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AbstractÐThe kinetics of microstructure and texture evolution during static recrystallization of a cold-
rolled and annealed f.c.c. material is simulated by coupling a ®nite element model of microstructural defor-
mation with a Monte Carlo simulation of recrystallization. The salient features of the simulations include a
nucleation model for recrystallization based on subgrain growth and the modeling of simultaneous recov-
ery during recrystallization. The simulation results quantify the e�ects of non-uniform stored energy distri-
bution and orientation gradients present in the cold-worked microstructure on recovery by subgrain
growth, and hence on the spatial distribution of nuclei and their orientations. The growth of these recrys-
tallized nuclei in the presence of continued recovery of the substructure has been simulated for initial cold-
work levels of e = 0.7 and 1.1 obtained by plane strain compression. The simulations are shown to be po-
tentially capable of capturing the formation and evolution of cube texture commonly observed in cold-
rolled and annealed f.c.c. materials. # 1998 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All
rights reserved.

1. INTRODUCTION

In metals deformed under cold-working conditions,

part of the energy of deformation is stored as the
increase in the dislocation density within the

material [1]. The dislocation substructure that
evolves during cold working is quite complex, and

has been the subject of ongoing research for the
past several decades [2±4]. Associated with the dis-
location substructure is the formation of crystallo-

graphic texture, which is a consequence of the
rotation of grains or parts of a grain in the micro-

structure. This rotation is necessary to accommo-
date an arbitrary deformation by crystallographic

slip on a limited number of slip systems [5]. A
further evolution of the microstructure that occurs

during subsequent annealing of the cold-worked
material is that associated with recovery and recrys-

tallization processes. The local rearrangement of
dislocations into lower energy con®gurations during
recovery and the simultaneous or subsequent evol-

ution of the substructure into a well de®ned high
angle grain boundary network by recrystallization

are again well documented in the literature for a
wide variety of materials and processing

conditions [6]. However, a quantitative understand-
ing of the in¯uence of the initial microstructure and

deformation conditions on the subsequent evolution
of microstructure and texture during annealing is

still lacking. This is because the spatial variation of
the dislocation substructure, which in¯uences the

evolution of the microstructure during recovery and

recrystallization, is not known quantitatively.

An example of the inadequacy of simple analyti-

cal models to describe such a complex process as

recrystallization is the classic analytical expression

proposed by Johnson, Mehl, Avrami and

Kolmogorov (JMAK) [6]. The recrystallized frac-

tion, frex, is given by

frex � 1ÿ exp�ÿrtn� �1�
where t is the time, r is a function of the nucleation

rate, and the JMAK exponent n is a function of

both nucleation and growth rates. Equation (1) can

be rewritten as

ln

�
ln

�
1

1ÿ frex

��
� ln�r� � n ln�t�: �2�

Equation (2) yields a straight line of slope equal to

the JMAK exponent n when the left-hand side is

plotted as a function of ln(t).

The JMAK analysis is based on the assumptions

that the recrystallized nuclei form randomly in the

cold-worked microstructure and that the growth of

these nuclei is isotropic. The ideal JMAK behavior

is rarely exhibited by real materials. For many ma-

terials, the JMAK exponent obtained experimen-

tally is smaller than that predicted by the JMAK

analysis. Also, the JMAK exponent varies during

recrystallization, and a signi®cantly smaller expo-

nent is obtained at the later stages of recrystalliza-

tion. Such a deviation from ideal JMAK behavior

is due to the presence of recovery, non-uniform dis-
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tribution of stored energy of deformation, non-ran-

dom distribution of recrystallized nuclei, and aniso-

tropic growth of the recrystallized nuclei. There

have been several attempts to improve the JMAK

model, one of which is the Microstructural Path

Methodology (MPM) developed by Vandermeer

and Rath [7]. MPM allows more detailed infor-

mation about nucleation and growth rates to be

extracted from experimental measurements than

does the original JMAK analysis. However, the

methodology is still based on the assumptions of

random nuclei distribution and isotropic growth of

recrystallization boundaries. Recently, Doherty et

al. [8] have modi®ed the JMAK analysis to include

variable nucleation and growth rates during recrys-

tallization. The JMAK exponent, n, has been rep-

resented as

n � 4�mÿ 3g �3�
where m is related to the nucleation rate, N, as

N � N0t
m �4�

and g is related to the growth rate, G, as

G � G0t
ÿg �5�

where G0 and N0 are constants. The modi®ed

JMAK exponent is capable of taking into account

the reduction in the recrystallization velocity due to

simultaneous recovery and non-uniform distribution

of stored energy of deformation. However, the

analysis, as in the case of MPM, is still based on

the assumptions of random distribution of nuclei

and isotropic growth. It is important to note that

none of the above analytical models can describe

the orientations of the recrystallized nuclei, and

hence, they are incapable of predicting the evolution

of recrystallization textures.

In the last decade, several microstructural models

have been developed for simulating the temporal

evolution of recrystallization microstructures, as

well as for predicting the recrystallization kinetics.

These models can be grouped as cellular models [9±

11], computer Avrami models [12±14], and models

based on the Monte Carlo (MC) [15±18], and

Cellular Automaton (CA) [19] techniques. The cel-

lular models are based on the assumption that the

smallest microstructural unit of importance during

annealing is a grain or subgrain, with the micro-

structure being represented as a cellular structure

by the position of the triple points. Boundary cur-

vature is neglected under the assumption that the

boundary mobility is high compared to the triple

point mobility, so that the triple point motion is

rate controlling. The forces at a triple point are cal-

culated, and based on the assumed mobility, the tri-

ple point velocity is calculated and the triple point

moved to its new position. Such a model has been

used to simulate the formation of a high angle

boundary by the coarsening of subgrains in an

orientation gradient [10].
In the Computer Avrami models, the spatial dis-

tribution of nuclei and variations in growth rate are

handled by using a combination of analytical
methods, and a binary tree construction is used in
two-dimensional sections to locate the position of

grain boundaries. The nuclei are initially placed in
a three-dimensional box, and each nucleus is

allowed to grow according to the local growth rate
which is initially assigned arbitrarily to each of the
nuclei. The model is very useful for a qualitative

study of the e�ects of non-random nucleation and
anisotropic growth on the recrystallization kinetics.
However, there is no description of the cold-worked

microstructure, and hence, there is no microstruc-
tural basis for the spatial distribution and growth

rates of the nuclei.
The MC technique involves representing the con-

tinuum microstructure on a discrete set of regularly

spaced grid of points (MC grid), associating a
volume of material with each point, and evolving
the microstructure according to some rules [15].

Each site is assigned a number which represents a
crystallographic orientation, so that a grain is

de®ned by a collection of grid points with the same
number. Grain boundaries are not represented phy-
sically, but are assumed to exist between points

with di�erent orientation numbers. The nucleation
process is not modeled explicitly. Rather, nuclei are
added arbitrarily to the microstructure either in

totality at the start of the simulation to capture site
saturation e�ects, or continuously as a function of

simulation time to model constant nucleation rate
e�ects. The recrystallization model proceeds by ran-
domly selecting grid points and changing the orien-

tation number of the selected point to that of one
of its nearest neighbors based on energy consider-
ations. The energy of the point and its neighbors is

computed before and after the change, with the
change being allowed only if it leads to a reduction
in energy. Such a reduction in energy occurs when

the orientation of a cold-worked site is converted to
that of a recrystallized neighbor, thus causing the

movement of the boundaries between cold-worked
and recrystallized regions.
In the above simulations [15], the stored energy

of deformation was assumed to be uniform and the
nuclei were placed randomly in the microstructure.

The simulations produced the theoretically expected
values of the JMAK exponents for site-saturated
and constant nucleation rate conditions.

Subsequently, these simulations were extended to
the case of heterogeneous nucleation by imposing
certain conditions on the relative magnitudes of the

stored energy of deformation and the grain bound-
ary energy [16], and to the recrystallization of sys-
tems containing a ®ne dispersion of second-phase

particles [17]. In the case of particle containing sys-
tems, it was shown that the in¯uence of the par-
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ticles depended upon the relative magnitudes of the

stored energy of deformation and the particle±ma-
trix interfacial energy. The particles e�ectively
pinned the recrystallized boundaries at low values

of stored energy, whereas beyond a certain critical
stored energy the recrystallized boundaries swept
through the particles. The simulations also pre-

dicted the occurrence of abnormal grain growth at
small volume fraction of particles, when the stored

energy of deformation was below the critical value
for particle pinning. The deviation from ideal
JMAK behavior displayed by real materials due to

non-uniform stored energy was introduced in MC
simulations [18] by varying the stored energy of a
site as a function of its orientation number, thus

resulting in a range of stored energy values for the
cold-worked sites. The simulations showed signi®-
cant deviations from ideal JMAK kinetics, as is

commonly observed in real materials.
The distribution of stored energy in the MC

recrystallization simulations was based on qualitat-
ive assumptions due to the lack of quantitative data
on deformed microstructures. The representation of

the grain orientations was again qualitative, since
orientation numbers rather than true crystallo-

graphic axis±angle pairs were used in the simu-
lations, which precluded the treatment of important
microstructural features that evolve during cold de-

formation, such as the orientation di�erences within
a grain arising from the inhomogeneous defor-
mation of individual grains. As described later,

these orientation di�erences are important in deter-
mining the potential for nucleation, both at the
intergranular and intragranular sites in the

deformed microstructure. A complete description of
the crystallographic orientation of the sites also per-

mits the simulation of texture evolution during
recrystallization. Finally, none of the previous MC
simulations has explicitly modeled the nucleation

process. Rather, the nuclei were arbitrarily placed
in the microstructure based on certain simple rules.
The current simulations provide, for the ®rst time,

a microstructural basis for the nucleation process
based on subgrain growth in an orientation gradi-

ent.
The current article is a sequel to an earlier

paper [20] which dealt with the ®nite element mod-

eling of microstructural deformation using a crystal
plasticity approach. The discretization of the grain
structure at the level of each grain successfully cap-

tured the inhomogeneity of deformation from grain
to grain as well as within a grain, thus providing a

quantitative description of the cold-worked micro-
structure in terms of the grain orientations, and the
distribution of the stored energy of deformation. In

this article, the coupling of the cold-deformation
modeling with the MC simulation of recrystalliza-
tion is described. The temporal evolution of the

recrystallized microstructure and the recrystalliza-
tion kinetics are simulated for two levels of cold

work. A nucleation model based on subgrain
growth in an orientation gradient is coupled with

the MC recrystallization model so that the spatial
distribution and the orientations of the recrystal-
lized nuclei are obtained based on the evolution of

the cold-worked microstructure rather than on arbi-
trary assumptions. The occurrence of simultaneous
recovery during recrystallization is modeled based

on the substructure evolution at each MC site. The
deviation from JMAK kinetics, and the factors re-
sponsible for the deviation, such as non-random

nucleation, anisotropic growth, etc., are discussed in
detail.
Section 2 describes the procedure used for map-

ping the cold-worked microstructure to a MC grid.

Section 3 describes the MC recrystallization model,
along with the nucleation and recovery models.
Section 4 provides the results of recrystallization

simulations for plane strain deformations to plastic
strains of e= 0.7 and 1.1. Section 5 is devoted to
the discussion of the simulation results shown in

Section 4, with emphasis on the e�ect of prior cold
deformation on the nuclei distribution, growth vel-
ocity, and the evolution of recrystallized microstruc-

ture and texture. The important conclusions drawn
from these simulations are summarized in Section 6.

2. MAPPING OF COLD-WORKED
MICROSTRUCTURE TO MC GRID

The initial step in the simulations is to map
stored energy and orientation distribution infor-
mation from the deformed ®nite element (FE) mesh

to a regular MC grid. In the current MC simu-
lations, a cubic grid consisting of 30�30�30
points was used. There are several ways of transfer-
ring the information from the FE mesh to the MC

grid points, the most rigorous of which is to super-
impose a regular, three-dimensional cubic mesh on
the deformed volume, identify the element in which

each MC site falls, and then assign the stored
energy and orientation of the element to the MC
site. However, in the current simulations, the map-

ping is carried out in a simplistic fashion which
eliminates the necessity for such a superimposition
technique.
It is assumed that the FE mesh after a given de-

formation consists of elements which are elongated
uniformly in the x-direction and compressed uni-
formly in the z-direction according to the overall

deformation. For example, after plane strain com-
pression to e= 0.7, which corresponds to a re-
duction in height of 50%, a 15�30�60 mesh

consisting of 15, 30, and 60 cubic elements in the
x-, y-, and z-directions, respectively, becomes a
30�30�30 volume with the aspect ratios of the

elements changed according to the overall defor-
mation. Since the x-direction has only 15 elements
and 30 stored energy and orientation values are
required in the x-direction for the MC mesh, two
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equally spaced sites are chosen for each element
with identical stored energy and orientation values.

In the z-direction, there are 60 elements while only
30 values are needed for the MC mesh. Here, the
orientation and stored energy values of alternate el-

ements are used. In a similar fashion for e= 1.1,
three points are chosen per element in the x-direc-
tion and the orientation and stored energy of every

third element is chosen in the z-direction.
The current scheme used for mapping has certain

limitations. First, the deformations of the elements

are quite non-uniform compared to the overall de-
formation of the solid, especially in regions where a
deformation band passes through the matrix of a
large grain, or at certain grain boundary and triple

point locations. Second, the methodology when
extended to larger deformations, will result in the
skipping of too many elemental values of stored

energy and orientation in the z-direction, and hence
may not reproduce critical orientation gradients in
the material. However, the method used here was

deemed adequate for the purpose of illustrating the
coupling between the deformation and recrystalliza-
tion simulations. The simulations clearly demon-

strate the impact of the cold-worked microstructure
on the recrystallization process.

3. MONTE CARLO RECRYSTALLIZATION MODEL

This section describes the Monte Carlo recrystal-

lization model that was used in the current simu-
lations. The MC simulations were carried out using
a 30�30�30 cubic lattice, which contained the

orientation and stored energy distributions from the
cold-worked microstructure obtained using the
mapping technique described in the previous sec-
tion. A unique feature of the MC recrystallization

simulations used in the current research is the incor-
poration of a model for the nucleation of recrystal-
lized grains. The nucleation model was fully

coupled with the recrystallization simulation so that
the two processes occurred simultaneously.
At this point, it is worthwhile to consider the

di�erence between nucleation in the classical sense
of atomic clustering and the nucleation phenom-
enon in recrystallization. In classical nucleation as-
sociated with phase transformations, where the

critical nucleus size is only of the order of a few
nanometers, there is a ®nite probability for the
energy of the atom cluster to increase before the

critical nucleus size is exceeded. However in recrys-
tallization, where the observed nucleus size is of the
order of a micron, it is unlikely that activated states

with greater energy could be sustained over such a
large volume [21]. Therefore, the atomic processes
that lead to the formation of a nucleus should

result in a monotonic reduction in the overall
energy. In recrystallization, the heterogeneous evol-
ution of the subgrain structure is considered to be
one of the main mechanisms for nucleation. The

stored energy of cold work per unit volume, H, can

be represented as [6]

H � 2g
D

�6�

where D is the mean subgrain size and g the energy

per unit area of a subgrain boundary given by

g �
gm

y

y*

�
1ÿ ln

�
y

y*

��
when yRy*

gm when y > y*

8><>: �7�

where y is the misorientation between two sub-

grains, gm the energy per unit area of a high angle

boundary, and y* the misorientation limit for low

angle boundaries, which is usually taken as 158.
The value of gm is taken to be 0.324 J/m2, which is

a typical value for high angle grain boundaries in

Al. The stored energy per unit volume, H, varies

from site to site. From FE simulations, H was

found to vary from 1.75�105 to 2.41�105 J/m3 for

deformation to e= 0.7. During subgrain growth, D

increases and hence H decreases provided g remains

constant. However, g is a function of the misorien-

tation as shown in equation (7). If during subgrain

growth the misorientation increases then g increases

until the misorientation reaches y*, beyond which it

remains constant. Hence, for low angle boundaries

the increase in speci®c boundary energy may exceed

the decrease in energy associated with the reduction

in the total boundary area. If the net energy change

remains positive over a length scale of the order of

a recrystallization nucleus then the nuclei will prob-

ably not form at such locations. The evolution of

the subgrain misorientation depends upon the local

orientation distribution of subgrains in a region.

In the current simulations, each MC site was

assigned a physical size such that it contained sev-

eral subgrains. Also, for the range of subgrain

mobilities used in the simulations, the MC site size

had to be set such that there was no intermediate

increase in the energy of the site during subgrain

growth as discussed above. The size of the MC sites

used in the current simulations was 20 mm. The site

size was kept constant for both levels of cold work,

so that direct comparison of the e�ect of cold work

on recrystallization kinetics and microstructural

evolution could be made. Periodic boundary con-

ditions are used for the recrystallization simulation.

However, nucleation simulation involves the calcu-

lation of average misorientation of a site with its

nearest neighbors. Due to the use of periodic

boundary conditions, the sites on the faces, edges,

and corners of the simulation domain were not con-

sidered for nucleation simulation.

In the MC simulation, the sites are visited in a

random manner. At each site, one of the six ®rst-

nearest-neighbor sites is selected in a random man-

ner. If the visited site is a cold-worked site, and the

randomly selected nearest-neighbor site is also a
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cold-worked site, then the substructure at the cur-

rent site is evolved based on analytical expressions

that describe subgrain growth, and the possibility of

nucleation is examined. If the formation of a

nucleus at the site is not favored, then the site

energy is updated to account for the loss of stored

energy due to recovery. On the other hand, if the

randomly selected nearest-neighbor site is a recrys-

tallized site, then the possibility of changing the vis-

ited site into a recrystallized site is considered by

calculating the local energy change as a result of
converting it into a recrystallized site with the same

orientation as the chosen recrystallized neighbor

site. The local energy change, DE, is calculated as

Efin ÿ Einit, where Einit is the initial energy and E®n

the ®nal energy after the ¯ip. The initial energy is

given by

Einit � 4
3 pL

3H � 2
3 pL

2
X
i

Ji �8�

where L is the radius of the MC site, and Ji the

speci®c boundary energy between the site and its ith

neighbor, which is a function of the misorientation

between the two sites, as in equation (7). The misor-

ientation, y, is calculated using the axis±angle pairs

for the two sites [20]. The ®nal energy is given by

Efin � 2
3pL

2
X
i

Ji
0 �9�

where Ji
0 is the orientation dependent speci®c

boundary energy between the ith neighbor and the

recrystallized site.

The reorientation of the visited site is allowed

only when the local energy change DE is negative.

However, the reorientation is e�ected with a prob-

ability which is a function of the orientation-depen-

dent boundary mobility, k, given by [22]

k

M
�Mmin � �1ÿMmin��1ÿ exp�ÿqy3�� �10�

where M is the high angle grain boundary mobility.

In the above equation, Mmin and q were taken to

be 0.001 and 0.002, respectively [22]. When the
local energy change is positive, the current site can-

not be changed into a recrystallized site, and hence,

the only process that is allowed is the continued

evolution of the substructure at the current site. As

before, the subgrain growth model is applied to the

site, and the site energy is updated to account for

the loss of stored energy due to recovery. If the vis-

ited site is already a recrystallized site, the two pos-

sibilities are that the randomly selected nearest

neighbor site is a recrystallized site or a cold-

worked site. If the selected neighbor site is cold

worked, then it corresponds to the case where a

recrystallized site is attempting to change into a

cold-worked site, which is not possible. If the

selected site is also a recrystallized site, then the vis-
ited site can change into the selected site if the local

energy change based on curvature change is nega-

tive. However, in the present calculations, the cur-
vature-driven migration of boundaries between two

recrystallized grains is ignored and only the mi-
gration associated with recrystallization is simu-
lated. Hence, in the MC simulations, when the

visited site is a recrystallized site, it is ignored and
the next MC site is accessed randomly. The ¯ow
chart of the MC algorithm is shown in Fig. 1.

3.1. Nucleation model

The nucleation model is based on subgrain
growth in an orientation gradient. It is assumed
that each MC site has a certain initial substructure
characterized by a given mean subgrain size, D0,

and a mean misorientation between the subgrains,
y0. The stored energy per unit volume, H, is related
to D0 and y0 as [6]

H � 2gm
D0

y0

y*

�
1ÿ ln

�
y0

y*

��
: �11�

Gil Sevillano et al. [23] have carried out an exten-

sive characterization for the substructure of various
pure metals deformed in compression to di�erent
strain levels. Vatne et al. [24] have ®tted an analyti-
cal expression to the experimental results of Gil

Sevillano et al. [23] as

D0 � 3:5� 10ÿ7 � 1:7� 10ÿ7

e
�12�

where D0 is the subgrain size in meters. Equation

Fig. 1. Flow chart describing the sequence of steps in the
simulation at each MCS.
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(12) was used to assign a mean initial subgrain size

to each MC site, which was based on the local
e�ective plastic strain for the site obtained using the
polycrystal deformation model. The initial misorien-

tation, y0, was then calculated from equation (11),
from the known value of H. The misorientation

limit for low angle boundaries, y*, is assumed to be
158 in the present simulations.

The subgrain growth at each MC site is modeled
on the basis of curvature-driven growth using the

growth law given by [6]

dD

dt
� k

D
�13�

where k is the mobility of the subgrain boundary
given by equation (10).

However, the evolution of the subgrain structure
can also be due to abnormal growth of the sub-

grains, that occurs when certain microstructural
and grain boundary features are satis®ed [25]. The

abnormal grain growth model is currently being in-
corporated into the recrystallization model and will
form the subject of a later publication.

During normal growth, if the subgrains grow in a
region over which they are randomly oriented in

space, then the mean misorientation between sub-
grains will ¯uctuate randomly. Hence, during sub-

grain growth, the misorientation between the
subgrains can never exceed the critical low angle
limit of 158. On the other hand, if the subgrains

grow in a region where there is a large orientation
gradient, then the mean misorientation between the

subgrains will monotonically increase during sub-
grain growth. In this case it is possible to exceed

the critical low angle limit fairly quickly, and hence
it is possible to create mobile high angle bound-
aries. The growth rate of subgrains in such a region

will also be greater since the mean subgrain mobi-
lity also increases systematically with subgrain size

according to equation (13).
Equation (13) by itself does not fully quantify

how the misorientation between the subgrains will
change during subgrain growth at each MC site.

Hence, another expression is needed which links the
misorientation between subgrains at a given MC
site to the mesoscopic orientation gradient that

exists in the cold-worked material at the di�erent
MC sites. Such a link is provided by the following

equation:

yÿ y0
DÿD0

� yav ÿ y0
2LÿD0

�14�

where yav is half the average misorientation between

a given MC site and its nearest neighbors. Equation
(14) assumes that as the subgrains grow, the mean
misorientation between the subgrains at a given site

varies linearly with the average misorientation
between the site and its nearest neighbors. The mis-

orientation between the subgrains becomes equal to
half the average misorientation between the site and

its nearest neighbors when the subgrains grow het-
erogeneously and the mean subgrain size reaches

the size of the MC site. Equations (13) and (14) can
be solved in a coupled fashion to determine both
the mean subgrain size, D, and the mean misorien-

tation between the subgrains, y, at the site at any
given time. In the current simulations, a given MC
site is declared as a nucleus when the mean misor-

ientation between the subgrains exceeds the critical
value of 158. It is important to note that the sub-
grain size at which a high angle boundary is created

varies from site to site, since both the stored energy
and the misorientation with nearest neighbors, 2yav,
are site dependent.
According to the above nucleation model, the

two quantities which determine the nucleation po-
tential at a given MC site are the stored energy per
unit volume and the misorientation between the site

and its neighbors. The higher the stored energy per
unit volume, the smaller the mean subgrain size,
D0, and the larger the mean misorientation between

the subgrains at the site, y0. Therefore, the initial
growth rate of the subgrains increases with the
stored energy. The large misorientation between the

site and its nearest neighbors provides the orien-
tation gradient required for creating a high angle
boundary during subgrain growth. It is possible to
de®ne a nucleation parameter, n, which is the pro-

duct of the stored energy per unit volume and the
average misorientation between the site and its sur-
roundings.

3.2. Modeling of recovery

As described previously, the energy of the MC

sites has to be updated for two cases. The ®rst case
corresponds to the reorientation attempt of a cold-
worked site to another cold-worked site. The only
microstructural event that is allowed during this

time is the growth of the subgrains. If the misorien-
tation of the subgrains has not yet reached the criti-
cal limit for the site to be declared a nucleus, then

the energy of the site is updated using the current
values of the mean subgrain size, D, and the mean
subgrain misorientation, y, in equations (6) and (7).

The second case corresponds to an unsuccessful
reorientation attempt of a cold-worked site to a
recrystallized site. Since the recrystallization front

does not sweep through the cold-worked site due to
a lack of driving force, the microstructural event
that can occur in the cold-worked site is again a
continued coarsening of the subgrains, and hence

its energy has to be updated as before.

4. RESULTS

The above MC recrystallization methodology was

applied to the cold-worked f.c.c. microstructures
obtained using FE simulations [20]. Figure 2(a)
shows the recrystallization fraction as a function of
the simulation time expressed as Monte Carlo Step
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(MCS) after plastic strains of e= 0.7 and 1.1. It is

clear that the greater amount of cold work resulted

in faster recrystallization kinetics. While the recrys-

tallization is essentially complete for e = 1.1, the

recrystallization fraction appears to level o� at an

frex of about 0.9 for e= 0.7. Figure 2(b) shows a

plot of ln�lnf1=�1ÿ frex�g� as a function of ln(MCS)

for the data shown in Fig. 2(a). For ideal JMAK

behavior, the plot shown in Fig. 2(b) should be a

straight line. However, Fig. 2(b) shows signi®cant

deviations from ideal JMAK behavior, seen as a

decrease in the slope of the curve at higher recrys-

tallization volume fractions.

Figure 3(a) shows the evolution of the surface

area per unit volume (Sv) of the boundaries between

the recrystallized and unrecrystallized portions of

the microstructure. Sv initially increases with frex
before reaching a maximum and then decreasing to

zero when the recrystallization is complete. There

are signi®cant di�erences in the variation of Sv with

frex for e = 0.7 and 1.1. For the lower plastic strain,

Sv attains a maximum value of 0.35 at an frex of

0.33, while for e= 1.1 the maximum Sv is 0.5 at an

frex of 0.42. This results in the Sv curve being asym-

metric for e = 0.7, with a sharp ascent followed by

a more gradual decline, while the curve for e= 1.1

is more symmetrical.

Figure 3(b) shows the derivative of frex with

respect to MCS as a function of frex. It can be seen

that the frex values at which Sv reaches maximum

values in Fig. 3(a) correspond to the points of

in¯exion in the frex vs MCS curves shown in

Fig. 2(a).

Figures 3(a) and (b) also show the Sv and the de-

rivative of frex with respect to MCS, respectively,

for the case where the stored energy loss due to

recovery was not taken into account. It can be seen

that the reduction of driving force due to recovery

can also cause an asymmetry in these curves. The

role of recovery in reducing the driving force for

recrystallization will be discussed later.

Figures 4(a) and (b) show the total number of

recrystallization nuclei as a function of MCS and

fraction recrystallized, respectively, for the two plas-

Fig. 2. (a) Variation of recrystallized volume fraction with MCS. (b) Variation of ln�lnf1=�1ÿ frex�g�
with ln(MCS).

Fig. 3. (a) Evolution of Sv with frex. (b) Variation of d� frex�=d�MCS� with MCS.
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tic strains. Both the nucleation rate and the total

number of nuclei increase with the extent of plastic

strain. The total number of nuclei for e = 1.1 is

about 900, while it is about 500 for e = 0.7. The

nucleation rate becomes negligible at MCS approxi-

mately equal to 11 for both e = 0.7 and 1.1. This

corresponds to recrystallization fractions of ap-

proximately 0.3 and 0.4, respectively, for the two

plastic strains, from Fig. 2(a). From Fig. 3(a), it

can be seen that these volume fractions approxi-

mately correspond to those at which the respective

Sv curves also go through a maximum. Figure 4(b)

also shows the number of nuclei as a function of

fraction recrystallized, when the loss of stored

energy due to recovery was not taken into account.

In other words, the subgrain growth model was

used in this case only to model the nuclei for-

mation, and not the evolution of the stored energy.

The purpose of this simulation is to model the

recrystallization kinetics in the absence of recovery,

and to determine the role played by recovery during

recrystallization.

Figures 5 and 6 show the mean velocity of the

recrystallization front, G, as a function of the

recrystallized fraction and MCS, respectively,

obtained by using the Cahn±Hagel relationship [26]

given by

G �
�
dfrex=dt

Sv

�
frex

: �15�

These ®gures also show the corresponding recrystal-

lization velocities when the reduction of driving

force due to recovery was not taken into the recrys-

tallization model. At any given frex, the mean vel-

ocity of the recrystallization front is seen to be

higher for e = 1.1. Figure 5 also shows that the

recrystallization velocity for e= 0.7 decays more

quickly than that for e = 1.1. The decay in recrys-

tallization velocity due to recovery is seen clearly, in

both Figs 5 and 6. However, the recrystallization

velocity at later stages of recrystallization is also

seen to decrease signi®cantly in the absence of

Fig. 4. Variation of total number of nuclei with (a) MCS and (b) frex.

Fig. 6. Mean recrystallization velocity as a function of
MCS.Fig. 5. Mean recrystallization velocity as a function of frex.
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recovery. The reason for this behavior will be dis-

cussed later.

Figures 7 and 8 show the recrystallization kinetics

and the evolution of the Sv for the two plastic

strains, assuming di�erent values for the grain

boundary mobility, k, shown in equation (10).

Increasing the subgrain mobility makes the nuclea-

tion more non-random and the impingement of the

recrystallization fronts occurs at lower recrystallized

fractions. The kinetics of recovery also increases

with increasing k resulting in incomplete recrystalli-

zation for both cold-work levels.

As described previously, each MC site in the in-

itial microstructure was represented by a rotation

angle and a rotation axis with respect to a reference

frame. Hence, a complete representation of the in-

itial orientations in the microstructure would

require separate plots of the grain structure using

the rotation angle, o, as well as each of the three

direction cosines of the rotation axis, c, using a

color scheme. Figures 9(a) and (b) show a sche-

matic of the deformed microstructure for a plastic

strain of e= 0.7 obtained by mapping the initial

15�30�60 volume to a 30�30�30 cube, plotted

using initial cx and initial o, respectively, where cx
is the direction cosine of the rotation axis with

respect to the reference x-axis. The two plots taken

together provide su�cient contrast to distinguish all

the grains in the microstructure. Figures 9(c) and

(d) show the actual deformed grain structure using

the same color scales used in Figs 9(a) and (b), re-

spectively. By comparing Figs 9(a) and (c), and

Figs 9(b) and (d), the evolution of cx and o, re-

spectively, with deformation can be seen clearly. It

is seen that deformation is accompanied by grain

rotations which vary not only from grain to grain

but also within a grain. A similar intergranular and

intragranular heterogeneity is also obtained for the

stored energy of deformation, as shown in Fig. 9(e).

Figure 9(f) shows the distribution of the nucleation

parameter for the section shown in Figs 9(a)±(d).

Examining Figs 9(a) and (f), it is clear that the

nucleation parameter is very high at certain grain

boundary and triple point locations. Figure 9(f)

Fig. 7. Variation of (a) recrystallization kinetics, and (b) Sv with the high angle grain boundary mobility
for e = 0.7.

Fig. 8. Variation of (a) recrystallization kinetics, and (b) Sv with the high angle grain boundary mobility
for e = 1.1.
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also shows the existence of a band of sites with very

high values for the nucleation parameter going

across the grain marked ``a'' in Fig. 9(a). An analy-

sis of the deformation of the FEM mesh [20] indi-

cates that it could be a transition band. Close

examination of various sections of the deformed

volume indicated several occurrences of such bands

going through the grains, with high values for the

nucleation parameter in some of the bands. Figures

10(a)±(f) show the deformed microstructure, the

stored energy distribution and the distribution of

the nucleation parameter for plastic strain of 1.1.

From Figs 9(f) and 10(f), it is seen that the nuclea-

tion parameter is distributed more uniformly for

e= 1.1 than for e= 0.7.

Figure 11 shows the temporal evolution of the

recrystallized microstructure for e = 0.7. Notice

that there is a one-to-one correlation between the

Fig. 9. Grain structure showing (a) initial x-component of axis of rotation, and (b) angle of rotation,
mapped to the deformed grid. Grain structures after deformation to e= 0.7 showing (c) x-component
of axis of rotation, (d) angle of rotation, (e) stored energy, and (f) nucleation parameter distributions.
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sites at which the nucleation parameter has high

values [see Fig. 9(f)] and the sites at which the in-

itial nuclei form. Since the nucleation parameter is

not randomly distributed, the nucleation also occurs

in a non-random fashion. The growth of the non-

randomly distributed nuclei results in an early

impingement of the recrystallized grains as shown

in Fig. 11 at MCS = 13. There is no further nuclea-

tion beyond this point as shown in Figs 11 and

4(a). In fact, the unrecrystallized regions shown in

Fig. 11 do not recrystallize further and evolve only

through a recovery process. Figure 12 shows the

evolution of the recrystallized microstructure for

e= 1.1. Notice that the more random distribution

of the nucleation parameter causes the nucleation

to also occur in a random fashion. The more uni-

form impingement of the recrystallized grains leads

to a complete recrystallization, although the recrys-

Fig. 10. Grain structure showing (a) initial x-component of axis of rotation, and (b) angle of rotation,
mapped to the deformed grid. Grain structures after deformation to e= 1.1 showing (c) x-component
of axis of rotation, (d) angle of rotation, (e) stored energy, and (f) nucleation parameter distributions.
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tallization kinetics are again retarded after signi®-

cant impingement of the existing nuclei.

Figure 13 shows the temporal evolution of recrys-

tallized microstructure for e= 0.7 when the re-

duction in stored energy due to simultaneous

recovery is not taken into account. Although the in-

itial nucleation and growth are very similar to those

shown in Fig. 11 up to MCS = 13, the extent of

overlap of the recrystallization fronts is signi®cantly

less at this point in the absence of recovery, and

continued growth of the recrystallization fronts

leads to complete recrystallization.

Figures 14 and 15 show the h111i pole ®gures of

the cold-worked microstructure, recrystallized

nuclei, and the recrystallized microstructure for

e= 0.7 and 1.1, respectively. By comparing the

pole ®gures of the cold-worked microstructure

and the recrystallized nuclei, it can be seen that

there is little correlation between the relative num-

ber densities of the nuclei orientations and the

Fig. 11. Temporal evolution of the recrystallized microstructure for e= 0.7.

Fig. 12. Temporal evolution of the recrystallized microstructure for e= 1.1.
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relative number densities of corresponding orien-

tations of the deformed grains. The relative num-

ber density of nuclei is high in certain

orientations where it was low in the as-deformed

microstructure. Comparison of the pole ®gures for

the deformed and the recrystallized microstruc-

tures in Figs 14 and 15 indicates that there is a

signi®cant redistribution of the grain orientations

after recrystallization. No new orientations are

created during recrystallization, but there are sig-

Fig. 13. Temporal evolution of the recrystallized microstructure for e= 0.7 with no recovery.

Fig. 15. h111i pole ®gures in equal projection showing texture (a) after deformation to e= 1.1, (b) of
recrystallization nuclei, and (c) after growth of nuclei in (b).

Fig. 14. h111i pole ®gures in equal area projection showing texture (a) after deformation to e= 0.7, (b)
of recrystallization nuclei, and (c) after growth of nuclei in (b).
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ni®cant changes in the relative strengths of exist-
ing orientations.

5. DISCUSSION

5.1. Nucleation model

The coupling of the MC recrystallization simu-
lation with the FEM microstructural deformation
model based on crystal plasticity approach has

resulted in a powerful approach for modeling
recrystallization in a more fundamental sense than
before. A unique feature of the recrystallization

simulations is that for the ®rst time, a fundamental
nucleation model based on subgrain growth has
been coupled with the actual environment of the
cold-worked microstructure at the mesoscale.

Previous studies of nucleation during recrystalliza-
tion based on subgrain growth have stressed the
importance of the long-range orientation gradients

in the formation of high angle boundaries
[6, 10, 11, 21, 27]. However, the modeling of nuclei
formation by subgrain growth in an orientation gra-

dient has been handled only in an isolated sense
using a qualitative assignment of stored energies
and orientation gradients [10, 11]. The present study

is the ®rst of its kind in trying to implement such a
model into a microstructural framework. The
model provides a basis for predicting not only the
spatial distribution of nuclei and its in¯uence on

the overall recrystallization kinetics, but also the
evolution of the recrystallization texture.
The key to the coupling of the substructure evol-

ution at any given location with the potential for
nucleus formation is the assumption inherent in
equation (14), which implies that the misorientation

between the subgrains during growth will monoto-
nically increase when the misorientation of the site
with respect to the nearest neighbors is high.

The variation of the mean misorientation between

subgrains and the mean subgrain size are shown as

a function of simulation time in Fig. 16, for sites

with low, medium, and high values of the nuclea-

tion parameter, n. Notice that the average misorien-

tation remains more or less constant for the site

with low n, while it increases signi®cantly for the

site with high n. The rate of growth of the subgrains

is also higher for the site with high n because of the

higher mobility of the boundaries, thus showing

that the subgrain growth occurs heterogeneously in

the microstructure. For the high n site shown in

Fig. 16(b), the critical misorientation angle of 158 is
reached fairly quickly. Beyond that point, the

growth rate is governed by equation (13), with

k= M, the mobility of high angle boundaries. The

site is declared a nucleus when the mean subgrain

misorientation exceeds 158. It is important to note

that for the sites with low and medium n, the criti-

cal misorientation is never reached even after the

mean subgrain size reaches the site size, indicating

that continued recovery is the only possible soften-

ing mechanism, unless the site is swept by a moving

recrystallization front.

The misorientation between a site and its nearest

neighbors is related to the inhomogeneity of defor-

mation between the site and its nearest neighbors.

If a site and its nearest-neighbor sites are at the

same orientation at the beginning of deformation,

and go through the same path of deformation, the

orientation gradient in the region will be small, as

will the probability of nucleation. However, if the

site and its neighbors are subjected to di�erent

levels of deformation through di�erent deformation

paths, then the average misorientation between the

site and the nearest-neighbor sites will be signi®-

cantly higher for the same level of overall defor-

mation. In such a case, according to equations (13)

and (14), the misorientation between the subgrains

Fig. 16. Variation of (a) mean subgrain size and (b) misorientation with MCS for three di�erent sites
with low, medium, and high values of the nucleation parameter n for e= 0.7.
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will monotonically increase and exceed the critical
low angle limit of 158. The inhomogeneity of defor-

mation at the grain boundary and triple point sites
and at intragranular sites associated with the defor-
mation bands provides the large orientation gradi-

ents required for nucleation.

5.2. Microstructural path of recrystallization

The microstructural path of recrystallization is
best explained by the shape of the Sv curves shown

in Fig. 3(a) for the two plastic strains. The initial
increase in the Sv corresponds to the period where
the recrystallized nuclei form and continue to grow
freely in all the three principal directions. Beyond a

certain point, the recrystallization fronts from
di�erent regions start to overlap and hence there is
a loss of surface area between the recrystallized and

the unrecrystallized regions. The Sv continues to
increase while the increase in the surface area due
to recrystallization is greater than the loss of sur-

face area due to overlap. The point at which Sv

reaches a maximum depends on three factorsÐthe
spatial distribution of the nucleation sites, the rate
of nucleation, and the local anisotropy in the

growth rates of the recrystallization fronts.
In the present simulations, the non-random distri-

bution of the nucleation sites and the non-random

impingement of the recrystallization fronts originat-
ing from these sites lead to the asymmetry observed
in the Sv curves. The asymmetry is more signi®cant

for e= 0.7 than for e= 1.1 as evidenced by the
more non-random distribution of the nucleation
sites in the former than latter, as seen from

Figs 3(a), 9 and 10. The maximum in the Sv curve
for both the plastic strains corresponds to the point
at which the impingement from adjacent recrystalli-
zation fronts is complete, which is a little after the

respective nucleation rates go to zero. The nuclea-
tion rate also controls the point at which Sv reaches
its maximum, since delayed nucleation at late stages

of recrystallization can increase Sv. However, no
such delayed nucleation was found in the present
simulations.

From Fig. 4(b), it can be seen that the number of
nuclei as a function of frex does not change signi®-
cantly when the reduction in recrystallization kin-
etics due to recovery of stored energy is not

considered. Since nuclei essentially form at the same
locations where the nucleation probability is high,
the spatial distribution of nuclei does not change

signi®cantly. However, the Sv vs frex curve shown in
Fig. 3(a) has become more symmetrical in the
absence of recovery e�ects, in spite of the non-ran-

dom distribution of nuclei. This is essentially due to
changes in the local anisotropy of growth of recrys-
tallization fronts due to recovery. By comparing

Figs 11 and 13 it is clear that the non-random dis-
tribution of the recrystallization fronts is approxi-
mately the same with and without recovery e�ects
until MCS = 13. However, when the recovery

e�ects are absent, there is an additional growth
front in the upper portion of Fig. 13 (colored

green) which is absent in Fig. 11. This is because in
the presence of recovery, the growth of the corre-
sponding nucleus in the z-direction is arrested by

the loss of driving force, and growth is possible
only in the x-direction. The presence of the ad-
ditional recrystallization front in the absence of

recovery allows the continued increase in the Sv

until overlap occurs at higher recrystallized fraction.
From Figs 11 and 13 it can be seen that the shapes

of the recrystallized grains with and without recov-
ery are signi®cantly di�erent for many of the recrys-
tallized grains, indicating that the recovery plays a
signi®cant role in changing the local anisotropy of

growth.

5.3. Recrystallization velocity

The growth velocity of a recrystallization front,
G, can be expressed as

G � kF �16�
where k is the boundary mobility given by
equation (10), and F is the driving force. During
recrystallization, the velocity can change if the

boundary mobility and/or the driving force changes.
The change of driving force is due to the occurrence
of simultaneous recovery and/or the non-uniform
distribution of stored energy of deformation. The

recrystallization velocity also depends on the
boundary mobility which varies with the boundary
misorientation as in equation (10).

The occurrence of recovery during recrystalliza-
tion reduces the driving force by reducing the stored
energy of deformation and causes a reduction in the

boundary velocity. Figure 17 shows the stored
energy of sites with low, medium, and high values
for the nucleation parameter, n, as a function of
MCS. Notice that the drop in the stored energy due

to recovery is very rapid at early recrystallization
times and decays more slowly at longer recrystalli-

Fig. 17. Variation of stored energy with MCS for three
di�erent sites with low, medium, and high values of the

nucleation parameter n.
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zation times. There have been several instances

where the observed recrystallization velocity

decreased as a function of recrystallization, which

was attributed to recovery e�ects [28±30]. A similar

decrease in recrystallization velocity due to non-uni-

form stored energy of deformation can also occur if

the ®rst regions to recrystallize are those with the

highest stored energy. This has been reported in

systems with low stacking fault energy (SFE), where

signi®cant recovery by cross-slip of dislocations

does not occur [6]. In fact, it has been shown [31, 32]

that even for systems with high SFE in which sig-

ni®cant recovery can occur, prior recovery treat-

ments do not have a signi®cant e�ect on the

recrystallization kinetics, and the observed deviation

from ideal JMAK kinetics indicates that the re-

duction in recrystallization velocity is probably due

to the non-uniform stored energy distribution rather

than recovery.

The reduction in driving force leads to a re-

duction in the recrystallization velocity with time

given by

G � A

1� Bt g
�17�

where A and B are constants [6]. At long times, G

reduces to equation (5). Values of g close to 1.0

have been found in many cases [6], although in one

instance, g was found to be 0.38 [7].

In equation (17), A is the recrystallization vel-

ocity at t= t0, the time corresponding to the con-

stant, steady-state velocity shown in Fig. 6 in the

absence of recovery. The initial high recrystalliza-

tion velocity shown in Fig. 6 is an artifact of the

methodology used to obtain the velocity and is not

representative of the physical phenomenon.

Assuming A= 0.26 at t= t0, the recrystallization

velocity vs MCS curves shown in Fig. 6 were ®tted

to an equation of the form shown in equation (17).

The exponent g was found to be 1.77 for e= 0.7

and 2.18 for e= 1.1. These values, although high

compared to those mentioned above, are in good

agreement with that found for high-purity alumi-

num deformed 40% by channel die compression [8],

where an exponent of 1.9 was found. It is signi®-

cant to note that the above g values of 1.77 and

2.18 obtained in these simulations include the e�ects

due to recovery, non-uniform stored energy distri-

bution, and the mobility variation due to variation

in the boundary misorientation during recrystalliza-

tion.

In the absence of recovery, the recrystallization

velocity remains constant until a certain recrystalli-

zation volume fraction is reached, as opposed to

the continuous drop in velocity observed in the pre-

sence of recovery. The recrystallized fraction at

which the steady-state velocity begins to drop is

higher for e = 1.1 than for e = 0.7, as seen from

Fig. 5.

The drop in the recrystallization velocity in the
absence of recovery is mainly due to the mobility

e�ect described above. This e�ect is seen clearly
only when the recovery e�ect is removed since it is
a much smaller e�ect which occurs only at high frex
values. In the initial stages of recrystallization, all
the regions having high misorientation with the
recrystallization fronts are consumed ®rst, so that

in the ®nal stages of recrystallization only the
regions with smaller misorientations remain. By
turning o� the mobility e�ect completely, it was

seen that the steady-state recrystallization velocity
remained constant until complete recrystallization
occurred.

5.4. Deviation from JMAK kinetics

For ideal JMAK kinetics, the plots shown in

Fig. 2(b) should be straight lines, with the slopes
giving the corresponding JMAK exponents. In the
current simulations, the deviation from ideal JMAK
behavior is indicated by signi®cant changes in the

JMAK exponent with recrystallized fraction, as
shown in Fig. 2(b). The curves are characterized by
three main stages of recrystallization. In the ®rst

stage the JMAK exponent is rather high, with
values ranging from about 7.0 to about 4.0. The
®nal stage of the curve is characterized by a signi®-

cantly lower JMAK exponent of 0.85. The two
stages are separated by a transition stage where the
JMAK exponent changes from about 4.0 to 0.85.
One of the causes for the deviation from ideal

JMAK kinetics could be the variation of the nuclea-
tion and growth rates during recrystallization.
For the ®nal stage of recrystallization the JMAK

exponent is 0.85, and the exponent m is zero since
the nucleation rate is zero. Application of
equation (3) suggests that g should be 1.05 for

e= 0.7 and 1.1. However, g values of 1.77 and 2.18
were obtained in the current simulations, for
e= 0.7 and 1.1, respectively. Hence, it is clear that

the JMAK analysis does not explain the observed
recrystallization kinetics. It should be emphasized
that the derivation of equation (3) has the assump-
tions that the growth is isotropic and that the nuclei

are distributed randomly in the recrystallizing
volume, both of which are not true in the current
simulations. From Figs 11 and 12 it is clear that the

nucleation of recrystallization is non-random. A
careful observation of grain shapes in Figs 11 and
12 indicates that not all grains are equiaxed. There

are many grains which are elongated either in the
x- or z-direction, indicating local anisotropy of
growth. The local velocity of the recrystallization
front depends on the local driving force which is

clearly a variable in the present simulations.

5.5. E�ect of prior deformation

It is well known that higher deformation prior to
recrystallization results in faster recrystallization
kinetics. This has been attributed to the increased
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level of stored energy at higher deformations, thus
providing a greater driving force for recrystalliza-

tion as well as an increased nucleation rate. In the
present simulations, the nucleation rate and the
number of nuclei were found to increase with prior

deformation, as shown in Figs 4(a) and (b). In the
absence of recovery, the steady-state recrystalliza-
tion velocity for e= 1.1 is higher than that for

e = 0.7 for any given frex or MCS as seen from
Figs 5 and 6, indicating the availability of greater
driving force. In the presence of recovery, the

recrystallization velocities as a function of time do
not vary signi®cantly as seen in Fig. 6. This is
because recovery tends to reduce the di�erence in
the stored energies between e = 0.7 and 1.1. As

seen from Fig. 17, the di�erence in driving force for
the two prior cold-work levels becomes negligible
beyond MCS = 30, for all sites. For MCS < 30,

only those sites with medium n values appear to
have higher stored energy values for e= 1.1 than
for e= 0.7, while the stored energies of sites with

low n appear to be the same for both cold-work
levels. Hence, the recrystallization velocity in the
presence of recovery for e= 1.1 is only marginally

higher than that for e = 0.7. Beyond MCS = 30,
the two velocities are almost the same. The recrys-
tallization velocity at a given frex, shown in Fig. 5 is
signi®cantly higher for e = 1.1 because it corre-

sponds to a shorter recrystallization time, and
hence, less reduction in driving force than for
e = 0.7.

5.6. Recovery during recrystallization

The extent of recovery that occurs during recrys-
tallization is directly related to the kinetics of sub-
grain growth, which depends not only on the stored
energy of deformation at a site but also on the evol-

ution of the misorientation between the subgrains
as they grow. As described previously, sites with a
high stored energy are characterized by a small sub-

grain size and a high misorientation between sub-
grains [through equation (11)]. Therefore, the initial
growth rate of the subgrains is also high. Since the

subgrain mobility is a function of the misorienta-
tion, the kinetics of subgrain growth will be high if
the growth is accompanied by an increasing misor-
ientation. Such a condition will be met at regions

where there are long-range orientation gradients.
The growth kinetics, and hence recovery, are high
at those locations where the nucleation parameter is

also high. Hence, recovery plays a dual role in
recrystallization. While it promotes nucleation by
subgrain growth, it also slows down the recrystalli-

zation kinetics by reducing the driving force, es-
pecially in the early stages of recrystallization. The
dual role of recovery is seen clearly in Figs 7 and 8,

where increased recovery due to increased boundary
mobility results in an acceleration of the recrystalli-
zation kinetics (through increased nucleation rate)
in stage 1, whereas in stage 3, the kinetics becomes

slower because increased recovery leads to reduction
in stored energy, and hence, the driving force for

recrystallization.

5.7. Evolution of texture during recrystallization

The nucleation model based on subgrain growth
allows the prediction of nuclei orientations during

recrystallization. Figures 14 and 15 show h111i pole
®gures of the cold-worked microstructure, recrystal-
lized nuclei and the recrystallized microstructure for

e= 0.7 and 1.1, respectively. While the cold-worked
and the recrystallized textures are based on 27 000
orientations, the recrystallized nuclei are much
smaller in number.

The orientation of a nucleus is the same as the
orientation of the MC site where it is formed. For
this reason, no new orientations are introduced

during the recrystallization simulation. The cold-
worked microstructure shows typical rolling texture
components such as copper, S, and brass [6]. Some

of the orientations which have very low relative
intensity levels appear among the nuclei, as seen
from Figs 14(b) and 15(b). These nuclei grow to
varying sizes, and hence, their relative number den-

sities also vary. This is re¯ected in the textures after
recrystallization, where the same orientations exist
but with di�erent relative intensities. For the case

of e= 0.7, since recrystallization does not go to
completion, some deformation components are also
present albeit with much smaller intensities.

Although some of the early models of nucleation
proposed mechanisms such as twinning for the for-
mation of apparently new orientations during

recrystallization [33], it is now clear that these
models are highly improbable and current
models [8, 21, 34±36] are all based on the assump-
tion that recrystallized nuclei already exist in the

deformed microstructure.
Of particular signi®cance is the formation of

strong cube or rotated cube orientations from a

cold-worked microstructure that apparently does
not contain many of these orientations. Here again,
there is a strong polarization between models which

are based on oriented nucleation (ON) and those
based on oriented growth (OG). According to the
ON models, cube orientations have a particular ad-
vantage in forming the nuclei because of the large

and long-range orientation gradients existing in
their vicinity. However, the OG models are based
on the assumption that nuclei occur randomly in

the cold-worked microstructure, but the reason that
the ®nal texture has strong cube components is due
to the high mobility of the cube oriented grains [37±

40]. The controversy between the ON and OG pro-
ponents is still unresolved, probably due to the lack
of quantitative understanding of the cold-worked

microstructure in f.c.c. materials.
A notable feature of the recrystallization textures

in the present simulations is the lack of strong cube
texture commonly observed in cold-rolled and
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annealed f.c.c. materials. A careful analysis of the
orientations in the cold-rolled microstructure indi-

cated that only a few rotated cube orientations were
present. This is in agreement with the experimental
results of texture in high-purity Al deformed to

40% by channel die compression [8], where X-ray
measurements showed no cube components. In fact,
only after 95% deformation did the cube com-

ponents appear in the X-ray measurements. Recent
simulations by Beaudoin et al. [41] have also indi-
cated the need for large strains in developing cube

orientations in f.c.c. materials.
In the current recrystallization simulations, one

of the rotated cube orientations became a nucleus
and grew to a grain size of approximately 4.67, for

e = 0.7. Hence, it is clear that the present simu-
lations can potentially capture the formation of
cube texture during cold working and annealing of

f.c.c. materials. However, the intensity of the cube
texture obtained after recrystallization is quite negli-
gible compared to the intensities of other orien-

tations. This is again in agreement with the
experimental results [8] where it was found that the
40% deformed Al had only one out of 30 grains

analyzed which was in the cube orientation after
recrystallization. In the current simulations, some of
the rotated cube orientations in the cold-worked
material were eliminated during the mapping of the

cold-worked microstructure to the MC mesh, which
also contributed to the observed low cube intensity
after recrystallization. The loss of cube orientations

was because the mapping involved the selection of
one out of two elements in the z-direction for
e = 0.7 and one out of three elements for e= 1.1.

In the future, a more accurate method of mapping
will be developed that does not result in the loss of
orientations during mapping. Since the cube orien-
tations are known to form preferentially in defor-

mation bands, e�ciently capturing all the
orientations in a deformation band will also require
better spatial resolution in the discretization of the

grains than obtained in the current simulations.

6. SUMMARY AND CONCLUSIONS

A model for static recrystallization has been
developed by coupling a FE deformation model

based on crystal plasticity approach with a MC
simulation of recrystallization. The FE model pro-
vides quantitative information on the cold-worked

microstructure in terms of the grain orientations
and the distribution of the stored energy of defor-
mation. By transferring this information to a MC

grid it has been possible to incorporate a nucleation
model for recrystallization based on subgrain
growth in an orientation gradient. The nucleation

model provides a quantitative description of the
orientations and spatial distribution of the nuclei.
The subgrain growth model also allows the model-
ing of simultaneous recovery during recrystal-

lization and the e�ect of recovery on the
recrystallization kinetics. Since the orientations of

the recrystallization nuclei can be predicted, the
model provides a convenient tool for studying
texture evolution during recrystallization.

The above model has been applied to the recrys-
tallization of an f.c.c. material after cold-work levels
of e = 0.7 and 1.1 obtained by plane strain com-

pression. The following conclusions are drawn
based on the simulation results:

1. The total number of nuclei increased with prior

cold work, resulting in a ®ner recrystallized grain
size as the prior cold work is increased.

2. For both cold-work levels, the spatial distri-

bution of nuclei is non-random, although the
distribution becomes more random with increas-
ing cold work. The non-random distribution of
nuclei results in a non-random impingement of

the recrystallization fronts, which results in a re-
duction in the dimensionality of growth, and
hence a reduction in the recrystallization kin-

etics.
3. Increased nucleation rate, greater number of

nuclei and more random spatial distribution of

nuclei result in a faster recrystallization kinetics
for a prior deformation of e = 1.1 than for
e= 0.7.

4. Both non-random nucleation and anisotropic

growth of nuclei lead to breakdown of the
JMAK analysis of recrystallization, even after
incorporating the e�ects of variable nucleation

rate and growth rate on the JMAK exponent.
5. Recovery plays a dual role in recrystallization.

While it increases the recrystallization kinetics in

the initial stages by promoting nucleation by
subgrain growth, it reduces the recrystallization
kinetics at later stages by reducing the stored

energy of deformation and hence the available
driving force for recrystallization.

6. The coupled FE-MC model is capable of predict-
ing the nucleation and growth of rotated cube

components during the cold rolling and anneal-
ing of f.c.c. materials. However, the intensity of
the rotated cubes is weak. This is because of the

lack of su�cient grain orientations in the initial
microstructure, and the loss of orientations in
the cold-worked material during the mapping

process. Hence, a more rigorous mapping scheme
than the one currently used in the simulations is
required.
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