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Abstract

Next-neighbor misorientation distributions (NNMD) in severely deformed polycrystalline materials are commonly measured by ori-
entation imaging. A procedure is proposed which enables the separation of NNMD of ultrafine-grained materials into two parts: the
distribution of misorientations between newly emerged grains within the original (“parent”) grain interior (“internal daughter grains™)
and the distribution of misorientations between grains adjacent to an original grain boundary on its opposite sides (“grain boundary
daughter grains”). The procedure is based on electron backscatter diffraction orientation map analyses carried out on different planes
of deformed samples considering the evolution of the grain size and shape during severe plastic deformation. It was applied to copper
processed by up to three passes of equal-channel angular pressing. A characteristic feature of the measured NNMD is the occurrence of a
double peak, which is clearly due to the differences between the NNMD of the two distinct populations of new grains defined above. The
peak at low angles represents mainly the continual grain subdivision process in the interior of a parent grain (and is associated with inter-
nal daughter grains), while the peak at large angles is due to the high angle misorientations of the grain boundary daughter grains.

© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Grain refinement achieved by applying large plastic
strains is one of the main reasons why severe plastic defor-
mation (SPD) processes have attracted much interest in
recent years. Among the most popular SPD techniques,
equal-channel angular pressing (ECAP) takes a special
place, mainly because it offers the possibility of producing
bulk ultrafine-grained materials in a relatively easy way [1].
The grain refinement process can lead to grain sizes falling
in the submicron range, or even <100 nm, thus approach-
ing nano scale. The identification of grains is an important
issue, and a very efficient tool for this task is electron back-
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scatter diffraction (EBSD). In particular, EBSD measure-
ments can generate a topological orientation map in
which orientations are distinguished by a color code.
Currently available commercial orientation mapping
software codes permit one to identify “grain” boundaries
using an imposed condition of minimum misorientation
from pixel-to-pixel orientation measurements (for example,
Channel5 from HKL Technology, TSL from EDAX).
From these boundaries, contiguous regions formed by con-
tinuous closed boundaries can be defined; they are usually
called grains if the minimum misorientation between the
regions on the two sides of a boundary is sufficiently large
(commonly 5-15°) (a low value of 2° is commonly used for
misorientation frequency analyses). Note that, owing to the
large plastic strain in SPD processing, the initial grain
boundaries (GB) cannot be distinguished from the new
boundaries that are induced by the deformation process.
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Average orientations can also be assigned to the grains
obtained as the averages over the orientations of the pixels
that form the grain. Then the misorientation between two
adjacent grains can be calculated from their average orien-
tations. It is also of great importance to analyse the distri-
bution density function v(#) of the misorientation angle 0
of the grains that constitute the measured orientation
map. Two types of distributions are of interest: the so-
called correlated and uncorrelated distributions. The corre-
lated one is defined in terms of the distribution density
function of misorientations between neighboring grains,
while the non-correlated one is calculated on the basis of
misorientations between grains randomly selected from
the grain population. In the present work, the correlated
distribution will be named the next-neighbor misorienta-
tion density (NNMD) function. Mackenzie [2] calculated
the uncorrelated distribution density function v(0) for a
face-centered cubic (fcc) polycrystal with a random distri-
bution of grain orientations, which is commonly referred
to as the “Mackenzie distribution”.

In SPD processing, one of the most important issues is
the grain size distribution due to the grain refinement pro-
cess. Pantleon [3] examined the problem of grain size deter-
mination from orientation maps obtained from EBSD.
Using a line-intercept method, he analysed the dependence
of the “chord”-length distribution on the choice of step size
(or pixel size) and the selected threshold value of the mis-
orientation. He also proposed a procedure to separate the
experimentally obtained misorientation distribution into a
part that describes the misorientations inside a grain and
another that presents the misorientations across the GB
only (obtained from the adjacent pixels on the GB along
an intercept line). He considered the grain-interior misori-
entation distribution to originate from fluctuations or noise
(“irrelevant” distribution), while the grain-boundary type
is assumed to be non-correlated between adjacent grains
(more exactly between neighboring pixels on the two sides
of a boundary). The non-correlated nature of the orienta-
tions of adjacent grains was recently questioned with
regard to materials refined by SPD: Beausir et al. [4]
showed that a scale-invariant correlation exists between
the distances between the centers of adjacent grains and
the misorientation angle of their average orientations.

The identification of the grain structure after SPD is of
importance, as it can provide quantitative measures of the
refined microstructure. The grain size distribution and the
average orientation of the identified grains can be used
directly in polycrystal plasticity modeling. They are readily
available in the most widely used commercial orientation
imaging software packages. These numerical codes, how-
ever, do not necessarily produce the most relevant informa-
tion about the structure. For example, they do not have the
feature of displaying the distribution density function of
the identified grain structure; they produce only the distri-
bution density function of the adjacent pixels of the mea-
surement. This information—however useful it may be
for certain purposes—is very different from the NNMD

function defined above. An example is displayed in
Fig. 1, where both density functions are plotted for Cu
deformed in a 90° ECAP die after three passes (the map
was taken on the TD plane; the deformation geometry
and further experimental conditions are defined in Section
2). The pixel-to-pixel misorientation frequency distribution
has a large peak at small angles, while the NNMD-based
one, obtained for the identified grains (using the same 5°
misorientation threshold), displays a much larger fraction
of high angle misoriented grains. It is important to point
out further differences in the techniques used to construct
these two types of distributions. In the case of pixel-to-pixel
methodology, the detected misorientations do not necessar-
ily correspond to a closed GB delineating a grain (even if
their distribution is commonly referred to as the “grain-
boundary misorientation distribution”). The frequency
value is also affected by the length of the detected bound-
aries as the number of pixel-to-pixel misorientations along
a boundary is proportional to its length. In the case of
NNMD, the misorientation values are all calculated
between identified grains (with closed GB) and each grain
(whether small or large) is counted with the same weight.
In conclusion, in order to obtain insight into the misorien-
tation frequency of polycrystals, the grain-based NNMD
function is more suitable compared with the pixel-to-pixel
misorientation distribution, and it will be employed in
the present work.

The aim of the present paper is to examine the corre-
lated misorientation distribution density function v(60) for
neighboring grains in a microstructure produced as a result
of ECAP. The population of neighboring grains changes
substantially, owing to the grain refinement process at large
strains. Any given original grain is replaced by a large num-
ber of smaller grains, and all these “daughter” grains have
their origin within the “parent” grain. For example, if one
makes a simplifying assumption of a cube-shaped parent
grain being progressively subdivided into smaller cube-
shaped grains, such a grain initially 20 pm in size will
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Fig. 1. Comparison between pixel-to-pixel (light gray) and grain-to-grain
(dark gray) misorientation distributions (correlated) after three passes of
Cu in ECAP on the TD plane. The theoretical Mackenzie distribution
(uncorrelated) is plotted by the solid black line.
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contain ~8000 new grains when the refined grain size goes
down to ~1 pm. The misorientation distribution between
these daughter grains is expected to be very different from
that associated with the neighbors that are situated across
the parent GB, i.e., between grains that stem from different
parent grains. When an EBSD measurement is carried out
after a high degree of grain refinement, the original GB are
not readily distinguishable from the newly emerged ones.
Consequently, it appears impossible to obtain a separate
misorientation distribution for the “inner” grains, i.e., for
those daughter grains within the same parent grain. In
the following, a statistical technique is proposed which
makes this distinction possible. The importance of obtain-
ing such an intrinsic misorientation function is that it sheds
some light on the physics of the grain subdivision process.

2. Experimental

Deformation of OFHC copper by ECAP was carried
out in a 90° die at room temperature. The one-pass sample
with dimensions 120 x 20 x 20 mm was deformed using
the Monash ECAP rig [5] with a cross-head speed of
2mms ', The initial grain size of the material was
24 um, and the texture was random. Numerous annealing
twins were present in the initial grain structure. The
deformed specimen was examined by EBSD on three differ-
ent sections, ED, TD and ND (extrusion, transverse and
normal direction, respectively) of the billet. A specimen
was cut from the middle part of the sample and mechani-
cally polished to 4000 grit using SiC paper, and then
electropolished for 20 s in an electrolyte of 25% orthophos-
phoric acid, 25% ethanol and 50% distilled water at 10V,
20 °C with a current of ~150 mA. The EBSD measure-
ments were performed by scanning electron microscopy
(SEM) using a JEOL 7001F FEG instrument with a step
size of 0.2 um. In order to have representative data, three
or four maps 80 x 80 um in size were measured for each
plane. X-ray texture was measured on the TD plane using
three pole figures on a GBC-MMA texture goniometer.

The three-pass ECAP sample with dimensions 100 x
10 x 10 mm was deformed using the ECAP rig at Metz
University [6] at room temperature with a cross-head speed
of I mms~! in route A. The initial grain size was 18 um,
and the texture was nearly random. Annealing twins were
also present in the undeformed sample. For EBSD, speci-
mens were prepared from the middle part of the ECAP
processed sample on the ED and TD planes. They were
first mechanically ground on wet SiC paper (grit 220-
2400) with Struers LaboPol-21 followed by electropolish-
ing using Struers Lectropol-5 at 15 °C with electrolyte D2
at a polishing voltage of 24 V. The electropolishing was
conducted twice for 20 s each time. The EBSD measure-
ments were carried out by SEM on a LEO 1530 FEG
instrument with a step size of 0.1 um. Automated orienta-
tion analyses of the Kikuchi patterns were performed with
the Channel5 software package produced by HKL Tech-
nology. The map sizes were 80 x 100 pm on the TD and

80 x 110 pm on the ED plane. Texture was measured using
synchrotron radiation in the middle part of the sample (for
more details see Ref. [7]).

3. Experimental results

Fig. 2 shows examples of EBSD patterns after one-pass
ECAP for each plane (one additional map was measured
on the TD and three others on the ED plane). For the
three-pass ECAP sample, the EBSD maps for two planes
(TD and ED) are presented in Fig. 3. These maps are larger
and contain more grains (owing to the smaller grain size)
than the single maps for the first pass and provide sufficient
statistics in terms of the number of grains. Figs. 4a and Sa
show the measured NNMD obtained on the ED and TD
planes of the one- and three-pass ECAP samples. For the
one-pass sample, all measured maps were considered in
the construction of the NNMD. The Mackenzie distribu-
tion is also traced in Figs. 4a and 5a to enable comparison
of the measured NNMD with a random distribution.

It should be emphasized again that the distributions
shown in Figs. 4a and 5a were calculated on the basis of mis-
orientations between identified neighboring grains, not
between measurement pixels, as is common in the literature,
see above. For this purpose, special software was developed
[8], which employed the following procedure. First, the mis-
orientation of each pixel with its four (north, south, east and
west) neighbors was examined. When the misorientation
exceeded the “grain tolerance angle” (here 5°), a boundary
was defined. Once all the pixel-based boundaries were
defined, a flood-fill procedure was applied to search for
sub-areas delimited by a closed boundary. Such sub-areas
were defined as grains. Their orientations were defined as
an average over the orientations of the pixels composing
the grain. Finally, the NNMD between neighbor grains
was constructed using these average grain orientations.

Textures in the form of {1 1 1} pole figures measured by
the diffraction techniques described above are displayed in
Fig. 6a and d for the one- and the three-pass samples,
respectively. Similar pole figures were also obtained from
the EBSD measurements (see Fig. 6b, ¢, e and f). All pole
figures were projected on the TD plane to facilitate the
comparison between them. From a statistical point of view,
the pole figures obtained using X-ray or synchrotron radi-
ation (Fig. 6a and d) can be considered as reference mea-
surements. Actually, the displayed textures agree very
well with the expected ideal orientations of ECAP textures
in Cu [9]. The pole figures obtained from the EBSD mea-
surements all follow the main trends of the reference fig-
ures; however, there are also some deviations. This is
particularly the case for the one-pass EBSD texture mea-
sured on the TD plane. Such differences are good indica-
tors of the quality of the statistically representative
nature of the data obtained from EBSD. An EBSD map
can be considered to be representative of the microstruc-
ture if it yields local textures consistent with the global tex-
ture of the material.
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4. Split of misorientation distribution

As discussed in Section 1, one can distinguish between
two types of correlated grain-to-grain misorientations: (i)
those between newly emerged daughter grains that origi-
nate within the same parent grain; and (ii) those between
daughter grains facing each other across an old GB sepa-
rating distinct initial parent grains. In accordance with
the definitions in Section 1, the first type will be called
the “internal” misorientation distribution and will be repre-
sented by the function v;,(6), while the second type will be
referred to as the “old boundary grain” misorientation dis-
tribution function, vopg(0). Fig. 7 schematically illustrates
these two populations. The measured total NNMD fre-
quency is

Diotal (0) = fincVint(0) + foBgLosa (0) (1)

Here, f;,, and fopg are the fractions of pairs of neighboring
grains (a pair being defined as a grain and one of its neigh-
bors) corresponding to the inner (“internal”) grains and to
the grains situated at the old GB, respectively. These frac-
tions will be determined below. A very similar decomposi-
tion was proposed by Pantleon [3], albeit for another
purpose: he examined the pixel-to-pixel misorientation dis-
tribution of the grain interiors and the same between the
two sides of large angle boundaries. In the present work,
grain-to-grain misorientations are examined, as presented
in Section 3.

The total number of pairs of grain neighbors N? con-
tained in the measurement plane indexed by p (p = ND,
TD or ED) can be calculated as

1
NP = ”lc))G (me + EN%BG> (2)

where N¥ and N{, are, respectively, the numbers of pairs
within the inner part and across the boundaries of a parent
grain. npg is the number of the original (or initial) grains
covered in the measurement, which is given by nfg =
Ar ./ ASGs With 4G the theoretical area of the parent
grains in their deformed state, and 4}, is the map area.
The division by 2 in the “OBG” part of Eq. (2) is necessary,
as the misorientations across an “old” GB have to be
counted only once for a pair of adjoining grains. Dividing

by N? on both sides of Eq. (2) leads to

<

Fig. 2. Examples of orientation maps after one ECAP pass in pure
copper: (a) ED plane; (b) ND plane; (c¢) TD plane (axis units are in
micrometers). Boundaries with at least 5° misorientation are marked with
black lines. The color code of the orientations is also shown with the
direction of projection perpendicular to the measured plane. The region
labeled “Zoom 17 is examined further in Fig. 8. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Orientation maps after three ECAP passes in pure copper: (a) TD plane; (b) ED plane (axis units are in pm). Boundaries with at least 5°
misorientation are marked with black lines. The color code is the same as in Fig. 2. The region labelled “Zoom 2” is examined further in Fig. 8. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Gant @ NICJ)BG =1 (3)
NP 2 NP

On the basis of this relation, the two fractions (or, in

other words, the two weight factors) attributed to the

two types of misorientations introduced in Eq. (1) can be

defined as

o

N° . NV
fo= ”%GN—;a fop = % ;;EG (4)

The following relation between the fractions defined
above is fulfilled:

S T 1o =1 (5)

Substitution of N from Eq. (2) in Eq. (4) yields the fol-
lowing expressions for the two fractions, or weight
functions:

fP — me fp — Nf)BG (6)
mCND 3N TP 2Np, + Nogg

The relative fractions of the two distributions intro-
duced in Eq. (1) can be calculated from Eq. (6) if N%,
and N?,. are known. In the following, a procedure is
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(b) Split distributions

Fig. 4. (a) Experimental neighboring grain misorientation distribution
after one ECAP pass for copper obtained on the TD plane (black) and on
the ED plane (light gray). (b) The split grain-to-grain misorientation
distributions; in light gray the old grain-interior frequency distribution
(vine(0)) and in dark gray the old boundary layer grain distribution
(voBa(0)).

presented which enables a good estimation of these quanti-
ties to be obtained. It is sufficient to determine only one of
them, as Eq. (2) enables the other to be obtained.

With the new OIM software [8], it is possible to calculate
from the experimental EBSD maps the following quantities
that are of interest in the present analysis: the average
boundary length between two neighboring grains, (/%);
and the average number of interconnected first neighbors
around a grain, (c}) .

The average boundary length can give the approximate
number of new grains located on one side of the original
GB by Loge/(5), where Loy is the average boundary
length of the parent grain in its deformed state. The aver-
age number of interconnected grains (cf) is a parameter
borrowed from information technology (network system
of computers [10]) which in its present context means the
number of neighbors of a grain which are themselves neigh-
bors (or can “communicate with” in its IT meaning). For
illustration, some special cases for this quantity are dis-
played in Fig. 8a. When only one isolated new grain is sit-
uated along an original GB, then (c%) = 1. When a new
grain is surrounded at all sides with other new grains in a
hexagonal pattern, then (¢?) = 6. Using the quantities

defined above, the number éf pairs of neighbors for one
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(b) Split misorientation distributions

Fig. 5. (a) Experimental neighbor-to-neighbor grain misorientation dis-
tribution after three ECAP passes in copper obtained on the TD plane
(black) and on the ED plane (light gray). (b) The split grain-to-grain
misorientation distributions; in light gray the old grain-interior frequency
distribution (v, (0)) and in dark gray the old boundary layer grain
distribution (vopg(6))-

parent grain across its new boundary in the deformed state
can be estimated as

() Lo

NIZ)BG = 2 <l§> (7)

The division by 2 in Eq. (7) expresses the assumption
that, for a given grain in the old GB region, about half
the neighbor grains are situated on the opposite side of
the initial GB.

One may argue that the above estimation could be used
only for a relatively uniform microstructure. Indeed, the
EBSD maps, especially at the lower strain (after one ECAP
pass) show features of non-uniformity. There are zones
that contain few grains and others with many grains.
Selected areas taken from the TD section EBSD map of
pass one and from the ED section of the three-pass ECAP
material are shown in Fig. 8b and c. The dotted lines delin-
eate zones with very different microstructures. Regardless
of the number of passes, the microstructure is inhomoge-
neous. Areas | and 4 are quite homogeneous in terms of
grain fragmentation. By contrast, Areas 2 and 3 display
heterogeneous grain structure exhibiting many incomplete
(non-closed) boundaries and a few isolated grains. These
inhomogeneities are probably due to the orientation
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(c) One-pass EDSD from ED plane

(e) Three-pass EBSD TD plane

(f) Three-pass ESBD from ED plane

Fig. 6. (11 1) pole figures projected on the TD plane of the textures obtained from (a) X-ray diffraction; (b) synchrotron; EBSD after one-pass on (¢c) TD
plane and (e) ED plane; from EBSD after three passes on (d) TD plane and (f) ED plane. Iso-lines: 0.8-1.0-1.3-1.6-2.0-2.5-3.2-4.0-5.0-6.4 (x random).

In all pole figures ED is right, ND is top, and TD is the middle direction.

dependence of the grain fragmentation process; see recent
modeling results based on such an assumption in Ref.
[11]. These diverse features have a significant effect on the
two parameters introduced above, i.e., the number of inter-
connected neighbors (c?), and the average boundary length
between two neighboring grains (), which seem to be able
to account for such variability of the microstructures. Both
parameters were actually measurement-plane dependent;
their numerical values are compiled in Table 1.

The last parameter of the present calculation is the bound-
ary length of the initial (“old”) grain LY, in its deformed
state on different plane sections of the sample. It can be

obtained from the geometry of the deformation process if
the average initial grain size and the plane of the section
are known (see Appendix). The variation in grain size is
not considered in the present work, only the average value.
In this way, the calculated Lf,; value is also an average.
However, using a single value for the deformed grain size
does not mean that the Taylor approach of polycrystal plas-
ticity is adopted in the present work. Individual grains may
deform differently. Their average shape, however, always
follows the shape change of the macroscopic sample.

Note that all quantities in the above relations can be
obtained from the orientation imaging maps and the



L.S. Toth et al. | Acta Materialia 58 (2010) 6706-6716 6713

new grain on old grain-
boundary

Fig. 7. Schematic showing the trace of a boundary of an “old” grain (broken line) together with the newly emerged, finer grains represented by hexagons.
New grains that are sitting at the old GB are shaded.

Fig. 8. (a) Schematic illustration of the number of interconnected first neighbors around a grain for two “extreme” cases, the interconnections are
indicated by short thick segments, the blue line represents an old GB. (b and ¢) Zooms in the EBSD map after one-pass ECAP on the TD plane, and after
three ECAP passes on the ED plane, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 1

Average boundary length between two neighboring grains, (/7), and the average number of interconnected first neighbors around a grain, (c?), measured
from the EBSD maps on different planes of the one- and three-pass deformed samples; the calculated “internal” as well as the “old boundary grain” type
fractions are also indicated.

(£2) on TD (um) (£2) on ED (um) (cf) on TD (c?) on ED D 1o ED FE

int int

Pass one 1.1 1.6 2.5 5 0.726 0.274 0.509 0.491
Pass three 0.57 0.57 5.4 7.0 0.517 0.483 0.351 0.649
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geometry of the process. Now from Eq. (1), the internal
part of the NNMD function is expressed as
vine (0) = Viotal (0) —fOBGUOBG(H) (8)
fim

As mentioned above, two planes were selected for the
EBSD measurements: the ED and TD planes. The ND
plane was not used here, as the corresponding statistics
for old GB-type misorientations was insufficient for that
plane. Actually, in route A ECAP testing, the shape of
an initial grain remains the same on the ND plane, so that
only a small fraction of the new grains are situated along
the old GB. In contrast, the flattening process of the initial
GB that takes place on the TD and ED planes due to shear
increases the relative fraction fopg of the new grains situat-
ing at the old GB. Now it is observed that both v;,(6) and
vopg(0) are independent of the plane of measurement. This
statement can be made because, in this measurement, one is
dealing with two populations of misorientations which are
not intermixed. The deviations between the measurements
on different planes in Figs. 4a and 5a are due to mixing
of the two populations in different proportions, depending
on the plane. The misorientation values should not depend
on which plane they are measured on, assuming that the
orientation of the crystal lattice within a grain is uniform
in 3D. Possible non-uniformities within the new grains
are neglected in this approach, which is reasonable for
the fine-grained structure. Eq. (8) can be used twice for
two measurement planes, the ED and the TD:

ED _ /ED
Uim([)) — Utotal(e) EO];BG UOBG(G) (9)
Jint
D _ /TD
Uint(e) — Utotal(()) J:_OSBGDOBG(O) (10)

int
The distribution density function wvopg(f) can be
expressed from Egs. (9) and (10) as

UED, (0) ‘TD __ UTD, (0) "ED
UOBG(H) __ _total int total int (11)
o8/ — Josa it

All quantities entering Eq. (11) are known, which per-
mits vopg(#) to be calculated. Once vopg(#) is known,
vint(0) 1s obtained from Egs. (1) and (9) or (10).

5. Simulation results and discussion

Using the procedure described above, the experimental
misorientation functions shown in Figs. 4a and 5a were
split into two distributions; the “internal” and the “old
boundary grain” types. The results obtained are shown in
Figs. 4b and 5b for Cu that went through one and three
ECAP passes, respectively.

As can be seen from these figures, the two misorienta-
tion distributions are radically different. Within the parent
grain interiors, the misorientation frequency is high for low
angles, while the misorientations across old GB occur with
high frequencies for large angles. Comparing the latter

distribution with the random distribution represented by
the Mackenzie curve in Figs. 4 and 5, one can see signifi-
cant differences. After the first ECAP pass, the measured
frequency at misorientation angles around 60° is higher
than for the random distribution. This can be attributed
to the presence of annealing twins that are typical for cop-
per and only affect that population of misorientations of
new grains which border the old GB. This effect disappears
at larger strains, as is evident for the third ECAP pass
(Fig. 5b). It is also clear that a large population of new
grains that have relatively low misorientation angles exists
adjacent to the old GB. This may be a result of the devel-
opment of the texture which promotes such lower misori-
entation angles [3]. The internal misorientation
distribution can also be interpreted in terms of a mecha-
nism of progressive grain subdivision by dislocation cell
formation within parent grains with gradual accumulation
of misorientation between cells separated by dislocation
cell walls. In a recent model of grain refinement [11], when
interpreting the obtained misorientation distribution, it
was assumed that the part of the misorientation distribu-
tion associated with old GB was random. The present
results show that such a hypothesis is actually a rather
crude approximation.

There are also some negative frequency values which the
present analysis returned (cf. Fig. 4b) that need discussion.
Of course, such values are unphysical; however, as these
distributions were obtained from calculations, this may
happen in certain circumstances, as analysis of Eq. (11)
shows. With the present experimental data for the one-pass
sample (see Table 1), the denominator in Eq. (11) is posi-
tive, and hence only a negative value of the numerator
can lead to a negative vopg(0). Again using the experimen-
tal values for the weight factors obtained for the one-pass
sample, one can see that, for the frequencies to be positive,
the difference between vZ2 (0) and [P, (6) must not exceed
30% of the smaller of the quantities. This requirement,
however, is violated in experiment in some cases. This
may be a result of a deficiency in the statistics in a partic-
ular range of misorientation angles, meaning that the
experimental misorientation distributions obtained on dif-
ferent planes are not fully representative of the microstruc-
ture. Section 3 discussed the fact that the textures can be
used as indicators of the quality of the statistics, which
was not perfectly satisfactory in the EBSD maps for the
one-pass sample on the TD plane. Generally, it was esti-
mated that, in order to obtain statistically valid results with
the present analysis, at least 10,000 pairs of neighbor grains
should be present in an EBSD map for each section. For
the one-pass sample maps, the number of grains was
10,473 on the TD plane and 11,589 on the ED plane. Better
statistics were achieved for the sample that underwent three
ECAP passes, where these numbers were 28,946 and
31,727, respectively.

The technique proposed for deconvoluting the experi-
mental NNMD into grain interior and GB fractions may
be of great significance for understanding the mechanism
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of grain refinement. For example, in ECAP, the parent
grains in the ED section become extremely flat for large
numbers of ECAP passes, with the consequence that the
fraction of the old GB part of the misorientation function
becomes the major element in the total misorientation dis-
tribution function. Table 1 shows that, already after the
first ECAP pass, the fraction of misorientations across
the GB of the parent grains is 49% on the ED plane. This
value increases to ~65% after the third pass. Thus, the shift
of the total distribution towards large angles can simply be
a consequence of the geometry-driven changes in the shape
of the parent grains. Such results with respect to the overall
misorientation distribution were already observed as early
as in 1996 [12]. The situation is different if the material is
initially coarse grained or for different strain paths. For
example, Iwahashi et al. [13] studied the grain fragmenta-
tion in Al by ECAP, starting with a 100 um grain size
and obtained a grain size of 1.3 um after four ECAP passes
in route Bc. For this route, the initial grain shapes are
recovered exactly after four passes [14], thus, the fraction
of GB misorientations across the GB of the parent grains
becomes negligible. In route A, the large initial grain size
leads to old GB that are much more separated than those
obtained for smaller initial grain sizes; thus, the relative
fraction of new grains situated at the old boundaries is
smaller. Still, a large fraction of new grains can be present
at the old GB, but at a larger strain. For example, for a
100 pm 1initial grain size, the same effect on the split of
the NNMD is expected to be reached after five passes com-
pared with the 24 pm initial grain size material processed in
one pass.

It is often claimed that a large number of ECAP passes
are needed to increase the fraction of large angle GB. In
light of the above considerations, the observed shift
towards large misorientation angles in a grain structure is
due to the grains adjacent to the GB of the initial grains.
In the grain refinement model presented in Ref. [11], it is
suggested that fragmentation begins at the GB due to a
slow-down of lattice rotation in those regions, which pro-
duces lattice curvature. The present analysis supports that
hypothesis, providing experimental evidence for large mis-
orientations in the boundary regions of the initial grains.
New grains also emerge in the interior of the parent grains,
with a misorientation distribution which has a high peak at
low angles without showing large development with strain.
A comparison of the v, () distributions for the one- and
three-pass deformed samples in Figs. 4 and 5, respectively,
testifies to that. The differences in the misorientation distri-
bution fractions stemming from the two regions (“old
boundary” and “internal”) are documented in their charac-
teristics presented in Table 1. For the most part, though,
they are due to the geometry variation of the initial grains.

6. Conclusions

The present work has examined in detail the misorienta-
tion distribution functions measured on Cu samples

severely deformed by ECAP in route A up to three passes.
It has been found that the misorientation distributions
depend on the measurement plane. This dependence, as
well as other details of the evolution of the misorientation
distribution, were interpreted in terms of the geometry
changes of the initial grains. The main results of the present
studies are as follows:

1. A new statistical type technique was developed which
permits the misorientation distribution to be split into
the grain interior and the GB related constituents, with-
out the need to identify the old GB in actual experiment.

2. It was shown that the shift in the misorientation distri-
bution towards large misorientation angles caused by
grain fragmentation under SPD is mostly due to the
geometry changes of the initial grains constituting the
polycrystal. Against common belief, the grains emerging
in the interior of the parental grains only contribute to
small misorientation angles.
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Appendix A. Relations for grain shape changes in ECAP
route A

The dimensions of a deformed initial grain can be
obtained from the geometry of the process. The following
formulas refer to route A processing. Assuming that the
initial form of the grain is spherical, the simple shear pro-
cess of ECAP transforms it into an ellipsoid. The semi-
major axis ¢ and the semi-minor axis » of the correspond-
ing ellipse on the TD plane can be obtained from the fol-
lowing equations:

1
%:E(y2+2+y\/y2+4), c* =ab

where y = 2n is the total shear strain after n ECAP passes,
and 2c is the initial grain diameter. On the ED plane, the
old GB appear as ellipses with major axes parallel to TD.
The semi-minor axis of the ellipse on the ED plane, de-
noted by /, can be obtained from the following relations:

¢ \/bsinzowracoszoc o ! ¢ 2
—=4/- — = —arctg| —
1= Va b ’ 2AretE

where o defines the orientation of the ellipse on the TD
plane with respect to the ED plane, see Fig. 9. The major

(A1)

(A2)
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Fig. 9. Geometry of an old grain on the TD plane in ECAP.

semi-axis is given by ¢ on the ED plane. Once the two semi-
axes of the ellipse (¢ and b) are known, the circumference of
the ellipse, that is L&, , can be calculated using the
approximation of Ramanujan [15] on both the ED and
TD planes:

Jr— [3(a +5) —/(a+30)(3a+ b)} (A3)
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