, R; 27,27, R; 9.9,
R), and J; junctions have three twin related boundaries
(3,3,9; 3,9,27; 9,9,9; 9,27,27). For Jy, J,, and J3 junctions,
3,R,R, 3,27,R, and 3,3,9, respectively, make up the most
significant fraction of the total population. The fractions
of each type of junction in both samples are illustrated in
Fig. 8.

4. Discussion

The most striking aspects of the comparison between the
reference and ITMP grain boundary character distribu-

tions are the similarities. As illustrated in Figs. 2-5, the
basic features of the distributions are the same before
and after the grain boundary engineering process. Two
characteristic similarities, the tendency for boundaries to
terminate on {111} planes and the high frequency of
[110]-type tilt boundaries, are discussed first. The planes
that occur with at least twice the relative area expected in
the random distribution are either {111} (see Fig. 5) or
{hhk}-type (see Fig. 4) in the [110] zone. The {111} planes
are mostly twist boundaries that have a {111} plane on
both sides of the boundary. It has been previously shown
that the presence of two {111} planes at a grain boundary
confers a lower than average energy, for all values of twist
angle between the two {111} planes [6]. If the twist angle
between the interfacing {111} planes is 60°, then the
boundary is a coherent twin, which represents an energy
minimum.

When the £3 CSL boundaries are included in the data
set, the relative areas for the coherent twins, A([111]60°/
[111]), are equal to 1500 MRD in the reference sample
and 2200 MRD in the ITMP sample. When these bound-
aries are removed, there is still a peak at this position (see
Fig. 5f and 1), but the magnitude is reduced by more than
two orders of magnitude. The boundaries that remain clas-
sified as X3 twins result from the fact that the criterion
(Brandon’s) used to partition the boundaries is not com-
mensurate with the sizes of the discrete bins used to catego-
rize the data. With this exception noted, the population of
low-energy {111} twist boundaries is relatively indepen-
dent of the twist angle. In particular, note that there is no
enhancement of the population for the £7 misorientation,
which is near 40°/[111]. Therefore, the high population of
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Fig. 5. Distribution of grain boundary planes for [111] misorientations, with X3 misorientations excluded. The misorientation angle increases in 10°
increments. The data are plotted in stereographic projection along [001] and the reference frame is the same as in Fig. 3. The direction of the
misorientation axis, [111] (which is inclined with respect to the plane of the page) is indicated by the white triangle. Figures in the left-hand column (a—f)
represent the reference sample and figures in the right-hand column (g-1) represent the ITMP sample.

{111}-twist boundaries is not correlated to lattice coinci-
dence, and is instead attributed to the presence of low-
index, low-energy planes.

Following previous grain boundary population studies,
we assume that grain boundaries with high populations
in the distributions also have relatively low energies
[6,12,22,23,32]. The energies of the boundaries are expected

to be connected to their atomic structure and, in that light,
it is of interest to compare the distribution of grain bound-
ary planes in brass with those in Al, which also has fcc crys-
tal structure [32]. Brass and Al are the only isostructural
metals for which five-parameter data exist and can be com-
pared. These two materials present and interesting contrast
because of the difference in their stacking fault energy.
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Fig. 5 (continued)

Because the density of annealing twins is inversely related
to the stacking fault energy and Al has a relatively high
stacking fault energy, annealing twins are observed infre-
quently [33,34]. Brass, in contrast, has a very low stacking
fault energy and, as a result, annealing twins dominate the
GBCD. Despite this large difference, when coherent twins
are removed from the data set, the distribution of grain
boundary planes, A(m), irrespective of misorientation, is
nearly indistinguishable in brass and Al. This observation
suggests that because {111} is the closest packed, lowest
energy plane in fcc crystals, the preference is a general fea-
ture of all materials with this structure.

Grain boundary planes separating crystals with [110]
misorientations have orientations that are spread along
the [110] zone, indicating that they are predominantly
asymmetric tilt grain boundaries. This situation is quite dif-
ferent from the findings in Al, where the [110] tilt bound-
aries were generally symmetric [32]. Furthermore, grain
boundaries with [110] type misorientations occur more fre-
quently in brass than in Al. Excluding the effects of X9 and
27, the peak values in the grain boundary plane distribu-
tions for [110] boundaries in brass are in the range 3-6
MRD. In Al, the same distributions peaked between 2
and 3 MRD [32]. The higher frequency of tilt boundaries
in brass may result from the constraints imposed by the
presence of coherent twins. In the reference sample,
63.0% of all triple junctions contain at least one X3 grain
boundary and the vast majority are coherent twins. In
the ITMP sample, the fraction of triple junctions contain-
ing at least one X3 grain boundary is 76.1%. So, when a
grain boundary with a [110] type misorientation intersects

other boundaries at a triple junction, it is more likely to
meet a coherent twin than any other type of boundary.
There are two features of this geometry that influence the
distribution. First, the twinned grains (see 1 and 2 in
Fig. 9) share a common (1 10) axis (in the twin boundary)
so that if the third crystal is misoriented about a (1 10} axis
with respect to the first crystal, then it is also misoriented
about a (110) axis with respect to the second crystal. In
other words, if a twin and a boundary with a (1 10) misori-
entation meet at a triple junction, the third boundary must
also have a (110) misorientation (although its disorienta-
tion might be along another axis), as illustrated schemati-
cally in Fig. 9. This effect tends to increase the number of
(110) type boundaries in proportion to the number of
twins. The second important feature of this geometry is
that the boundary plane of the twin is fixed and this con-
strains the triple line direction. Thus, the coherent twin
removes one degree of freedom from the triple line’s orien-
tation. If any of the other grain surfaces have a (111) ori-
entation, then the direction of the triple line is fixed at the
intersection of these two planes, which must be a (110)
direction. This direction is also the common axis between
the grains. In this case, the two grain boundaries in the tri-
ple junction are therefore confined to the [110] zone and
the boundaries are guaranteed to be tilt boundaries. So,
the high relative areas of [110] type boundaries can be
explained by the fact that when one such boundary meets
a coherent twin, another [110] type is generated. The fact
that most of these boundaries are tilt boundaries can be
explained by the relatively high incidence of {111} grain
boundary planes which, when coupled with a coherent
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twin, forces the triple line direction to have (110)
character.

Previous work has highlighted reasons for the preva-
lence of asymmetric boundaries, as opposed to symmetric
types, in polycrystals [35,36]. From a probability point of
view, there are many more possible asymmetric boundaries
than symmetric ones, even when only tilt boundaries and
low-index planes are considered. Geometrical constraints
dictate that an asymmetrical boundary usually comprises
only one low-index plane, because once the indices of the
plane on one side of the boundary are selected, the indices
of the second plane are fixed by the misorientation. There is
no evidence of a strong preference for symmetrical planes
in the current data. Whereas the MRD values at the loca-
tions of the symmetrical planes are relatively high, they are
not greater than the populations of the asymmetric planes
in the same zone. As mentioned in Section 1, a preference
for asymmetrical tilt boundaries has been noted previously
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11.43

AMn|32°/[110])
(X27a) MRD

10.12 2.03
882 [ 1.78
7.51 1.54
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both from HREM observations [35] and from other mea-
surements of boundary planes [20,21,23].

The differences between the GBCD before and after the
ITMP treatment can be summarized as follows:

e The number fraction and relative area of boundaries
with the X3, X9, and X27 misorientations increase. The
added grain boundary planes do not have the same dis-
tribution as the pre-existing population.

e The X3 grain boundaries added to the microstructure
are nearly all coherent twins.

e The number of boundaries terminated by {111} planes
increases, even when coherent twins are removed from
the population.

e The number of (111) twist boundaries increases.

e The number of triple junctions between three random
boundaries decreases and the number of triple junctions
with three £3” boundaries increases.
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Fig. 6. Distribution of grain boundary planes for £9, ¥£27a, and £27b misorientations. The distributions for the reference sample are shown in (a), (d), and
(g) (top row). The distributions for the ITMP sample are shown in (b), (¢), and (h) (middle row). The distributions in (c), (f), and (i) (bottom row) are the
differences between (a) and (b), (d) and (e), and (g) and (h), respectively.
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Fig. 7. The distribution of deviation angles between the observed X3 grain
boundary traces and the ideal traces expected for coherent twin bound-
aries, for the reference and ITMP samples.

These data have significant implications regarding the
mechanisms of the ITMP. The most obvious difference is
the increase in X3s after ITMP, which is the fundamental
feature of all ITMP investigations. The majority of X3
length is annealing twins, which are not part of the ‘grain
boundary network’. The consequence of twinning on
ITMP is therefore how it constrains other interfaces in
the grain boundary network when they are joined by a
twin. One such constraint is that the combination of two
>3 boundaries always creates a X3", forming a Js-type
junction. As the concentration of X3 boundaries increases,
they are more likely to intersect one another, and when this
happens a X9 boundary must be formed [37]. Thus, the
number of £9 boundaries is expected to increase in propor-
tion to the number of X3 boundaries. Similarly, when a X3
boundary meets a X9, it produces either another X3 or a
¥27. The effect of £3 impingement on systematic increases
in the concentration of X9 and X27 grain boundaries in
metals with a high density of annealing twins has been
reported by others [38]. The data in Fig. 7 show a clear
increase in the number of J3-type junctions comprised of
three X3” boundaries and we therefore conclude that the
increased concentration of £9 and £27 boundaries is a con-
sequence of the increase in the concentration of X3
boundaries.

0.57.0-58
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Fig. 8. Number fraction of different types of triple junctions in the
reference and ITMP samples, where X refers to X3, X9, and X27.

™

[110]

Fig. 9. Schematic illustration of a triple junction with one of the
boundaries (between crystals 1 and 2) constrained to be a coherent twin.
The bounding planes of each boundary are shown separated, to emphasize
their association with the adjoining crystals. The coherent twin condition
constrains a common [1 1 1]axis to be perpendicular to the boundary and a
common (1 1 0) axis to be parallel to the boundary. If one more plane has a
{111}, as illustrated here, then the triple line is fixed in a {1 10) direction.

The orientations of the X27 grain boundaries that were
added by the ITMP are comparable to those existing in the
reference sample. For both the £27a (see Fig. 6f) and X27b
boundaries (see Fig. 61), the orientations of the new bound-
aries are mostly near {hhk} types. For the X£27a, this is
anticipated from the constraint at triple junctions with a
common [110] direction that contain a coherent twin and
another grain boundary plane in the {111} orientation,
as discussed above.

The orientations of the X9 grain boundaries that were
added by the ITMP are distinct from those already in the
reference sample (see Fig. 6¢). One peak is in the vicinity
of one of the symmetric tilt grain boundaries with the
[221] orientation. The other two peaks are at positions
corresponding to mixed boundaries, with orientations
near (111) and (111). These mixed boundaries are a
minority fraction of all £9 boundaries and are outnum-
bered by the tilt boundaries on the [110] zone. However,
given the arguments for the generation of tilt boundaries
at other misorientations, this observation is puzzling. The
most significant change in the number of X9 boundaries
can be correlated to the increase in the number of J;
junctions (see Fig. 8). The number of J3 junctions of
the type 3, 3, 9, increased by 70% (from 10% to 17%
after ITMP). In the cases where the X3 boundaries are
coherent twins, the boundary plane of the X9 plane must
be a tilt boundary and this explains the [221] peak. If
one of the X3 boundaries is not a twin, the X9 boundary
plane is not constrained, and this situation can contribute
to the peaks near (111) and (111) in Fig. 6c. Because the
new X9 segments frequently form short connections
between two X3 boundaries, they have less freedom with
respect to their orientation and the triple line might be
less likely to form with a [110] orientation. These cases
might explain the mixed tilt-twist boundaries in Fig. 6c.
The number of J3 junctions of the type 3,9,27 tripled
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(from 2% to 6%). In this case, the boundary will be a tilt
type only if the X3 is a twin and another plane is {111},
as discussed above.

Although the numbers of X9 and X£27 boundaries are
relatively small in comparison to the X3 boundaries, they
are significant because they arise as a geometrical conse-
quence of X3 interactions. The question arises as to
whether X9s and X27s are truly ‘special’ in the sense that
they have markedly better than average properties. We
have not evaluated the properties of individual bound-
aries, but following the prior work described in Section
1, it is assumed that low grain boundary energies and
high populations are strong indicators of special proper-
ties. Therefore, if the X9 and X27 boundaries are asym-
metric tilt boundaries with low index planes, they are
special. The spread in the boundary planes along the
[110] zone in Fig. 4 is consistent with this condition
and we conclude that they are special. Conversely, the
minority boundaries with the £9 and X27 misorientation
but general planes, are not special. Other tilt boundaries
on (110), which have a relatively high population, can
also be special, depending on the planes that constitute
the boundary.

The implication of this work for ITMP is that an
increased proportion of annealing twins has resulted in
modifying the grain boundary network to include an
increased proportion of both {111} planes and asymmetric
tilt grain boundaries misoriented on (110). We conclude
that these boundaries are ‘special’, and that ITMP is based
on selection of special planes rather than misorientations.
Finally, these insights could not have been gained without
the five-parameter analysis.

5. Conclusions

The five-parameter GBCD has been determined in brass
before and after ITMP. The main findings were:

1. In both the reference and ITMP specimens there was a
tendency for boundaries to terminate on low-index
planes. These planes were either {111}, many of them
twist boundaries, or planes on the (110) zone which
have arisen as {110) tilt boundaries. Most of the (110)
tilt boundaries are asymmetric. The increased popula-
tion of low-index plane boundaries is associated with
their low energy.

2. The main differences between the reference and the
ITMP specimens were that after ITMP there was an
increase in the relative areas of the grain boundaries
with the X3, 29, and £27 misorientation. The X3 bound-
aries that arose during ITMP were overwhelmingly
coherent twins. There was also an increase in proportion
of {111} planes (even when X3s were excluded), there
were more {1 10) asymmetric tilts, and there were more
(111) twist boundaries. These increases correspond to
an increase in the proportion of low-index planes at
boundaries.

3. The number of triple junctions between three random
boundaries decreased. The fraction of grain boundary
triple junctions formed between X3, X3, and X9 bound-
aries increased by 70% after ITMP and the fraction of
triple junctions formed between X3, X9, and X£27 bound-
aries increased by a factor of three.

4. The five-parameter data recorded in this investigation
add strength to the previously made suggestion that
‘special’ boundaries are those that terminate on low-
index planes.

5. It is suggested that the high relative areas of (110)
type boundaries can be explained by the fact that when
one such boundary meets a coherent twin, another
such boundary is generated. The fact that most of
these boundaries have the tilt configuration can be
explained by the relatively high incidence of {111}
grain boundary planes, which when coupled with a
coherent twin, forces the triple line direction to have
(110) character.

6. 9 and X27 boundaries are geometrically necessary
where there is multiple twinning. Whether or not they
are ‘special’ depends on if they have low-index planes.

7. The broad features of the GBCDs recorded here are
expected to be general for all fcc metals which twin
readily.
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