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Statistical characteristics of grain boundary
ensembles in variously textured copper

O. V. MISHIN*
Materials Research Department, Risg National Laboratory, DK-4000 Roskilde Denmark
E-mail: oleg.mishin@risoe.dk

Microtextures, misorientation distributions and orientation correlations were investigated
in weakly and strongly textured states obtained during recrystallization and grain growth of
pure copper. A predominance of X3"(n> 1) boundaries was found in the condition with
weak texture, while mainly low-angle and X3 boundaries were observed in the strongly
textured state. The influence of texture on the microstructure and misorientation
distribution is discussed. The misorientation distribution of nearest neighbours in face
centred cubic materials prone to annealing twinning is influenced by the “matrix-twin”
orientation correlation. Such a correlation is prominent in copper with a weak texture. The
influence of this orientation correlation is significantly reduced in the presence of a strong
texture. In strongly textured copper, X3 boundaries can be divided into two groups: true
twin boundaries, i.e. boundaries between a twin and its matrix, and boundaries between a
twin and its non-matrix neighbour with an orientation close to the matrix grain. These two
groups are characterized by different morphologies of £3 boundaries and different
deviations from the exact twin relationship. © 7998 Kluwer Academic Publishers

1. Introduction (55%) of low-angle boundaries has been observed in a
The misorientation between grains is known to bestrongly textured condition, while states with weaker
one of the most important parameters for charactertextures revealed considerably lower fractions of low-
izing grain boundary (GB) geometry. To characterizeangle boundaries [7]. In pure Al, grain growth caused
the grain boundary network in polycrystalline materi- strengthening of the initial texture [8]. The total fraction
als, GB misorientation (or character) distributions areof low-angle boundaries reached 70%. Correspond-
widely used. Since misorientations are dependent oimgly, the fraction of high-angle boundaries was re-
grain orientations, it is expected that there might be aluced. A somewhat lower frequency (approximately
relationship between crystallographic texture and grair87%) of X 1 boundaries was observed in afibre-textured
boundary misorientation distribution. This problem hasAl film [9]. Pronounced annealing texture appeared to
been exploited in several works, for example [1-4].be a reason for many (approximately 29%) low-angle
Most of these works, however, do not take into ac-boundaries in SUPRAL 2004 [10]. All these materials,
count possible orientation correlations between adjahowever, are characterized by relatively high stacking
cent grains and clustering effects, which may occur irfault energies.
real microstructures. The aim of the present study is to analyse the grain
The grain boundary distributions in annealed faceboundary distribution in a material susceptible to an-
centred cubic (fcc) materials with low and medium val- nealing twinning with a strong texture developed during
ues of stacking fault energy are known to be influencedecrystallization and grain growth. It is well known that
by a strong “matrix—twin” orientation relationship [5]. a very strong cube texture in copper and some other fcc
It has been suggested [6] that the texture has a minanaterials may be formed using simple thermomechani-
effect on the grain boundary distribution in these mate-cal treatments. On the other hand, copper is susceptible
rials since similar GB distributions have been revealedo annealing twinning and a high frequency of twin
in materials with different textures. It is pertinent to boundaries is readily achieved during recrystallization.
mention that strongly textured materials prone to twin-Recent results [4, 11] provided experimental evidence
ning have not been considered there. of the possibility of controlling grain boundary and
In a material with a strong texture, there should betriple junction distributions by altering the crystallo-
a high fraction of crystallites with similar orientations graphic texture in pure copper. In this work, the grain
thatform low-angle (neaX 1) boundaries. Strongly tex- boundary ensembles in variously textured copper are
tured fcc materials have been studied in a number opresented and discussed in detail. Orientation correla-
works [7-10]. In Al-0.3 wt % Mg alloy, a high fraction tions in this material are investigated here.

* Permanent address: Institute for Metals Superplasticity, Russian Academy of Sciences, Ufa, Russia.

0022-2461 © 1998 Kluwer Academic Publishers 5137



2. Experimental procedure ~N&J
An ingot of high-purity (99.9995%) copper was used L«- {

A

in this experiment. Different thermomechanical treat- ;4% p;
ments were performed to obtain two states with stron¢ /')
and weak textures. The initial ingot was rolled 50% )= 1%,
at room temperature and annealed at 773 K2ft in V.’g‘ré' y

a salt bath to provide a weak texture (sample A). A ix‘;‘i;' gﬁ?‘ fi

;5’5?3,
AT p 44
N, )

part of this annealed sample was used to generate % 5z /7 '
strongly textured condition (sample B). Subsequently ¥£ J&’f‘d i
it was heavily (95%) rolled and several additional suc-& 1, g = & 28"
cessive annealings at different temperatures (473, 77 v ;.‘.\"‘:
and 973 K) were performed to generate a cube tex’ =, "L“‘ e
ture in the course of recrystallization and to strengther. VIR &% o
this texture during grain growth. The rolling plane sur- (@
face of these samples was polished mechanically an s
electrochemically, etched in a solution of ammonium &
peroxidisulfate and studied using both optical and scan §
ning electron microscopy (SEM). The grain size was
measured by the linear intercept method, taking into ac;
count all crystallites regardless of whether or not they!
had low-angle or twin misorientations to their neigh
bours. The mean size of crystallites was aboyt it0in
both samples. Local orientations were measured usin \
the electron backscatter diffraction (EBSD) technique
in a scanning electron microscope. In sample A, orien &
tations of 304 grains were measured in three differen
regions (in [11], 164 orientations were analysed in this
state). In sample B, 234 orientations were collected in (b)
four regions. Misorientations between grains were cal- _ )
culated from these data in terms of axis—angle pairs witfy'9ure 1 Microstructures of sample A (@) and sample B (b). Marker is
.. . . . . parallel to the rolling direction.
minimum equivalent misorientation angles. In all, 708
and 509 misorientations between adjacent grains were
considered in samples A and B, respectively. The CSIZ1-£1-1 or ¥1-21-21-%1 junctions. Within
boundaries were categorized using the Brandon critethese grains, twins formed straight “matrix—twin”
rion A6, = 15° £~/2[12]. Macrotextures were studied boundaries, with the twin long axis aligned at an an-
using a fully automated X-ray goniometer. Sample Agle of approximately 45to the rolling direction, as
revealed a weak, nearly random texture. An extremelybserved in the rolling plane (Fig. 1b). When misorien-
strong cube texture and its twin component formed intations between adjacef@ 0 1}(1 0 0 grains were suf-
sample B. ficiently small, the boundaries between a twin and its
non-matrix neighbours belonging to the cube texture
(see Fig. 3) also produced th&3 relationship. Over
3. Results a relatively long distance, these boundaries revealed
Many twins are observed in the microstructure obtainecgsome curvature.
in sample A (Fig. 1a). Straighi£3 boundaries with or While most of£3 misorientations were close (within
without steps are distinguishable in this microstructure3°) to the ideal 60 (1 1 1) twin relationship in sample A,
Twins frequently appeared as alternating crystallitesa wide spread of angular deviations}, from the ideal
with a twin relationship to matrix grains. Orientations of twin relationship was found in sample B. The angular
alternating twins were either measured locally in eactdeviations for eactE3 boundary were analysed with
twin plate or an orientation of a coarser crystallite wasregard to its morphology in state B. The deviations for
ascribed to the extremely fine twin lamellae appearing=3 boundaries normalized with respect to Brandon’s
in the same twin variant within a matrix grain. A fairly maximum angular deviatiom 6., for twin boundaries,
uniform distribution of local orientations was obtained i.e. 8.66, are given in Fig. 4 as a function of the GB
in sample A (Fig. 2a). length. The data presented in Fig. 4 show that there is
Astrong cubg0 0 1}(1 0 0 texture with aminortwin  a significant difference in the deviations from the exact
{212(122 component (Fig. 2b) characterizes sam-twin relationship for the two groups &3 boundaries.
ple B. Almost 65% of crystallites had orientations of Most of the boundaries between twins and their matrix
the cube texture (within T5from the ideal cube ori- grains were closer to the ideal twin relationship than
entation — see Fig. 2¢). In this sample, different crys-other ¥3 boundaries. The meand/Aé. value was
tallites contained either few internal twins or did not equal to 0.14 and 0.64 for the “matrix—twin” boundaries
contain them at all (Fig. 1b). Adjacent cube-orientedand boundaries between twins and their cube-oriented
grains formed low-angle boundaries; and consequenteighbours, respectively.
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Figure 3 Sketchillustrating possiblE 3 boundaries in strongly textured
copper: boundaries WTW, W;-TW and W—-TW' are “matrix—twin”
(true twin) boundaries; boundaries AWTW, W,—TW', W5—TW' and
We—TW are “neighbour—twin” boundaries between non-matrix grains
and twins. Symbols W and TW denote grains with the cube orientation
and its twin component, respectively.
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Figure 4 Normalized deviationsA6/ A6, versus GB lengthd.,., for
two groups of£3 boundaries in strongly textured copper.

aries byXx value is shown in Fig. 7. It is seen that the
misorientation distribution of the nearest neighbours in
variously textured copper are dissimilar primarily in
the fractions of£1 andX3 boundaries. The high fre-
guency of low-angle boundaries distinguished strongly
textured condition B from state A with the nearly ran-

Figure 2 Microtextures of the prepared conditions: (a) sample A; and 4o texture. In state B. the percentage of low-angle

(b, c) sample B. The ideal positions of the cuf@01(100 and

{212(122 components are indicated (c).

boundaries was nearly an order of magnitude higher
compared with condition A. On the other hand, in sam-
ple A the total fraction of23"(n > 1) boundaries sig-

The distribution of misorientations in two samples is nificantly exceeded the corresponding fraction revealed
given in terms of distributions by misorientation anglesin the strongly textured sample B.

(Fig. 5) and misorientation axes (Fig. 6) within the stan-

To investigate the effect of possible orientation cor-

dard stereographic triangle (SST) divided into the zoneselations, the distributions of GBs between adjacent
according to Mackenzie [13]. A high fraction of misori- grains were compared with those of all mutual misori-
entations between adjacent grains is concentrated in trentations [5, 10, 14]. The mutual misorientations were
vicinity of 60° for sample A (Fig. 5a). Misorientations calculated between all crystallites in each region re-
less than 15and around 60are frequent in sample B. gardless of whether or not the crystallites were near-
In both samples, relatively high fractions of misorien- est neighbours in the microstructure. EachNofori-

tation axes fall into a small zone near i€l 1) pole of

entations was compared with all other orientations in

the SST (zone 7 in Fig. 6). The distribution of bound-the inspected region. This gal(N — 1)/2 mutual
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Figure 5 Distributions by the misorientation angles in sample A (a, c) and sample B (b, d); misorientations between nearest neighbours (a, b) and all
mutual misorientations (c, d). Solid line (c) corresponds to the misorientation distribution in the random aggregate [15].
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Figure 6 Distribution of misorientation axes within the SST.

misorientations from the data set. The distributionsshow the differences between the distribution of all
of mutual misorientations were drawn from the cu- mutual misorientations and the misorientation distri-
mulative numbers of all mutual misorientations col- bution of nearest neighbours in the two states. Itis seen
lected from all regions studied in each sample. Figs 5—that the distribution of all mutual misorientations in
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Figure 7 Distribution of grain boundaries by, value & < 27).

sample A is similar to the random distribution calcu- the fraction of high-angle boundaries in the misorien-
lated by Mackenzie [13, 15], while there are no princi-tation distribution after grain growth [17].
pal differences in the distributions of mutual misorien- It is noteworthy that in both conditions only bound-
tations and misorientations at GBs in sample B. aries with lowX values (twin boundaries in sample A
or low-angle boundaries in sample B) occurred with
higher frequencies after grain growth. Also, increased
fractions of CSL boundaries in the presence of strong
texture have been reported in Fe—6.5 wt % Si and\Ni
S [18, 19]. In the present experiment no single high-angle
State(;hvsi:ﬁ(;;enl}Igrlsg]trg%ustilzoent?ut significantly different CSL misorientation could be distinguished as occurring
more frequently in the strongly textured condition than

Le(;(ljtrfltje;ri;esvealed quite different distributions of grain, . sample A. On the contrarg;9 andx 27 boundaries,

. which could be formed by encounters of twin bound-
Inthe strongly textured sample B, the total fraction of _ . . . .
n X . - aries, appeared with an increased percentage in weakly
23" (n > 1) boundaries was approximately half that in textured sample A
sample A. Nevertheless, the percentages ®bound- '
aries were fairly high in both conditions (41.5 and 23%
in states A and B, respectively). The predominance of
twin boundaries in the misorientation distributions in 4.2. Orientation correlation effects
copper is attributed to the process of annealing twin-The occurrence of low-angle boundaries between near-
ning. The boundaries £ 3" type withn > 1 occurred est neighbours was governed primarily by the volume
by encounters of twins of different orientations. fractions of closely oriented grains. The fractions of
The high fraction of low-angle boundaries (54%) in these boundaries between nearest neighbours and of
specimen B is obviously connected with the very strongall mutual misorientations were found to be similar in
cube texture present in the given condition. A strongboth states (see Fig. 7). However, low-angle boundaries
cube texture is usually formed in heavily rolled copperbetween the nearest neighbours tend to have smaller
during primary recrystallization. Cube-oriented grainsmisorientation angles than those in the distributions of
have a larger average growth rate during recrystallizaall mutual misorientations in strongly textured copper
tion [16]. Therefore in the recrystallized state, they are(Fig. 5b, d).
larger than surrounding grains of other orientations, In the case of weak texture all available orientations
thus producing a pronounc¢d0 1}(1 0 0 texture. Ad- appeared in approximately equal proportions and no
ditional annealing leads to the growth of recrystallizedpreferred texture formed. For this reason, crystallites of
{001(100 grains giving rise to their impingement similar orientations could rarely contact along a com-
[17]. In such a process grains of similar orientationsmon boundary. The distribution of all mutual misori-
meet, forming low-angle boundaries. Other grains tendentations in this state is akin to the random Mackenzie
to shrink and disappear, thus resulting in a decrease idistribution [13, 15]. Indeed, in a material with a nearly

4. Discussion
4.1. The influence of texture on GB
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random distribution of orientations, a misorientation of twin boundaries separating matrix grains were deter-
distribution close to the random case could be expectethined by the size of crystallites within which twinning
if no orientation correlation between different grains events occurred.
exists, but this has not been observed in materials prone In strongly textured copper, twin boundaries formed
to twinning. not only between a twin and its matrix (true twin bound-
Twin boundaries were reported to appear in high fracaries), but the same twin could foff8 boundaries with
tions in statically recrystallized stainless steels with dif-neighbours slightly disoriented from the matrix grain
ferent multicomponent textures [6, 20], though their(see Fig. 3). Therefore, a wide range of deviations from
fractions in the distribution of all mutual misorienta- the exacttwin relationship was obtained. The deviations
tions were relatively low [5]. Similar results were ob- for most“cube neighbour—twin” boundaries were larger
tained by Heidelbacét al.[21] in annealed copper with than those for true twin boundaries (see Fig. 4). Obvi-
multicomponent textures. A great discrepancy in theously, many “cube neighbour—twin” boundaries classi-
fraction of 3 boundaries was found by comparison of fied asx 3 according to Brandon'’s criterion are unlikely
the GB character distributions calculated between adjato reveal special properties. Only half of them satisfy a
cent grains and between randomly selected orientation®ore restrictiveAd, = 15° £~/ criterion [24], where
in annealed nickel with weak textures [22]. a 6.00 deviation from the ideal twin misorientation is
Therefore, it is not surprising that the mut#aB"  considered as a structural limit f&3 boundaries. Fur-
misorientations in “textureless” copper were only thermore, such{00 1}(1 00 neighbour-twin” bound-
slightly more frequent than in the random distribution, aries with small deviations from the ide&B relation-
whereas the frequencies &f3, X9 and 27 bound- ship may not be associated with1 1} GB planes and
aries between adjacent grains exceeded greatly the cdherefore, may have a higher GB energy than coherent
responding random fractions. Even in the strongly tex-segments of “matrix—twin” boundaries.
tured material, where only grains with the cube and its Considering the relative GB lengths of these two
twin components occurred with increased frequenciesgroups of boundaries, “matrix—twin” boundaries tend
>3 boundaries between neighbours appeared more frée be longer tharz3 boundaries between twins and
quently than would be expected excluding any ori-their non-matrix neighbours. Of course, some twins,
entation correlation. Also, in sample B3 bound- e.g. corner twins (see Fig. 3) can form relatively long
aries between neighbours had misorientations closer t&3 boundaries with their non-matrix00 (100
the ideal 60(1 1 1) twin relationship (compare Fig. 5b neighbours. Nevertheless, more than 60% of the
with d and the percentage of misorientation axes in thécube neighbour—twin"x3 boundaries were shorter
vicinity of the (1 1 1) pole of the SST — zone 7, Fig. 6). than 20um, while the corresponding fraction of the
The prevalence of twin boundaries between adjacertmatrix—twin” boundaries was only 25%. Apparently
grains over their frequencies in the distribution of all during grain growth in the presence of strong texture,
mutual misorientations is, nevertheless, essentially rethe microstructure evolves in such a manner that the low
duced in the presence of strong texture. The fractiorGB energy of straight twin segments permits the per-
of X9 boundaries in the distribution of neighbours is sistence of relatively long boundaries. These true twin
not much different from that in the distribution of all boundaries are characterized by small deviations from
mutual misorientations. THB27 boundaries constitute the ideal>3 misorientation. Boundaries between twins
low fractions in both these distributions. In sample B,and their non-matrix neighbours of a dominant texture
the misorientation distribution of nearest neighbourscomponent are mostly shorter, can be curved and have
resembles the distribution of all mutual misorienta-larger deviations from the exa&3 misorientation.
tions. This observation qualitatively agrees with the
results of Pan and Adams [9], who compared misori-
entations across grain boundaries with a computer sim- .
ulated CSL distribution in a fibre-textured aluminum 5- Conclusions . _ .
thin film. Since in a strongly textured material, orien- 1. Grain boundary ensembles were investigated in
tations of available grains occupy a very limited orien-Weakly and strongly textured states generated during
tation space, there is little opportunity to produce somdecrystallization and grain growth in pure copper. It
specific orientation correlations. Strong texture (cubevas found that differences in crystallographic texture
plus twin-to-cube components) in sample B causes théormed in these conditions markedly influenced the

predominance oE1 andx 3 boundaries in the misori- 9rain boundary distribution. o
entation distributions (see Figs 5b, d and 7). 2. The microstructure with a nearly random distribu-

tion of orientations (weak texture) is characterized by a

high fraction of£3"(n > 1) boundaries. Strengthening

of the cube{001}(100 texture leads to an increase
4.3. Characteristics of ¥3 boundaries in in frequency of low-angle boundaries at the expense of

strongly textured copper other GBs.

In sample A,X3 boundaries are easily recognized by 3. The misorientation distribution of nearest neigh-
the straight morphology associated with their “matrix—bours in fcc materials prone to annealing twinning
twin” nature. A transmission electron microscopic is influenced by the “matrix—twin” orientation corre-
study [23] has shown that straight segments on the lontation. Such a correlation was prominent in weakly
sides oftwinsinthissamplehétil 1} /{1 1 1} planein-  textured copper, although all mutual misorientations
dexes, i.e. were coherent twin boundaries. The lengthdemonstrated no predominance 8" relationships.

5142



The influence of this orientation correlation may be 2.

significantly reduced in the presence of an extremely
strong texture. In this case, misorientations between
nearest neighbours and all mutual misorientations are

determined primarily by the crystallographic texture s

(dominant cube and its twin component).

4. In strongly textured copper, twins are surrounded 6.

by cube-oriented grains. In this sta®3 boundaries
with different deviations from the ide&l3 misorienta-

tion are formed around a twin. The morphology of these g

boundaries appeared to be related to the deviations from
the ideal twin relationship. The misorientations across

straight “matrix—twin” boundaries were close to the ex- -

act twin relationship. Boundaries between twins and,
their non-matrix neighbours of a dominant texture com-

ponent are mostly shorter, less linear and generally hava.

larger deviations from the exa&t3 misorientation. 12.
13.
14.
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