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Abstract

The current understanding of the fundamentals of recrystallization is summarized. This includes understanding the as-deformed
state. Several aspects of recrystallization are described: nucleation and growth, the development of misorientation during
deformation, continuous, dynamic, and geometric dynamic recrystallization, particle effects, and texture. This article is authored
by the leading experts in these areas. The subjects are discussed individually and recommendations for further study are listed in

the final section. © 1997 Elsevier Science S.A.
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1. Introduction

The objectives of this article are two-fold. First, the
current understanding of the fundamentals of recrystal-
lization is summarized. This includes understanding the
cold and hot-deformed state. Next, with the state of the
art established, recommendations for future research
are made. Several aspects of recrystallization are de-
scribed. The authors of this paper are the contributors
to each aspect described in a separate section. These are
listed below with the authors of each section identified.
Overall editing was performed by external reviewers as
well as the contributors.

1. Introduction (R.D. Doherty and M.E. Kassner)

2. Theories of nucleation and growth during recrys-

tallization (R.D. Doherty)

3. Formation of deformation induced high angle
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boundaries and their effect on recrystallization
(D.A. Hughes and D. Juul Jensen)
4. Issues in texture development and simulation of
recrystallization (A.D. Rollett)
5. Second phase particles and recrystallization (F.J.
Humphreys)
6. Conventional dynamic recrystallization (DRX)
(J.J. Jonas)
7. Continuous reactions (T.R. McNelley)
8. Geometric Dynamic recrystallization (M.E. Kass-
ner)
9. The hot worked state (H.J. McQueen)
10. The role of grain boundaries in recrystallization
(W.E. King)
11. Recommendations for further study (all authors)
It is, of course, useful to carefully define the term
‘recrystallization’. The authors have agreed that recrys-
tallization is the formation of a new grain structure in
a deformed material by the formation and migration of
high angle grain boundaries driven by the stored energy
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of deformation. High angle grain boundaries are those
with greater than a 10—15° misorientation. Recovery
can be defined as all annealing processes occurring in
deformed materials that occur without the migration of
a high angle grain boundary. Grain coarsening can, in
turn, be defined as processes involving the migration of
grain boundaries when the driving force for migration is
solely the reduction of the grain boundary area itself.
These definitions are consistent with some earlier defin-
itions [1].

2. Theories of nucleation and growth during
recrystallization

2.1. Introduction

The theories and recent experimental insights into the
processes of nucleation and growth are reviewed with
emphasis on what is not yet fully understood. In the
light of these views, a range of needed new theoretical
and experimental studies is proposed to improve the
understanding and modelling of recrystallization mecha-
nisms.

The process of recrystallization of plastically de-
formed metals and alloys is of central importance in the
processing of metallic alloys for two main reasons. The
first is to soften and restore the ductility of material
hardened by low temperature deformation (that occur-
ring below about 50% of the absolute melting tempera-
ture, 0.57,,). The second is to control the grain structure
of the final product. In metals, such as iron, titanium,
and cobalt that undergo a phase change on cooling, the
grain structure is readily modified by control of the
phase transformation. For all other metallic alloys,
especially those based on copper, nickel, and aluminum,
recrystallization after deformation is the only method
for producing a completely new grain structure with a
modified grain size, shape, and, in particular, mean
orientation or texture. The subject has been recently
given a long overdue review in the monograph by
Humphreys and Hatherly [2] that nicely complements
the much earlier multi-authored volume edited by
Haessner [3]. This section aims to summarize the current
status of the still rather limited scientific understanding
of the two central processes of recrystallization—nucle-
ation and growth of new grains—with the objective of
focusing on what, in the authors’ opinion, seems to be
the necessary new studies for improved scientific under-
standing of the process. Although there is a great deal
of empirical knowledge of the microstructures that can
be produced during current industrial processing, the
ability to produce more nearly ideal microstructures for
different applications is very limited and it is in order to
gain improved control of recrystallization processing
that increased scientific understanding is needed.

During deformation energy is stored in the material
mainly in the form of dislocations. This energy is
released in three main processes, those of recovery,
recrystallization, and grain coarsening. The usual defin-
ition of recrystallization [1] is the formation and migra-
tion of high angle grain boundaries driven by the stored
energy of definition. On this definition recovery includes
all processes releasing stored energy that do not require
the movement of a high angle grain boundary. Typi-
cally, recovery processes involve the rearrangement of
dislocations to lower their energy, for example by the
formation of low-angle subgrain boundaries. Grain
coarsening is the growth of the mean grain size driven
by the reduction in grain boundary area [4,5]. Coarsen-
ing can take place by either ‘normal’ grain growth,
whose main mechanism is the disappearance of the
smallest grains in the distribution, or ‘abnormal’ grain
growth. The latter process involves the growth of a few
grains which become much larger than the average.

2.2. Discussion

2.2.1. Nucleation and growth in recrystallization

In all structural transformations there are two alter-
native types of transformation as originally recognized
by Gibbs, see for example Doherty [6]. In the first of
these, Gibbs I, typically called ‘nucleation and growth’,
the transformation is extensive in the magnitude of the
structural change but is, initially, spatially localized
with a sharp interface between the old and new struc-
tures. The second type of transformation, Gibbs II,
often described as ‘continuous’ or ‘homogeneous’ (the
best known example being spinodal decomposition), the
transformation is initially small in the magnitude of the
structural change, but it occurs throughout the parent
structure. In the range of processes seen on annealing
plastically deformed materials, both dislocation recov-
ery, that takes place before and during recrystallization
and also normal grain growth are clearly Gibbs II
transformations which occur uniformly throughout the
sample while recrystallization and abnormal grain
growth are Gibbs I transformations—at least on the
observational length scales of about 1-5 pm for recrys-
tallization or about 0.1-1 mm for abnormal grain
growth [2]. At these length scales, typically studied by
optical microscopy, the new recrystallized grain or the
abnormally large grains, are seen to be growing into the
prior structure with a sharp interface, a grain
boundary, as the ‘recrystallization front’ between the
deformed and new grains (see Fig. 1). The usual name
of ‘nucleation and growth’ for a Gibbs I transformation
is based on the two apparently distinct steps in the
process: (i) the initial formation of the new grain; and
(ii) its growth.
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In the scientific study of phase transformations, one
kinetic model of nucleation has been dominant. This is
the thermal fluctuation model initially developed in
physical chemistry [8,9] but applied very successfully to
solidification and then to solid state phase transitions
by Turnbull [10,11] as described very fully in the review
by Christian [12] and recently updated [6]. If there is a
volume free energy driving pressure of AG, (in units of
Jm~3 or Pa), an interfacial energy of y (in units of
Jm—2) between the old and new structures and, for
heterogeneous nucleation of a defect interface, a con-
tact angle 0, there is an energy barrier, AG*, to the
formation of a critically sized new region (usually called
‘embryos’) that are just stable and capable of growth.
AG* is given by Eq. (1):

AG* = {ay*/AGT}f(cos 0) (D

o is a number that varies with the shape of the new
region, for example « is 167/3 for a spherical nucleus,
and the function f(cos #), that is typically between 0.1

Fig. 1. Optical micrograph of partially recrystallized coarse grained
aluminum compressed 40%. The large grain has fragmented into two
misoriented regions, A and B, misoriented by about 40°. New grains,
13-17, and 19 have an A orientation and are growing into B; 1-8,
11, and 18 have a B orientation and are growing into A. As in all
examples of recrystallization, the inhomogeneous nature of the pro-
cess is clear. Bellier and Doherty [7] courtesy of Acta Metallurgica.

and 0.5, depending on the geometry of the defect [12].
In a matrix containing N, atoms per unit volume, the
density of critical embryos, n¥, is given by Eq. (2):

n¥* = N, exp( — AG* /kT) Q)

and the rate of formation of new grains, I, (m 3 s~ 1)
is:

1, = pn 3)

The kinetic parameter S involves various terms that
include the rate of atom addition to the embryo (pro-
portional to the interface mobility) and the reduction in
the equilibrium value of n¥, due to the loss of embryos
as they evolve into growing new particles.

As reviewed recently [6], the predictions of the kinetic
theory are found to be in excellent qualitative agree-
ment with a vast range of experimental behavior and, in
a few cases, for example, for homogeneous nucleation
in solidification and homogeneous precipitation reac-
tions with a low energy fully coherent interface between
phases of very similar structure (GP zones in Cu-Co
and ordered y’ precipitates, Ni;Al, in Ni—Al), quantita-
tive agreement as well. A major problem for the study
of nucleation in recrystallization is that it is easily
shown, for example [13], that given the typically low
values of the stored energy of deformation, AG, ~0.1-
1 MPa [2] and the high value of the energy of a high
angle grain boundary, y ~ 0.5 Jm~?2 [2] that AG* is so
large, of order 10® kT, that new grains cannot form by
the mechanism of thermal fluctuation even at tempera-
tures (7> 0.57,) where atomic and grain boundary
mobility are significant and where grains do indeed
‘nucleate’ and grow. That is, the observed rate of
formation of new grains is found to be almost infinitely
larger, by some impossibly large factor such as 10%°
times, than the nucleation rate predicted by the thermal
fluctuation model, Eq. (3).

As a result of this disagreement, it is now universally
recognized [2,14] that, as first proposed by Cahn [15] in
1949, the new grains do not ‘nucleate’ as totally new
grains by the atom by atom construction assumed in
the kinetic model. What happens is that these new
grains grow from small regions, recovered subgrains or
cells, that are already present in the deformed mi-
crostructure. One of the many important consequences
of this idea is that the orientation of each new grain
arises from the same orientation present in the de-
formed state [2]. This results has been experimentally
confirmed many times, see for example [14]. As dis-
cussed, for example, by Hatherly [16] and clearly
demonstrated by Haasen [17], new orientations can
develop in low stacking fault energy materials, that
form annealing twins, by growth twinning of a growing
new grain. In these cases, however, the original orienta-
tion in the deformed state can be tracked back from the
resulting first or, in some cases, in thin transmission
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electron microscopy (TEM) foils [17], higher order
twins. The critical difference between nucleation in
recrystallization and in the other types of structural
transformation such as solidification or the precipita-
tion of second solid phase, P, from a supersaturated
matrix phase, M, is that, in these latter cases the
required atomic arrangements characteristic of the new
structures do not exist in the parent structure (liquid or
M) and so must be built up atom by atom to the critical
size. This will take place at the rate given by Eq. (3). In
a deformed metal, for example heavily rolled alu-
minum, copper, or brass, even though there is a very
high defect density, the equilibrium fcc arrangement of
atoms is still present everywhere. The diffraction pat-
tern remains that of the fcc metallic structure in all
deformed fcc metals, though the diffraction peaks are
broadened. Strain broadened X-ray diffraction lines is
heavily cold rolled aluminum alloys with very high
strain hardening promoted by various solutes has been
reported recently [18]. In abnormal grain growth, the
equivalent situation occurs. The reaction involves a
very small minority of the existing grains starting to
grow at the expense of the vast majority of the other
grains, which do not grow at any significant rate [2].
Here again the special grains do not have to form; they,
like the embryos of the new grains in recrystallization,
are present in the starting structure. The question in
both cases, recrystallization and abnormal grain
growth, is how are the successful embryos or special
grains selected? The present review will address only the
case of the subgrain selection in successful regions in
recrystallization, although, in the opinion of the author,
the two topics have much in common, at least as
regards the problem of ‘nucleation’.

2.2.2. Grain boundary energy and mobility

Following the suggestion of Cahn [15] that nuclei
grew from deformed subgrains, the question arose over
40 years ago of why only a very small minority of
subgrains made this transition. A simple calculation
[13,14] indicates the magnitude of the problem. Moder-
ately deformed, polycystalline aluminum develops a
subgrain size of about 1 pm but after complete recrys-
tallization the sample can evolve to a grain size of
about 100 pm, see, for example, recrystallization of
moderately deformed aluminum [9]. An increase in
diameter of about 100 indicates a volume increase,
from the subgrain embryo to the final recrystallized
grain, of about 10°. This estimate indicates that only
about one subgrain in a million becomes a successful
recrystallization nucleus in moderately deformed alu-
minum. Cottrell [19] suggested that a critical reason for
this small probability of success was the low mobility of
most subgrain boundaries since most of the subgrains
have only a small misorientation with their neighbors.

Only subgrains with a high misorientation angle to the

adjacent deformed material appear to have the neces-

sary mobility to evolve into new recrystallized grains.

This old idea is completely supported by extensive

experimental evidence that ‘nucleation’ only takes place

at regions in the microstructure with high local misori-

entation. Evidence for this was reviewed in 1978 [14]

and subsequent studies strongly confirm this conclusion

[2]. Typical nucleation sites, all of which have high local

misorientations, include:

1. pre-existing high angle grain boundaries;

2. misoriented ‘transition’ bands inside grains between
different parts of the grain that have undergone
different lattice rotations due to different slip sys-
tems being activated (Fig. 1 shows an example of a
misoriented transition band between regions A and
B at which nucleation of new grains has occurred
[7D;

3. at highly misoriented deformation zones around
large particles;

4. within highly misoriented regions within shear
bands (these are bands of highly localized deforma-
tion seen in materials with high stored energies); and

5. at many places within very heavily deformed materi-
als (¢>3-5), such as highly drawn wires.

Humphreys and Hatherly [2] recently reviewed the
surprisingly limited studies of the orientation depen-
dence of grain boundary mobility in metals and con-
cluded that there were indeed very large mobility
differences of 100—1000 times, directly measured, be-
tween low angle (2—5°) and high angle (> 15°) grain
boundaries. In high purity copper, the low angle
boundaries showed activation energies close to that of
bulk diffusion (204 kJ mol~!) while the high angle
boundaries had the lower activation energies of
boundary diffusion (125 kJ mol~"') (see Fig. 2). In
low-angle, dislocation, boundaries, the rate determining
step appears to be vacancy diffusion between disloca-
tions, in near perfect crystal, while in high angle grain
boundaries the rate determining step appears to be the
atom transport by single atom jumps from the shrink-

ing to the growing grains in the defect structure of a

high angle grain boundary. Very recently Ferry and

Humphreys [20] produced direct evidence for the in-

crease of mobility in Al-0.05%Si subgrain boundaries

of about 14 times as the misorientation increased from

2 to 5° and 2500 times from 2° subgrain boundaries to

high angle recrystallization boundaries on annealing at

300°C. Fig. 1 shows examples of this effect. New grains

3 and 17 are only growing into the deformed regions A

and B, respectively, with which they are strongly mis-

oriented and not into the regions with which they share

a common orientation; 17 has a low angle misorienta-

tions with A and 3 with B [7].
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Fig. 2. The much lower mobility (K’) and higher activation energy of
low angle grain boundaries in high purity copper. From Humphreys
and Hatherley [2] derived from the results of Viswanathan and Bauer.

Humphreys and Hatherly [2] have also reviewed
other topics of importance to the consideration of grain
boundary mobility. These topics include the important
effect of solute drag and the possible role of grain
boundary structure. For solute drag, the main effects
seem quite well established in that solute, especially that
with low very limited solubility in the metal, strongly
adsorbs at grain boundary and acts to inhibit boundary
motion. The effect is most noticeable at very low solute
levels and one of its most dramatic influences on recrys-
tallization can be seen in ultra high purity aluminum
which, when deformed at low temperatures, can readily
recrystallize at or below room temperature (0.37,,), see
for example Haessner and Schmidt [21], while with a
more typical purity even as little as 0.01 wt.% Fe in
solution, the recrystallization temperature is very much
higher at 250°C (0.6T,,) [7]. The activation energy of
recrystallization, involving the movement of high angle
grain boundaries in the presence of solute, rises from
that expected for grain boundary diffusion (as seen for
very high purity material) to that of bulk diffusion of
either the solvent or the solute in metals of even moder-
ate impurity levels. The increase of activation energy in
the presence of solute raises the question of by how
much the higher mobility of high angle versus low angle
boundaries discussed above might be affected by solute.
The recent demonstration by Ferry and Humphreys

[20] for the retention of mobility differences of 1000
even in the presence of 0.05% Si in Al is reassuring as
it indicates the large difference in boundary mobilities,
previously found in very high purity copper, are quanti-
tatively as well as qualitatively similar to the effects
observed in commercially pure materials.

There is, in addition, the much discussed question of
the relative mobility of a few special high angle grain
boundaries, some of which are close to so called coinci-
dent site boundaries. An important example is X7 (that
is with one atom in seven coincident in position in both
grains) the 38° misoriented boundary with a common
{111} rotation axis. The higher mobility of this
boundary is central to one model of the ‘oriented
growth’ of fcc recrystallization texture [2]. It is clear
that, at least for the tilt boundaries of X7, boundaries
parallel to the {111) axis do have higher mobility than
average high angle boundaries, at least in the presence
of solute, but this appears to be offset by the signifi-
cantly lower mobility of twist boundaries [22]. A nice
demonstration of this provided by Ardakani and
Humphreys [23] who found the new grains with a near
40° {111 misorientation relationship with the matrix
in deformed single crystals of Al-0.05%Si grew ten
times faster in the tilt than in the twist direction. (The
tilt boundary is one with the common <{111) rotation
axis lying parallel to the boundary plane; the twist
boundary has the axis normal to the plane).

2.2.3. Transition from subgrain embryo to growing new
grain

It has been recognized for many years [24] that for a
subgrain to make this transition, possession of a high
angle misorientation is a necessary but not sufficient
criterion. The subgrain, to become a successful new
grain, must have, in addition, an energy advantage,
usually a larger size in order to be able to grow rather
than shrink and vanish. The need for both a size
advantage and a high local misorientation appears to
be a reasonable explanation of the rarity of the process,
discussed above. In an earlier review [14], it was noted
that the deformation process itself may, in some cases,
give a favored subgrain both advantages, high local
misorientation and a size advantage simultaneously.
The original model of Beck and Sperry [25] for ‘strain
induced grain boundary motion’ in which large sub-
grains on one side of a grain boundary can immediately
grow into the matching grain is a clear example of this
effect. Experimental evidence for this suggestion, from
orientation dependent stored energy, for example in
heavily cold rolled iron [26], is well established. How-
ever, in other cases, for example in moderately com-
pressed aluminum [7,27], there is often no significant
orientation dependent subgrain size differences pro-
duced directly by deformation. In this latter case, it was
found that the necessary size advantage of the sub-
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grains adjacent to high misorientations had to be devel-
oped by a second, thermally activated process subse-
quent to the deformation.

In the case of moderately deformed aluminum it was
found [27-29] that the second process was that of
subgrain coalescence. The coalescence of several sub-
grains on one side of a grain boundary was observed to
yield a subgrain large enough to grow rapidly into the
adjacent grain [27,28]. This coalescence process was
highly localized; it only occurred at isolated points on
the grain boundaries in aluminum, where misoriented
‘transition bands’, in the grain in which coalescence
occurred, reached the grain boundary [27]. A recovery
model based on the climb and cross slip of dislocation
loops that could successfully account for the location
and kinetics of the coalescence was subsequently pro-
posed and tested [29]. In work currently in progress,
Woldt (E. Woldt, private communication, 1996). is
directly reporting subgrain coalescence as occurring at
the grain boundaries in heavily cold rolled high purity
copper. Here the process gives a measured energy re-
lease preceding recrystallization [30] and so in this case
it appears to be occurring more generally than in the
more moderately deformed aluminum [27-29]. The de-
velopment of new grains by thermal recovery of the
‘deformation zone’ around large particles in cold de-
formed metals as ‘particle stimulated’ nucleation [2] is a
further example of a clear two-step nucleation process.
The first step occurs in deformation when misorienta-
tion develops in the deformation zone but with small
subgrains in the zone. The second occurs on annealing
when subgrain growth occurs within the deformation
zone giving the misoriented region the necessary size
advantage.

A more recent example of the difference between a
microstructure in which the necessary conditions of size
and misorientation were produced by deformation
alone and where a post-deformation anneal was re-
quired to produce this microstructure has been reported
by Samajdar [31]. He studied the deformed microstruc-
ture in a commercial purity aluminum that had been
plane strain extruded to two strains, 84 and 96% reduc-
tion, at 320°C. It was found that a portion of each
pre-existing near ‘cube’ grain, {100}<100), retained its
near cube orientation during deformation and, on
quenching from the extrusion press, the cube oriented
material had significantly larger subgrain sizes (and
smaller subgrain misorientations) than were seen in the
adjacent material, which was separated from the de-
formed cube regions by a sharp, high angle grain
boundary. In the case of the highest reduction, the
‘deformed cube bands’ were only one to two subgrains
thick, so the large subgrains were in direct contact with
the high angle grain boundary. As a result, recrystal-
lization started immediately on annealing and, in fact, a
small amount of recrystallization growth of the cube

embryos had begun in the material after quenching
from the extrusion press. However, the material with
the smaller extrusion reduction had deformed cube
bands that were about eight to ten subgrains thick. The
largest subgrains, which were seen to have the smallest
deviations from the exact cube orientation, were found
in the center of the cube band with smaller, and more
misoriented from exact cube, subgrains between them-
selves and the high angle grain boundary. On anneal-
ing, the latter material at a temperature in which
recrystallization went to completion in 250 s, there was
an incubation period of 50 s before any detectable
recrystallization occurred. During this period there was
a slow growth of the large subgrains in the center of the
deformed cube band to the edge of the band before the
much more rapid ‘recrystallization’ growth occurred of
the cube regions into the misoriented material of the
adjacent deformed band.

2.2.4. Formation (nucleation) and growth in
recrystallization texture development

A subject that has been a major dispute for over 50
years has been the origin of the strong recrystallization
texture often found after heavy deformation. In many
cases, after only moderate deformation, nearly random
textures are produced. On annealing after very heavy
reductions, a strong recrystallization texture is usually
found, which may involve the partial retention of the
deformation texture but quite often a very different but
very strong new texture forms. A classic example is the
formation of a very strong cube texture in some (but
not all) heavily rolled fcc metals [31]. The cube orienta-
tion is a finite but very small part of the deformation
texture. Two major alternative models exist for the
formation of a strong new texture—usually described
as ‘oriented nucleation’ or ‘oriented growth’ [1,31].

Oriented nucleation is the hypothesis that grains,
with an orientation that dominates the fully recrystal-
lized texture, nucleate more frequently than do grains
of all other orientations. To describe this quantitatively,
for example for the most discussed case of the forma-
tion of ‘cube’ texture after the recrystallization of heav-
ily rolled fcc metals such as Cu or Al, the fraction of
grains, by number, within a selected misorientation, say
10 or 15° from exact cube, o, must be normalized by
the fraction expected in a random grain structure, o,
[32]. The condition for a strong ‘oriented nucleation’
effect is that:

o=afou.>1 4)

That is, the frequency of the formation or birth of the
new cube grains is much higher than the expected
random frequency, so many of the grains will have the
special orientation. The oriented growth factor, f, is
determined by the relative sizes d_/d, of the cube to the
average grains [32]. That is, there is a strong oriented
growth effect if:
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p=dJd,>1 ©)

In the opinion of the present author, it would be
preferable to rename these two alternative models of
oriented nucleation and oriented growth as: (i) the
grain frequency effect; and (ii) the grain size effect. The
reason for this suggested change is twofold. First, there
is the confusion about the meaning of nucleation,
which as discussed above for recrystallization, involves
only the growth of a particular subgrain. Second, the
terms oriented nucleation and oriented growth are of-
ten taken to indicate specific mechanisms for the fre-
quency or size advantage. The use of the neutral terms
frequency and size effect avoids these problems. The
two measurable parameters, « and £, can describe the
phenomenon of the recrystallization texture quantita-
tively but leave for subsequent studies the determina-
tion of the mechanisms giving rise to the effects, see for
example [21].

An example of the first problem is illustrated by the
review by Hatherly [16] who concluded from the idea
that ‘the only orientations that are available to a nu-
cleus are those present in the deformed material’ that,
therefore, ‘an oriented nucleation theory could not
exist’. This argument is only valid if nucleation is
restricted to the formation of a new crystal. However,
the observation of «>1 is a real effect that needs a
description and an analysis. An example of the second
problem is the common observation that grain
boundaries close to the X7 orientation in fcc metals do,
at least for certain boundary plane orientations, grow
faster than other boundaries. This is clearly important
in some single crystal experiments in which a lightly
deformed single crystal is given many new grains by
localized deformation, for example at one end of a rod,
and all the new grains then compete with each other by
growth in one direction along the rod [1]. In this case,
any small growth advantage of a particular boundary
will lead to a dominance of one orientation. This is
clearly a size advantage and its mechanistic origin is
well established [1]. However, in cases of cube texture in
rolled fcc metals, the possession of a near X7 misorien-
tation between the new cube grains and a major com-
ponent of the deformation texture ‘S’. {123} <{634),
may or may not be responsible for the larger size of
cube grains sometimes seen in the recrystallized struc-
ture [1,22,33,34]. One interesting new suggestion for
understanding how different grain sizes might occur
(f>1) comes from Juul Jensen’s [34] hypothesis of
‘orientation pinning’, Fig. 3. This idea is that a recrys-
tallizing grain growing in a very heavily deformed
material can meet many regions of different orientation.
A grain such as cube, in most cases, will meet very few
regions of similar orientation with which is shares low
misorientation low mobility boundaries. Other grains,
especially with orientations within the deformation tex-

Fig. 3. Orientation pinning of a new grey circular grain when it meets
regions of similar orientation (also grey) with which it has low angle,
low mobility boundaries. After Juul Jensen [34].

ture, will meet many regions with similar orientations,
and thus, on average, will have lower mobility and
grow more slowly. Evidence supporting this idea of
orientation pinning was presented where, for several
examples of deformed aluminum, a value of > 1 for
the cube grains was found [34].

A very similar idea to that of orientation pinning was
put forward at the same meeting by Doherty et al. [35].
Their idea was called ‘variant inhibition’, Fig. 4. The
only difference is the recognition based on experimental
studies of warm plane strain extruded aluminum, is that
the deformed bands of nearly constant orientation are
stretched out in the extrusion direction, equivalent to
the hot rolling direction, so that very strong inhibition
of growth in the normal direction will occur. Grains
from a deformation texture component will be inhibited
from thickening by the low angle boundaries of the

Non- 3 -fibre
new grain

Fig. 4. Variant inhibition, the inhibited growth, in the normal direc-
tion, of a new grain belonging to one of the deformation texture
components when it meets a thin deformed band of similarly oriented
material. The spacing between the variants is Zy. The idea is identical
to that of Fig. 3 except for presence of the banded structure drawn
out in the rolling direction of warm rolled alloys. Such a thin grain
could be easily destroyed by grain coarsening by the thicker, uninhib-
ited grain whose orientation is found more rarely in the deformed
matrix. After Doherty et al. [35].
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same variant of the deformation texture component.
This analysis identified two important effects appar-
ently rising from the low mobility of low angle
boundaries formed between a recrystallizing grain and
deformed bands elongated in the rolling direction after
heavy plane strain deformation. Each of these con-
cerned values of the frequency parameter «. In the first
of these studies, low values of « were found for cube
grains in heavily deformed aluminum alloy [35] despite
having a high density of small initial cube grains that
on the previously successful model, developed by Sama-
jdar [31] from an idea of Duggan [36], should have had
a very large value of a. The recrystallized grains of size,
dr, were much larger than the intercube band spacing
A, given by:

e =dy(otgexp &)~ (6)

dy and «, are the mean grain size and cube grain
frequency in the metal before deformation.

When di ~ /. it was shown [31,36] that a very large
value of o was found for the cube grains. However,
when dy > 4, the expected value of « was observed to
fall [35]. To account for this failure, variant inhibition
was proposed. That is, the closely spaced cube bands
were suggested as hindering the formation (or the sur-
vival against grain growth) of new cube grains. Exactly
similar arguments applied to deformation texture orien-
tations which were able to account for the absence of
any detectable frequency of grains with these ‘retained
rolling’ orientation in the recrystallization texture of
heavily warm plane strain deformed aluminum alloys.

2.2.5. Role of the deformed microstructure on
recrystallization

It is clear from the ideas described above and from
many previous reviews of the subject, for example
[2,14,35], that understanding recrystallization requires a
detailed understanding of the deformed state. This re-
quirement arises since the formation/nucleation of new
grains is an instability of the deformed microstructure,
depending on subgrain size heterogenecities present as
potential embryos in the deformed state adjacent to
high local misorientation. The growth of the new grains
depends on both the mean stored energy [2] and on the
frequency of new grains re-acquiring a low mobility
boundary by meeting similar orientations in the de-
formed state [35,36]. At present, the microstructure
must be fully characterized experimentally for each
individual recrystallization study. When such a struc-
tural characterization has been carried out, for example
[7,20,24,27,31,36], the mechanisms of the birth and
growth of new grains are usually rather easily under-
stood, at least qualitatively. The investigation of the
microstructure calls for detailed studied of the average
texture, the size and misorientations of individual re-
gions on a grain by grain basis, using initially TEM

[24,26,27,37] and at an optical microscope or scanning
electron microscope (SEM) level, Kossel X-ray diffrac-
tion [7], or more recently, and much more conveniently,
by backscattered Kikuchi diffraction [22,31,34,35].
Such studies are very time consuming and, at present,
specific to a given alloy after a given deformation.
What is critically needed is an improved method pre-
dicting the detailed microstructures of deformed metals
at the appropriate length scale, within and between
grains [37,38] for a wide range of deformation condi-
tions. The methods of finite element modelling [39,40]
do seem to be becoming, at least potentially, rather
promising, though clearly much remains to be done in
developing the method and applying it [38].

3. Formation of deformation induced high angle
boundaries and their effect on recrystallization

3.1. Introduction

Microstructures and textures that develop during de-
formation set the stage for the changes that occur
during recrystallization. This section considers the mi-
crostructural and microtextural development during
cold to warm deformation and subsequent recrystalliza-
tion. First, the general microstructural evolution during
deformation is summarized and illustrated with some
examples. The formation of deformation induced high
angle boundaries within these structures is then consid-
ered since these boundaries have the high energy that is
important for recrystallization. Lastly, the conse-
quences of the deformed microstructure on the migra-
tion of annealing induced high angle boundaries during
recrystallization (growth) are discussed and illustrated
by specific examples.

The results presented are typical for standard defor-
mation modes including uniaxial compression, channel
die, plane strain compression tension, torsion, and
rolling. The section emphasizes medium to high stack-
ing fault energy (SFE) fcc metals including Cu, Ni and
Al and represents results on both single crystals and
polycrystals.

3.2. Deformation microstructures

A comprehensive compilation and review of research
on large strain deformation microstructures and tex-
tures prior to 1979 can be found in Ref. [41]. That
review includes the important early work on dislocation
boundaries and local orientations, for example
[24,42,43]. In that early work it was found that deform-
ing grains subdivide into misoriented regions and that
high angle dislocation boundaries form during defor-
mation. High angle boundaries are defined as
boundaries with misorientations greater than 15-20°
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[7]. Complementary to the next section, more recent
and shorter reviews of the large strain state can be
found in [44,45]. A sampling of individual current work
on deformation microstructures is provided by the Pro-
ceedings of Low-Energy Dislocation Structures I, 11
and IV and ICOTOM 11 [46—49]. The significant devel-
opments in the more recent work on deformation mi-
crostructures include an evolutionary framework for
grain subdivision [37], the ability to quantitatively char-
acterize large numbers of individual crystallites and
dislocation boundaries across grains with semi-auto-
matic transmission electron microscopy techniques
[50,51] and automatic EBSP (electron backscattering
pattern) in the scanning electron microscope [52,53],
and combinations of experimental observations with
crystal plasticity simulations and modelling of disloca-
tion boundaries [54-59].

3.2.1. Grain subdivision

Deformation microstructures are characterized by
grain subdivision into differently oriented regions [37].
Dislocation boundaries separate the rotated regions at
two size scales (and sometimes three for the case of
special crystals) from small to large strains. Equiaxed
dislocation cells comprise the smallest volume element.
At the next larger size scale, long flat dislocation
boundaries surround blocks of cells that are arranged
three to five deep between boundaries and several in
length (Fig. 5(a) and (b)). The long flat boundaries
include single walled dense dislocation walls (DDWs)
and double walled microbands (MB) at small to
medium strains. At large strains the cell blocks become
very flat and are sandwiched by lamellar dislocation
boundaries (LBs) that have replaced the small strain
DDW and MB structures. In contrast to the small
strain cell blocks, the cell blocks at the large strains are
usually one to two cells deep and several along their
length (Fig. 6(a) and (b)). Strips of equiaxed subgrains
are also observed at large strains.

The cells boundaries are classified as incidental dislo-
cation boundaries (IDB) [60] which have low misorien-
tation angles on average. The DDWs, MBs, LBs, and
subgrain boundaries are classified into a type of dislo-
cation boundary called geometrically necessary
boundaries (GNBs) [60] that separate differently de-
forming regions. These long GNBs are arranged in
parallel families and have special macroscopic orienta-
tions with respect to the deformation axis. Both GNBs
and IDBs increase their average misorientation angle
and decrease their spacing with increasing strain and
stress. However, GNBs increase their misorientation
angle and decrease their spacing at a much higher rate
than IDBs do. These structures that were originally
defined for cold deformation have also been observed
for warm deformation [61,62].

Fig. 5. Schematic (a) and TEM micrograph (b) of grain subdivision at
small strain. Nickel deformed by torsion, ¢,,, = 3.5. The direction of
shear is shown by the arrows.

Because of the complexity of deformation structures,
different dislocation boundaries have been classified
according to a detailed consideration of boundary mis-
orientation, morphology, spacing, crystallographic and
macroscopic orientation with respect to the deforma-
tion axis. Definitions for these structures and boundary
types have been given in [37] and a discussion of
nomenclature in this field was held during a workshop
on Fundamentals of Recrystallization in Zeltingen,
Germany, and documented in a Scripta Mater. Confer-
ence set [63].
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Fig. 6. Schematic (a) and TEM micrograph (b) of grain subdivision at
large strain.
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3.2.2. Formation of deformation induced high angle
boundaries

A wide spread in misorientation angles is observed
for GNBs and increases with increasing strain as a
function of the average misorientation angle. Thus, at
medium to large strains, some population of GNBs
have increased their misorientation angle to the extent
that they are classified as high angle boundaries. These
high angle boundaries have formed through the normal
cell block formation and associated dislocation pro-
cesses. A second and equally important source of high
angle boundaries occurs at intermediate strains and
arises by the introduction of coarse slip in the form of
S-bands [64]. Coarse localized slip in an individual
S-band follows the crystallographic slip direction. How-
ever, localized groups of S-bands cluster into strip-like
regions that have a macroscopic orientation with re-
spect to the sample axis, e.g. parallel to the normal
plane in rolling. Long high angle lamellar boundaries
form at the boundaries between these clustered S-bands
and matrix [64].

At the same time that these dislocation boundaries
are forming, a preferred crystallographic texture is de-
veloping. Large crystal rotations occur as part of this
texture evolution. During these large rotations, differ-
ent parts of a grain may rotate to different end orienta-
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Fig. 7. The disorientation angles measured across dislocation boundaries in the normal direction for aluminum 90% cold rolled show an
alternating character with distance. These boundaries separate finely distributed texture components as shown by the color shading.
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Fig. 8. Histograms showing the distribution of the magnitude of
disorientations across dislocation boundaries measured along the
normal direction (ND) of rolling in aluminum 90% cr. Note that the
histograms generally showed two peaks in the distribution. The
disorientation axes are plotted in standard triangles. Axes for @
|0] =35°, A 18°<|0], ® || <18°.

tions due to the grain subdivision by dislocation
boundaries that start at the beginning of deformation
(see Ref. [65] for more details). Very high angle
boundaries, e.g. 40—60°, consequently form during de-
formation due to this combination of dislocation and
texture evolution. A plot of boundary disorientation
(minimum misorientation based on crystal symmetry)
versus distance for an 1180 type aluminum sample cr
(cold rolled) 90% is shown in Fig. 7. These measure-
ments were made using transmission electron mi-
croscopy and using Kikuchi pattern analysis. Note the
large number of deformation induced high angle
boundaries that are encountered in a short distance.
Many small angle boundaries are also encountered. A
histogram showing the range of both high and low
misorientation angles following 90% cr is shown in Fig.
8.

3.2.3. Local orientations and orientation dependence
The development of misoriented dislocation
boundaries leads to a range of different crystal orienta-
tions throughout a grain, as shown by the colour
shading in Fig. 7. The range of orientations within a
grain increases from small differences at small strains to
very large differences at large strains. These large differ-
ences go hand in hand with complex spatial patterns of
orientations. There is also an orientation dependence
on the microstructure development as illustrated by
single crystal experiments. For example, crystals of

brass ({100}<112>) and Goss ({110}<001)) orientations
produce more homogeneous microstructures with lower
misorientation angles compared with Cu ({112}<111))
oriented single crystals that develop heterogeneous mi-
crostructures and much larger misorientation angles;
see Driver [66] for a recent summary. A moderately
wide range of local orientations are expected to develop
for the case of a general randomly oriented grain in a
polycrystal.

Grain subdivision, depending on the grain orienta-
tion, can lead to heterogeneous distributions of stored
energy and a wide distribution of misorientation angles
across dislocation boundaries. At medium strain this
subdivision can lead to the formation of deformation
induced high angle boundaries which at large strain can
have spacings an order of magnitude smaller than the
spacings of the original grain boundaries.

3.3. Growth during recrystallization

Upon annealing, nuclei may form in the deformed
microstructure. A viable nucleus by definition is sur-
rounded, at least partly, by a high angle boundary
which is able to migrate through the deformed mi-
crostructure causing he nucleus to grow (for a review of
nucleation mechanisms, see Section 2 of this paper and
[2,67]). The high angle boundary of the nucleus may or
may not be related to a deformation induced high angle
boundary that was already present in the deformation
structure. The words deformation induced and anneal-
ing induced have been used in the text to differentiate
between these different types of high angle boundaries,
the former created during deformation and the latter
during subsequent annealing and which surrounds a
nuclei either in part or completely. Note that the fol-
lowing parts of this chapter refer primarily to the latter
part: annealing induced high angle boundaries or
boundary segments.

The driving force for migration of annealing induced
boundaries is provided by the stored energy in the
deformed matrix. The velocity of the migration, v, is
generally regarded to be a product of the mobility term,
M, and the driving force Af:

v=M-Af ™)

For a discussion of the underling theory and experi-
mental validation of Eq. (7) see [2,68].

The mobility, the driving force and, therefore, the
velocity of migration depend on a whole range of
materials, deformation and annealing parameters [2].
Important under most conditions is, however, the crys-
tallographic orientation relationship across the anneal-
ing induced boundaries. Barrett [69] first suggested that
the mobility of nuclei boundaries depends on such
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Fig. 9. Orientation image micrograph of aluminum (AA1050) cr 90% and annealed for 600 s at 280° in a bath furnace. Various orientations are

represented by different colors. A nucleus is seen green color.

orientation relationships. This may be studied by the
classic Beck experiment [70] where the size of artificially
nucleated grains of all orientations are measured after
growth in a well characterized deformed single crystal
matrix. It is generally found that boundaries of specific
types (e.g. tilt boundaries with a near 40° {111 misori-
entation relationship) are highly mobile [70-73],
whereas low angle boundaries are almost immobile
[2,14].

The driving force may also depend on the crystallo-
graphic orientation of the deformed matrix [26,74—77].
For example, in fcc metals of medium to high SFE,
TEM observations typically reveal that the cell/sub-
grain size in regions with a {100) orientation is larger
than in other regions and X-ray diffraction line-broad-
ening measurements suggest that (100> regions are in a
state of relatively less stress or strain than other regions
[77]. One should, therefore, expect a lower driving force
in these (100> regions.

The above mentioned effects of orientation relation-
ships on mobility and driving force are all fairly well
known and well established. What consequences such
orientation dependencies will have on growth of nuclei
in heavily subdivided cold deformed matrices with

many deformation induced high angle boundaries,
however, have not been studied or considered in much
detail before. The remaining parts of this