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Abstract

This paper presents a recrystallization model drilgg intragranular orientation gradients and
strain energy fields calculated by means of theoptastic self-consistent (VPSC) formulation.
The VPSC model is extended for calculation of tlmeipting between intragranular stress
fluctuations with corresponding second momentsatifce spin and misorientation fields in the
grains. Access to these quantities allows modebingansition bands and nucleation kinetics. In
the proposed recrystallization model, grain grovghassumed to be proportional to the
difference between the stored energy of each gemid that of the effective medium.
Recrystallization textures for several cubic metats simulated, showing good agreement with
corresponding experiments. The model reveals thgoitance of considering appropriate,
microstructurally-based and orientation-dependeatystallization nucleation mechanisms. The
recrystallization texture of heavily rolled coppeith a strong cube texture component is found
to be a consequence of nucleation at transitionddamvhich is also the cause of the
recrystallization textures in compressed iron anéwd copper wire. In contrast, the
recrystallization texture of rolled interstitialele steel is found to be caused by grain boundary
nucleation occurring in grains with the highesaistrenergy.
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1. Introduction

Manufacturing processes of metallic components contynconsist of a sequence of shaping
operations with intermediate anneals at approptieteperatures [1, 2]. During the annealing
process, dislocation content, grain size and texthiange due to recovery and recrystallization,
which in turn affects the mechanical propertieshaf metallic component, and thus the material
response during subsequent shaping operations.efoher understanding and predicting
microstructural changes occurring during recrygtation of metallic material is of great
practical importance.

Recrystallization nuclei are experimentally obsdna deformation induced inhomogeneities
such as grain boundaries, transition bands, shmadsh as well as second phase particles [1].
During grain boundary nucleation, a subgrain tlesgt reached critical radius bulges out into the
neighboring grain and becomes a nucleus [3]. Thendy force for growth of the nuclei is the
difference in energy stored during deformation leswtwo sides of the moving boundary [4].
Hu, and Walter and Koch first observed formatiomo€lei at transition bands [5, 6], which are
locations of high orientation gradient and thusresloenergy as well [7]. Transition band
nucleation has been investigated in detail in [B-Rhear band nucleation has also been
observed in numerous studies [9, 12-15]. Howevertaits of the shear band nucleation
mechanism are still unknown [1]. Considering thpezxmental observations of recrystallization,
it is clear that the recrystallization process lisafly influenced by the deformed state of the
polycrystal. Consequently, an accurate and physased recrystallization model should be
informed by the measured or predicted deformecest@ince the output of the deformation
model serves as an input for the recrystallizatimdel, the complexity and performance of the
recrystallization model are determined by the add information provided by the deformation
model. Spatially resolved full-field deformation deds [16-22] can be coupled with full-field
recrystallization models (e.g. Monte Carlo Pottdeis [23-27] or cellular automata models [28-
30]). On the other hand, mean-field deformation et®d31-35] can be accompanied by
appropriate simpler recrystallization models. Thaper formulates a recrystallization model
based on the deformed state predicted by the melanxiscoplastic self-consistent (VPSC)
formulation [32].

A number of relatively simple recrystallization natsl initialized with microstructural quantities
predicted by mean-field formulations have been psep over the past several decades. Bunge
and Kohler developed a model for predicting re@tigation textures based on deformation
textures [36]. The orientations of the nuclei welhesen randomly and each nucleus was allowed
to grow into the deformed matrix based on the nmeswation between the nucleus and the
matrix. Later, Engler proposed a recrystallizatioadel in which the recrystallized orientation
distribution function (ODF) was defined by superoamg the nucleation ODF and the growth
ODF [37]. The nucleation ODF was artificially credtbased on experimental observations
while the growth ODF was derived from the deformatiexture. Kestens and Jonas developed a
more sophisticated recrystallization model baseddeformation texture and applied it to
recrystallization of IF steels [38]. The nucleatfmobability of each orientation was related to its
Taylor factor, which was assumed to be a measyresenting the strain energy. Additionally,
an oriented growth law based on the misorientaingle and misorientation axis between the
nucleus and the matrix grains was employed. Hildmmib et al. coupled the original VPSC
model proposed by Molinari et al. [31] with the nfat recrystallization model of Kestens and
Jonas, and utilized the volume transfer schemeefdure evolution [39, 40]. Along similar lines,
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Wenk et al developed a deformation-based recrimtihn model coupled with VPSC [32, 41-
43]. The nucleation was assumed to occur in thmgmaith the highest strain energy calculated
based on the current values of the critical resbisieear stresses. Since in VPSC each grain is
considered to be embedded in a homogenous effetidgkum, the growth rate was defined by
the difference in strain energy between the graoh the effective medium having the averaged
strain energy. Bolmaro et al. further improved ghewth model by assuming pairing between
grains and introducing a dependence of boundaryilityolin misorientation angle [44]. Cram et
al. coupled a simple polycrystal plasticity modedgmsed by Bouaziz and Buessler [45] with the
nucleation model of Zurob et al. [46] and a meatdfigrowth model similar to the one of Wenk
et al. [47]. Zurob et al's nucleation criterion,itially developed for static recrystallization,
models formation of the nucleus at grain boundafiesugh subgrain growth [46]. When the
growing subgrain reaches the critical radius, itgbs out into the neighboring grain and
becomes a nucleus. A similar nucleation model wasipusly proposed by Humphreys [48]. In
addition, the same type of nucleation model wasrlatiopted by Han et al. within a cellular
automata recrystallization approach coupled witstal plasticity finite elements [49]. Sebald
and Gottstein simulated evolution of recrystalizattextures from the deformation textures
using different nucleation mechanisms, namely: oamchucleation, nucleation at shear bands
and nucleation at preexisting nuclei [50]. An otezhgrowth model was employed with mobility
defined based on the misorientation between théens@nd deformed grain. The driving force
for boundary migration was defined by the differeme strain energy, which was related to the
grain’s Taylor factor.

Most of the described mean-field recrystallizatrondels are informed only with average grain
orientations predicted by the associated deformatimodel. However, nucleation of
recrystallization is influenced by intragranularieotation gradients developed during the
deformation process [1]. In this regard, nucleai®ften observed at transition bands, which
form between portions of the grain deforming byfediént combinations of slip systems [5, 6,
11]. In the above summarized recrystallization nedeagnitudes of intragranular orientation
gradients were either completely neglected or tiyeelated to other grain quantities (e.g. total
accumulated shear within the grain or magnitudénefgrain’s strain rate). The orientation of the
nucleus was assumed to be the same as the pasgatisation. This overly simplified treatment
of intragranular orientation gradients within def@tion and recrystallization models leads to
poor predictions of recrystallization textures foecrystallization processes driven by
intragranular orientation gradients.

In this paper we propose a recrystallization mdbat utilizes the intragranular misorientation
distributions predicted by a recent extension of MPSC model [51-53]. The model is
computationally efficient, despite requiring cabtibn of the second-order moments of stress in
the grains as deformation accumulates. Intragrarariantation gradients are calculated using
intragranular misorientation distributions, andigsawith transition bands are identified based
on the shapes of the intragranular misorientatistridutions. Orientations of the nuclei are
appropriately chosen from the transition bands. |@aton at grain boundaries is also
considered. The proposed recrystallization modetg®n the grain growth model proposed by
Wenk et al. [41]. Recrystallization textures ofdamentered cubic (fcc) and body-centered cubic
(bcc) materials are simulated and reasonable agmemith experimental measurements is
observed. Identification of grains developing traos bands is found to be critical for
nucleation kinetics ensuring accurate predictidnmecorystallization textures.



2. Mod€

First, we briefly summarize the standard VPSC mda8el 54] and the recently developed
algorithm for calculation of intragranular misoriation distributions [51, 52] and grain

fragmentation (GF) [53] within the VPSC formulatiofihis extended VPSC model has been
designated as GF-VPSC [53]. Later, we provide aaildet description of the proposed

recrystallization model, added to GF-VPSC.

2.1 VPSC modé incorporating the calculation of intragranular misorientation distributions

A polycrystal is represented by a discrete setlgfseidal grains of a certain volume. The mean
crystal orientation of each graim) (is described by an active rotation quaternion,, which
brings the sample frame into alignment with thestal frame. The crystal orientation varies
spatially within the grain and, at a material pointcan be described by the vector part of the
misorientation quaternion, , defined with respect to the mean crystal oriéoat . Slip
resistance of each slip systes) i assumed to be spatially constant within eaelingf) and

given by the mean grain value, . The constitutive response at grain material poiistgiven
by the viscoplastic equation:

R $ \ (1)

where is the reference shear rate,is the inverse of rate sensitivity (set to 10 Ihthe
simulations that follow) and is the symmetric part of the Schmid tensor of sliptem §) in
grain ).

Under boundary conditions applied to a viscoplagttycrystal, the mean stress and strain rate
within each crystal and the homogenized macroscppoperties can be obtained through self-
consistent homogenization [32]. The constitutivespanse at each material point is
approximated to be spatially constant within thairgg, and described by a first-order Taylor
expansion relating the mean values of the straeaad stress in the grains [55]:

& t - , (2)

where& and are compliance and back extrapolated strain faggainr. Each linearized
grain is assumed to be an ellipsoidal inhomogenaitthin an infinite matrix with the
macroscopic properties, to which boundary cond#tiane applied. The stress and strain rate
within the inhomogeneity are calculated using thjaiwalent inclusion approach [56], and the
following interaction equation can be derived [32]:

( D& + (3)
where(  and+ are deviations of the average strain rate andsstirethe grains from the
corresponding macroscopic values, &d ,) - -/ (- (& is the interaction tensor, which

is a function of the symmetric Eshelby tensqrand macroscopic complianc®,

After each deformation step, the lattice rotatiatey velocity gradient and slip resistance rate are
multiplied with the time incremend,2, in order to produce the corresponding incremestich
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are then utilized for explicit updating of the dgjlsorientation, grain shape and slip resistance,
respectively. The slip resistance rate is givefélay.
5
43 ! ’ (4)
where3 *is a micro-hardening matrix. In this study, valwésthe micro-hardening matrix are
set to3 * 618, resulting in linear isotropic hardening. The iaditslip resistance, , is set to
unity.

Under the affine linearization (see Eq. 2), VPS@/ orquires evaluation of the average stress
and strain-rate in the grains, and thus intragenapatial variations of orientation have no
influence on the results. However, average fluabnatof intragranular quantities, starting from
the second moments of the stress field in the graan still be calculated after each deformation
step using the algorithms described below. In audit Castelnau et al. [57] have used
intragranular field fluctuations to improve the ¢haning model deriving an expression for slip
resistance rate in function of both first and secoroments of shear rates. Consequently, under
this hardening model, field fluctuations also afféee strain energy within grains and, in turn,
should also influence both nucleation and growHxtension of Castelnau et al.’s fluctuation-
based hardening model to recrystallization wilthe subject of future work.

We consider two sources of intragranular stresstudhtions: variation of mean grain properties
within the polycrystal [58-60] and intragranularagipl variation of orientation [53]. Both of
these stress fluctuations are purely intragraratar they determine the stress variation inside of
each grain. Since orientation and slip resistammeeptetely determine the behavior of the grain
within the polycrystal, grains with the same orain and slip resistance will develop identical
fluctuations. In what follows, we represent the gsyatric second rank tensors in vector form so
that matrix algebra can be used. The second moafentragranular stress fluctuations is given
by [54, 59, 61]:

: - > 0As
9 < = > e ) < : (5)
where - is the fluctuation of stress with respect to therage grain stress for a grain with

homogenous crystal orientatiof, is the grain volume fractiorf)g is the effective stress
potential and& is the grain compliance. The intragranular stflegguations due to the spatial
variation of orientation within the grain are as&dmto be linearly proportional to the
misorientation vectors, where the linear transfdaromais defined by the derivative of stress with

respect to the misoriententation vectﬁtﬁ (Eq. 1). The second moment of these stress

fluctuations is then given by [53]:

9 H < H:= L¢ 9 < = Ly

oF oF ’ ©)

where " s the fluctuation of stress with respect to threrage grain stress caused by the
orientation fluctuation within the grain. The sedomoment of total intragranular stress
fluctuations is obtained by superimposing the twivaigranular stress distributions defined by
Egs. (5) and (6):

9 < = 9 ;< 5= -9 H< H: -



"9 i< H=z =g H = iz @)

The cross-covariance terms(@nd &' terms on the right-hand side) define the covaganc
between the two stress fluctuation distributions.

Intragranular fluctuations of lattice rotation raee assumed to be linearly proportional to the
stress fluctuations and the intragranular misoaéon vectors [51-53]. Consequently, an
expression for the second moment of intragrandtastdations of lattice rotation rate can be
derived in terms of the second moment of stresstufations,9 < = , and the second
moment of misorientation vectors, << = . Finally, the second moment of misorientation
increment is calculated by integrating the intragifar fluctuations of lattice rotation rate and is
utilized for updating of the second moment of misatation vectors for the next time increment.
If the intragranular misorientation spread reachesritical value, the fragmentation model
subdivides the grain into two child grains, whichet continue to evolve separately.
Fragmentation takes place in orientation spaceiwagidn of the grain’s intragranular orientation
distribution into two new distributions, which aassigned to fragments. Therefore, the total
volume of the grain is divided into two fragmentssed on the orientation of each crystallite.
Each fragment thus groups all crystallites thatehawiven orientation. The fragment does not
represent a clustered set of single crystal matpaents in physical space separated by a high
angle boundary from the remaining part of the grhirt a set of crystallites whose orientations
are clustered in orientation space. The modelus tiot capable of predicting grain subdivision
in physical space, which happens by formation @i hegh angle boundaries. These aspects will
be studied in future research. Due to fragmentatiertain grains from the initial texture will be
represented by multiple fragments during defornmatla the recrystallization model, each such
grain will be treated as a single grain whose statlefined by averaging its fragments’ states.

2.2 Recrystallization model

During recrystallization new defect-free grains leate and grow into the deformed
microstructure [1, 62]. The nucleation proceskaterogeneous and occurs at locations of high
strain energy and high orientation gradient [1,. @3jowth of a recrystallized grain from a
nucleus happens through high-angle boundary magratiiven by the difference in strain energy
between the two sides of the mobile boundary. Thegeintragranular orientation gradients and
strain energy determine the favorable places foteation and govern the subsequent boundary
migration process. Consequently, in order to adelygredict recrystallization, intragranular
orientation gradients and the strain energy ofntierostructure need to be calculated first. Next,
the nucleation and growth rules are developed basdldese quantities.

2.2.1 Intragranular orientation gradients

In what follows, we consider a grain with orient&tispread. The orientation at each material
point, , of the grain is described with respect to the me@entation of the grain, , by the

misorientation vector, . The spatial variation of orientation described by is unknown.
The only available information is the first and @ed moments of the misorientation vectors
within the grain,9 = and9 B = , calculated with the deformation model. In what



follows, we derive an expression for average imaaglar orientation gradients as a function of
the second momefit 1 =

Let us consider one reference material point witthie grain with an associated orientation
described by a misorientation vector K (Fig. 1a). Next, let us assume that a spatially
neighboring material point to the reference poiat lan unknown orientation defined by a
misorientation vector (Fig. 1a). The misorientation between these twgmgiring points can
be approximated as: " N ) K The vector ™ is a local neighbor misorientation
vector that describes the misorientation between $patially neighboring points within the
grain, unlike the misorientation vectors % and  which describe the misorientation between
the orientation at particular point within the graind the mean orientation of the grain, which is
evident from Fig. 1a. Let us assume that the caiteant of the spatially neighboring point to the
reference point defined by can take any value from the grain’s orientatioread and let us
calculate the first and second moments oY :

g W= X g ) Kz Ky K (8)
g Wy Wz XK g ) Koy )y K=z XK Kyg Ke=g g = _ (9

The superscripiPQ emphasizes that these quantities are definednreference grain material
point with orientation described by . The first and second moments of define a
distribution of all possible local neighbor misariation vectors in graif for one intragranular
orientation described by K. The distribution of possible local neighbor misatations is
assumed to be Gaussian with the probability defisitytion (pdf)Q ¥ ™ and illustrated by
an iso-density ellipsoid in Fig. 1b.

Physically, the spatially neighboring points in tigeain are more likely to have similar
orientations. Consequently, the probability of figl smaller local neighbor misorientations

M will be relatively higher in comparison to lardecal neighbor misorientations. In order to
take this spatial correlation of misorientationsoiraccount we introduce a Gaussian spatial
correlation pdfR " | which determines the likelihood of finding pauiar local neighbor
misorientation only based on the spatial correfatmiterion. The spatial correlation pdf
R "™ is assumed to be isotropic with zero mean andr@we matrixS T,, whereT is
the variance anglis an identity matrix (Fig. 1b). Sinde M s isotropic, the misorientation
axis has no effect and only the local misorientatimgle determines the probability of finding
that particular local neighbor misorientation. \Amce T controls the magnitude of local
neighbor misorientation angles. For small valuesvafianceT, the probability of finding
spatially neighboring points with large misoriemdatangle is very small. On the other hand, for
large values of variancg, the probability of finding two neighboring oriations with a large
misorientation angle would increase.

The spatial correlation pdR "™ describes the likelihood of finding a local neighb

misorientation ™ only based on the spatial correlation criterioithaut taking into account

available local neighbor misorientations definedtbg pdfQ % ™ | Consequently, for a

given intragranular orientation described by”* within the grain0 with misorientation spread

9 1 = ,the spatially correlated likelihood of findingrpeular local neighbor misorientation
M is described by the product@™¢ ™ andR ™ (Fig 1c):
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(10)

Therefore, distributio® 7 ™ s derived from the distribution of all possibtel neighbor
misorientationsQ X ™ | by favoring the local neighbor misorientationshwthe smaller
magnitude using the spatial correlation pdf " . Since bottQ X ™ andR ™ are
Gaussian pdfs, their produ&,™® ™ | is also Gaussian. Explicit expressions for thst find
second moment of the product @K ™ can be derived in terms of the first and second
moments of distributiong X ™ andR ™ [64]:

g W= KM o3\ g o= iAo o= T K (11)
g M 1 M - JK M 9 M - JK M 19 M - JK M "\9 1 = '/-//\' (12)
Distribution 3 % ™ similar as distributio) ¥ ™ | is defined for each intragranular

orientation, JX, in the grain’s orientation spread. Next, we defmn distribution of all local
neighbor misorientations for a grain by taking tiséume average over K in Eq. 11 and 12:

g W= (13)
4 -E
g Wy W= o\ : '“%,A 9 1 = "\ a1 = "'%,A -
./
\9 1 = "'%,A . (14)

Therefore, the distribution of all local neighborsorientations for one grain (described by Egs.
13 and 14) is derived by: (1) multiplying the p@f% of all possible local neighbor
misorientations for one material point with the tigdacorrelation pdfR and (2) averaging the
resulting product pd8 ¥ over all the material points within the grain. For~ 8, the second

moment is9 M 1 "= =8 and folT ~ a we haved "1 ™M= ~p3 1 =
Consequently, for any given the second moment of local neighbor misorientatis bounded:
8c9 M1 W= cphy B = .The variancd should be determined from experimental

results or full-field simulations. However, for tipeirposes of the recrystallization model we are
only interested in relative fluctuations ®f ™ 1 " = from grain to grain and not absolute
magnitudes. Consequently, we assuriie™ &, which results in9 ™1 ™=

b9 1 = . In this case the distribution of local neighboisonientations corresponds to the
distribution of all possible local neighbor misariations defined b9

For T ~ a, the distribution of local neighbor misorientasorlefined by9 =  and

9 W@ W= can be viewed as an orientation difference distidm function (ODDF)
calculated based on the grain’s orientation distidm function (ODF) [65]. The ODDF is
calculated by determining the orientation differebetween each orientation in the ODF and all
other orientations in the ODF. The ODDF providestistical information on possible
misorientations between neighboring points withire tgrain without considering the actual
spatial configuration of the orientations withiretgrain [66].



The length of the local neighbor misorientation teec " , defines the local neighbor
misorientation angle between spatially neighboripgints, de. Using the small angle
approximation, the local neighbor misorientatioglande, can be written as:

deNb ™M | (15)

A distribution of magnitudes of three dimensionattors with a Gaussian isotropic distribution
is a Maxwell distribution [67, 68]. Therefore, ifenassume the distribution of local neighbor
misorientation vectors, " | is multivariate Gaussian and isotropic, the distion of local
neighbor misorientation anglede is the Maxwell distribution. In reality, the shapé the
distribution of ™ will be anisotropic resulting in a distribution dbcal neighbor
misorientation angles somewhat different from thaxiell distribution. We note that Pantleon
and Hansen [69] have shown that measured distmsitiof misorientation angles of
geometrically necessary boundaries closely resenttd Maxwell and Rayleigh distributions
[70]. The Rayleigh distribution describes distribatof magnitudes of two dimensional vectors
with Gaussian isotropic distribution [68].

The average local neighbor misorientation angtgvsn by:
9de= Nb9 M = bof ™ ¢ W= Nbhbt9 1 = . (16)

The average local neighbor misorientation angfle: , represents an average measure of the
misorientation angle between spatially neighbopomts within the grain and it is thus related
to the magnitude of the orientation gradient wittia grain. If we assume that the distribution of
local neighbor misorientation vectors,™ | is multivariate Gaussian, the distribution of the
local neighbor misorientation anglelg, follows a Maxwell-like distribution and the vaniee of

the local neighbor misorientation anglége”= , is proportional to the mean valddge-

The orientation gradient can be calculated by dngdhe local misorientation angle between the
two spatially neighboring pointsle, with the distancedi, between the two pointgik. The

distancedi depends on the grain size and in the present agiprit is assumed to be the same
for each grain, for simplicity. Consequently, theemge magnitude of orientation gradient
within the grain is directly proportional to theeaage local neighbor misorientation angle. In the
recrystallization model, the average local neighinsorientation angle is used as a measure of
the orientation gradient.

2.2.2 Srainenergy
The stored strain energy in a grain is approximaseft1, 71, 72J:

| m no’pb, a7

wherem is the dislocation density within grain n is the shear modulus ands the Burgers
vector. Since the increase of slip resistance dugark hardening is proportional to the square

root of accumulated total dislocation density\ ) Aghm |, the strain energy can be
written as [41]:

>
1 g \ D N (18)
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Note that the total dislocation density is relatedy to the accumulated shear strain on slip
systems within the grain. The calculated total atigtion density represents the sum of the
statistically stored dislocation (SSD) density dimel geometrically necessary dislocation (GND)
density. Consequently, the GND density is alsotedlanly to the accumulated shear strain on
slip systems and not to the intragranular gradientstrain or orientation. More accurate
treatment would involve calculation of the GND dengrom the intragranular distributions of
strain or orientation. On the other hand, the dgrdi SSDs would evolve separately and the slip
resistance would be calculated using the accuntultettal dislocation density. In the current
approach, we have chosen not to distinguish betwikenGND and SSD densities and to
calculate their sum from the slip resistance whishthe variable we evolve. The use of
misorientation  distributions—calculated using therogedure described earlier—for
determination of GNDs, which in turn will affect @éhhardening and, consequently, the
recrystallization behavior through the strain egdeg. 18), will be the subject of future work.

2.2.3 Nucleation

Recrystallization nuclei form at heterogeneities tire deformed microstructure. Preferred
nucleation sites in single phase alloys are graimdaries, transition bands and shear bands [1].
High stored energy and orientation gradients atdHecations promote subgrain growth during
annealing [1, 63]. In addition, presence of origatagradients allows formation of high-angle
boundaries during subgrain growth. The subgrain tbaches the size advantage becomes the
nucleus. Nucleation events, both at grain boundal transition bands, are considered next.

2.2.3.1 Grain boundary nucleation

A high strain energy and orientation gradient agrain boundary, caused by the strain
incompatibilities [63], aid subgrain growth at grddoundary regions during recovery, preceding
recrystallization. The subgrain that has gainedza advantage during recovery subsequently
bulges out into the neighboring grain and becomesideus. Presence of a high-angle grain
boundary allows the nucleus to further grow inte tieighboring grain. In the present model, the
strain energy and local neighbor misorientationlears the grain boundary are assumed to be
proportional to the mean grain strain enerby,, and mean local neighbor misorientation angle,
9de= , respectively. Consequently, it is implied that thariance of the intragranular strain
energy and local neighbor misorientation anglerithstion is proportional to the corresponding
mean values. This assumption appears correctédotal neighbor misorientation angle, and an
approximation for the strain energy. In what follpwmean grain values will be used for
definition of grain boundary nucleation. Since tleerystallization model is mean-field, the
actual spatial configuration of the polycrystalriet considered and each grain boundary is
assumed to be a high angle boundary. Note thamiats are not treated as separate grains in
the recrystallization model, but as parts of theepagrain. The fragment does not represent a
part of the grain separated from the remaindehefgrain by a high angle boundary. Therefore,
it is assumed that a high angle grain boundarytekistween the parent grains and not between
the fragments.

A minimum strain energy and orientation gradier® aecessary to initiate subgrain formation
and growth preceding nucleation [1]. Consequemilythe model, only grains having reached a
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critical strain energyl r\;t, and critical local neighbor misorientation angle

nucleate at a grain boundary.

Yt

rs » are allowed to

Next, let us consider the nucleation probability afgrain with weightC  during time
incrementl?2. First, the grain boundary area is divided intarge number of area elemenis;,
and time increment is divided into a large numidesutincrements2. The probability that one
nucleus forms during the subincremeagtin the boundary areav is defined as [41]:

We w2 uv I $ xyeyz{ \) 25, (19)

wherevy¢ is a constant determining the dependence of likelil of grain boundary nucleation
in terms of strain energy anky¢ is the pre-exponential factor that scales the gindity
(Xy¢ A 6). The constant/y¢ is a function of grain boundary energy and tempeeaand, in the
present model, is assumed to be a fitting paranjéfdr For simplicity, it is assumed that the
increase of the local neighbor misorientation angeyond the threshold value does not
appreciably affect nucleation probability. The timnerementu2 and the area elements are
sufficiently small so that we may neglect the podisy of two or more nuclei forming.
Therefore, there are only two possible outcomes dicleation event farv duringu2: success

or failure. Consequently, one nucleation attemjpragents a Bernoulli trial and the attempt
nucleation probabilityy,, u2) uv is the success probability of a Bernoulli triah€eTtotal time
incrementl? is assumed sufficiently small so that the statéhefgrain does not change during
12. In addition, the strain energy of a grain is assd homogenous within the volume of the
grain. Consequently, the probability of nucleationeach area elemeunt, and subincrement?

is constant during total time incremeht. Furthermore, outcome of each nucleation event is
assumed to be independent of the outcomes of albtiher nucleation attempts. Therefore, the
nucleation of a grain with grain boundary axea during time increment?2 represents a set of
Bernoulli trials where each trial represents a eatbn attempt. The probability that at least one
nucleus will form for a set of Bernoulli trials ggven by:

We"12vo IS 6) \2/30"\6) We'w2uv I $ 6)\6D) W, "u2uv I $, (20)

wherel% represents the number of Bernoulli trials cal@daashb %I[_I The ratio of grain area

. >pN >pi
to the area of element is approximatedﬁsN \%’\ \?[—,)’\ , WhereuC represents
XE :
the weight of the volume elememd, O is the volume of the grail), is the total volume of
the polycrystal and the power 2/3 is due to theasepecube law. Consequently, the final

expression for the probability is:
. Apa
1E,a .

" 13- A£OE9 TR @
We'12C 1§ 6)\6) Xyeyz{\) —% : (21)

The time subincrement is setu® 618 of arbitrary time units, while the weight of thelume
element isuC 68-4. The linearized expression for scaling of prokigbilith time can be
obtained by neglecting higher order terms in Eq.[21]:
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q

N

Note that as the time incremetit increases, the number of Bernoulli trilsncreases as well.
Consequently, the probability of two or more sust@sBernoulli trials during the Bernoulli
process also increases. In the model, the timemnent1?2 is always set to a value resulting in
the maximal nucleation probability less than 0.4c¢duse in this case the probability of two or
more successful Bernoulli trials is relatively smd@herefore, we can assume that if nucleation
occurs, only one nucleus is formed.

At each time step, for each grain that has suffityehigh strain energy and local neighbor
misorientation angle, the nucleation probabilit#culated and compared to a random number
0-1. If the nucleation probability is higher thdretrandom number, the grain nucleates a new
dislocation-free grain with weigt® 5 818886. The strain energy of the newly formed grain
is set to zero and slip resistance is set to thi@livalue adopted in the deformation model,
before any strain hardening.

As was previously noted, a grain boundary nucleyelbps from a grain boundary subgrain that
has bulged out into a neighboring grain. Thereftire,orientation of the nucleated grain belongs
to the set of grain boundary orientations. Thesentations are substantially misoriented with
respect to the mean grain orientation due to tHerdnt slip activity near the grain boundary
[73, 74]. Consequently, the orientations closeht drain boundary correspond to the tail of the
grain’s orientation spread. Fig. 2a shows a discrepresentation of a grain’s misorientation
spread with the grain boundary misorientations,cihare the potential nuclei misorientations,
colored in red. The misorientations, ', belonging to the grain boundary region satisfy th
following condition: d Yt TTA60 d Ytpd "t , whereT is a constant andd d Ytp

d Yt s the standard deviation along the misorientatioection,d Ytp d Yt . The constarit
determines the minimal misorientation angle betw#en mean grain orientation and grain
boundary orientation. In conclusion, the orientatiof the nucleus originating at the grain
boundary is a randomly sampled grain boundary tatemm (details are given in Appendix).

2.2.3.2 Transition band nucleation

During deformation, grains may subdivide into defation bands which are regions that deform
by different combinations of slip systems and tllevelop large orientation gradients [75].
Transition bands are narrow regions between theroheftion bands. The transition bands
accommodate the orientation difference betweend#fermation bands and are thus places of
large orientation gradient. The grains with wellsdleped transition bands have a multi-modal
orientation distribution. Therefore, the modes e brientation distribution correspond to the
mean orientations of the deformation bands, while brientations between the modes
correspond to the transition band orientations. I@aton during recrystallization is often
observed in transition bands [11, 76]. During reagy a growing subgrain in a transition band
quickly forms a high angle boundary due to preseoicéhe high orientation gradient and
becomes a nucleus. The orientation of the tramsitiand nucleus thus belongs to the set of
transition band orientations.
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In the present model, grains that have developadsition bands and orientations within
transition bands can be identified based on thenmistation distribution [53]. If a grain has
developed a bi-modal misorientation distribution,is assumed that the transition band has
formed within the grain and the orientations witttie transition band are defined by the region
between the modes of the misorientation distrilvutieig. 2b shows a discrete representation of
the bi-modal misorientation distribution with thdentified deformation and transition band
misorientations. The projections of the transiticand misorientations] ', to the direction of
dominant rotation axisp’, are between the modes of the misorientation ibligton. The
dominant rotation axis represents the eigenveaboresponding to the largest eigenvalue of
second momendd Bd = [77]. Since the transition band nuclei evolve frome subgrains
present at transition bands, the transition banentations represent a set of possible nuclei
orientations.

In the recrystallization model, only the grainsiwa bi-modal misorientation distribution are
considered as possible transition band nucleattes.dn addition, the local orientation gradient
and strain energy in the transition bands withsthgrains have to be larger than the threshold
values. We assume that the local orientation gradied the strain energy in the transition band
are proportional to the average grain valdds; andl . Consequently, only grains with a
bi-modal misorientation distribution, and a localghbor misorientation angle and strain energy
larger than the threshold valuetg/t and I, are allowed to nucleate. The transition band
nucleation probability is defined analogously te tirain boundary nucleation probability [41]:

, Apa
1E.a

We "12C 1§ 6)\6) xeeyz{\) Lim® BT (23)

wherev,¢ is a constant determining the dependence of fikelil of transition band nucleation
on strain energy and,¢ is the pre-exponential factor scaling the proligbiix,+ A 6). Similar

to grain boundary nucleation, it is assumed tha thcrease of average local neighbor
misorientation angle above the threshold value doesffect the nucleation probability.

For each grain with a bi-modal misorientation dlsttion, the probability of nucleation at a

transition band is calculated and compared to daemnnumber 0-1. If the nucleation probability

is larger than the random number, a new grain deated in the same manner as for grain
boundary nucleation. The orientation of the nuclisusndomly chosen from the transition band
orientations (see Appendix).

2.24 Boundary migration
During annealing, high angle boundaries become Im@bth boundary velocity given by:

o Ow, (24)

whered is the boundary mobility and is the pressure acting on the boundary [1]. Thardy
pressure is caused by the difference in the stenedgy between the two sides of the high angle
boundary. Therefore, grains with lower strain egeggw while grains with higher strain energy
shrink. We adopt a mean field approach and assuawoh g@rain is surrounded by the
homogeneous effective medium [41, 47]. The boundeaglocity of each grain is thus
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proportional to the difference between the stomergy of the grainl , and the stored energy
of the effective mediumll %Y [41]:

6  o"1M )1 3, (25)

where the stored energy of the effective mediunthés average for the polycrystdlfY
C 1 . The change in grain weight due to boundary migmnatvith velocityd  during
time incremenfl2 is given by [41]:

¢

e A
C r™ir C "Tus\gMrC "SI ) 1 $12 (26)

After updating the weight of each grain, a nornaglan of grain weights is performed to ensure
that C roir .

2.25 Algorithm
Summarizing, the algorithm of the proposed rectlygsion model is as follows:

Calculate the average local neighbor misorientaiogle 9de= , and strain energyl, , for
each grain after deformation. For each recrystllin time increment:

1) Calculate the average strain eneldy" .
2) Grain boundary nucleation:
For each graif:
if I T 1. 50£9de= Tde "
a) Calculate nucleation probabiligy, "120C 1 $
b) Draw a random numb@rc 0a%u c 6
c)if On%u C W #
Create a new grain with zero strainrgpenitial slip resistance and randomly
sampled grain boundary orientation.

3) Transition band nucleation:
For each bi-modal graibx

if 1 T 1E0£19de: T deft:
a) Calculate nucleation probabiligy "120C 1 $
b) Draw a random numb8rc 0a%u c 6
c)if On%u Cc w, #
Create a new grain with zero strainrgpenitial slip resistance and randomly
sampled transition band orientation.
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4) Weight update:
For each graif update the weight:
- A
C ™I C rTad\gMtC TR )y 1 812,
5) Renormalize the grain weights.

3. Resaults

We apply the developed model to several case studiecoupled deformation and static
recrystallization modeling. The recrystallizatioroael parameters are given in Table 1. The
nucleation parameters are calibrated first basegxperimental observations of the predominant
nucleation mechanism. Adjusting the relative ratib transition band and grain boundary
nucleation parameters allows transitioning from exture consisting of transition band
orientations to a texture corresponding to the ésglstrain energy orientations. Next, mobility of
grain boundaries is adjusted with the goal of aghgea balance between nucleation and growth.
Increasing the mobility results in faster growtld dhus a smaller number of grains at the end of
recrystallization and vice versa. Dynamic recrysation can be performed simply by calling
the recrystallization model after each or seveefbdanation steps [41, 47].

3.1 Annealing of cold drawn copper wire

We simulate cold drawing of copper wire to 90% aeshuction and subsequent annealing at 700
°C reported in [78]. The central region of the wisesubjected to uniaxial tension while regions
closer to the surface of the wire undergo additissteearing [78]. The applied boundary
conditions in the model correspond to the centegiian of the wire and the predictions are
compared to the measurements taken at the ceagimnr The initial texture of the sample is
represented by 400 randomly oriented sphericahgravhich is enough to accurately describe
the effective response of the polycrystal and vslion, and thus the homogeneous effective
medium as well. Consequently, an increase in thmbewn of grains would not change the
behavior of the chosen 400 grains because the lmelad\a grain is determined by its orientation
and the effective medium. In addition, since therdation of each grain is described by an
orientation distribution, a smaller number of geis necessary for accurate texture modeling in
comparison to the classical mean-field models incivigrain orientation is described only by
one mean value. The grains are assumed to defork¥668}9668= slip and linear hardening
given by Eq. 4.

Fig. 3a and 3c compare the measured deformatidaréeand the predicted deformation texture
in the central region of the wire after 90% aredution. The measured texture consists of major
[111] (the intensity of 26.7) and minor [100] (theensity of 7.6) components. The predicted
intensity of the [001] component is considerablghar than the experimentally measured
intensity. This discrepancy is attributed to thepsow evolution of intragranular misorientation
spreads for grains close to [001] in simulation$][3Consequently, the orientations are more
clustered around the [001] resulting in the high&nsity. On the other hand, the predicted total
fraction of orientations with tension directionsthim 15° of [001] is 0.4, while the orientations
with tension directions within 15° of [111] totaldd These predictions for the fractions of [111]
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and [001] components are in very good agreemetht R, 80], where for copper the ratio of
[001] to [001]+[111] is estimated to be around 0.37

After 90% drawing, the mean orientations of grdiase clustered around the stable components
and the intensity of the texture is predominantitedmined by the magnitudes of the grain
orientation spreads, which have also reached 8table states. On one hand, the orientation
spreads of grains that have reached stable comisotesrd to shrink because the stable regions
are convergent and all orientations within thenriegt toward the stable component. On the
other hand, the stress fluctuations caused by #réation of grain properties within the
polycrystal increase the orientation spreads. Theese=ffects eventually balance each other and
the orientation spreads of grains that have reastsdsle components stop evolving with further
deformation. The stable spread magnitude deterntlreeintensity of the stable components in
the deformation texture. Therefore, because theemoderpredicts the [001] intensity, we
conclude that the model tends to under predicintagnitudes of orientation spreads for grains
with a tension direction close to [001]. A possil#dason is the absence of neighborhood effects
on the grain’s stress distribution in the GF-VPS@del. In an actual polycrystal, the
intragranular stress distribution of each graimffected by stress states of neighboring grains.
During tension of fcc polycrystals, grains clustearound [001] will likely be surrounded by
grains with tension direction close to [111] be@atl®e majority of the grains in the polycrystal
are close to [111]. Since the stress state is pngdmtly determined by the grain’s orientation,
the [001] grains are likely to be surrounded byimgawith quite different stress states.
Consequently, the effect of the neighborhood ongtiaén’s stress state will be fairly strong for
[001] grains. On the other hand, the [111] graires l&kely surrounded by grains with similar
orientation and thus similar stress state resulimgieaker effect of the neighborhood on the
grain’s stress distribution. The neighborhood @ffere missing in the GF-VPSC model and the
stress distribution of each grain is affected dguiay all other grains in the polycrystal. The
averaged effect of all other grains on the grastiess distribution seems to be weaker than the
actual effect of the local neighborhood for theimgain the [001] region. Consequently, the
orientation spreads of grains with a tension dioectclose to [001] might be inaccurately
predicted.

Fig. 3b and 3d compare the predicted and measepystallization textures. The experimental
recrystallization texture was measured using edectrackscatter diffraction (EBSD) at the
central region of the 90% drawn wire after anneplih 700 °C for 1h. The central region was
not fully recrystallized and no extensive abnorgrain growth was observed. The experimental
recrystallization texture consists of [001], [1HHd [112] components. It is noted that the [112]
component is not strong in the deformation textureghe recrystallization model, the nucleation
and growth constants were adjusted to favor nuoleatt transition bands (Table 1) and the
material was fully recrystallized. The model présliwell the [001], [111] and [112] components
in the recrystallized texture. On one hand, [00A4}§l 4111] components are a result of the
nucleation at grain boundaries within [001] and[Lgrains in the deformed texture. The GF-
VPSC model predicts transition band orientationstered around [112], and thus the transition
band nucleation is responsible for the [112] retailigation texture component in the
simulation. We note that the [112] component iscpecally absent from the predicted
deformation textures in both the simulation and esxpent, and only emerges after
recrystallization. Similar behavior is observedatied fcc where a strong cube recrystallization
component is observed after recrystallization, antl after deformation. We believe that the
same transition band nucleation process is resplerfsir both of these phenomena [52].
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Fig. 4 shows the evolution of recrystallized volyrBg, as a function of time© 2. The plot
shows a characteristic sigmodal shape [1]. At tlegirming of recrystallization, a typical
incubation period is observed followed by an insezhrate of recrystallization and a linear
region. As the recrystallized volume increases,itiq@ngement of newly formed grains occurs
reducing the rate of recrystallization. In the modige impingement of the defect free grains is
captured through the reduction of the averagerstaergy of the effective medium due to the
increase of recrystallized material, which resinta lower recrystallization rate.

3.2 Annealing of 95% rolled copper

Next, we simulated rolling of copper to 95% redoctiand subsequent annealing [81]. The
rolling process was modelled by imposing planeirstcampression (PSC) boundary conditions.
This approximation is valid for the central regiohthe rolled plate, away from the rolls. The
initial texture of the sample is represented by dtlomly oriented spherical grains deforming
by ¥666,9668-= slip and linear hardening (Eq. 4).

The predicted and measured deformation texturex@mgared in Fig. 5a and 5c. The main
components of the deformation texture are predigtet. However, the simulated texture is
noticeably weaker than the measured one. The lit@lge for discrepancy is the over prediction
of intragranular orientation spreads of graingale regions.

Fig. 5b and 5d show the predicted and measuregstadiization textures. The well-known cube
recrystallization texture is observed both in theuation and experiment. It is widely accepted
that the cube recrystallization texture is causgahiicleation at transition bands with the cube
orientation in the center of the band [9, 11, 7&]e model predicts that approximately 25% of
the initial grains form transition bands at the efdeformation. Fig. 6 shows all transition band
orientations (one orientation for each transitiamd) color-coded according to the average local
neighbor misorientation angle. A majority of preduat crystallographic orientations of transition
bands are concentrated around the cube orientatioigood agreement with experimental
observations. In addition, the grains with cubesoied transition bands possess the highest
intragranular misorientation. The remaining transitband orientations are concentrated around
the Goss, 45°ND rotated cube ar@b6 2b66« orientations. Dillamore and Katoh predicted that
Goss is also likely to develop transition bandg.[f6is noted that at lower reductions (~80%),
the model predicts predominantly cube-oriented sitan bands. In the recrystallization
simulation, only transition band nucleation is aléml and only the transition bands with the
highest misorientation are allowed to nucleate ([@dl). The predicted cube recrystallization
texture is thus directly caused by nucleation ibezoriented transition bands, which possess the
highest intragranular orientation gradient.

Fig. 7 shows the process of formation of cube ttiams bands during rolling of copper.

Evolution of a grain with [010]]|ND and a smalltial orientation spread is considered in the
— -80 section of Euler space during rolling. The schénah the left shows analysis by

Dillamore and Katoh obtained using a Taylor is@isttapproach for calculation of reorientation
tendencies in Euler space [1, 76]. As the grainr@gghes the cube orientation along the
[010]||ND line, portions of the orientation spreadt are not on the [010]||ND line diverge by
rotation around the RD, while the portion on th&JQIND converges to the cube orientation.
Therefore, the grain subdivides into two fragmeartd the transition band forms with the cube
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orientation in the center. The plot on the righbwh evolution of the orientation spread of the
grain with [010]||ND predicted by the GF-VPSC moddie orientation spread is represented by
500 discrete points and plotted for 7 strain lewald color-coded according to the strain level.
The model predicts that the portions of the origotaspread away from the [010]||ND line
quickly converge to different stable fibers, whitee portion of the spread on the [010]||ND line
reorients to the cube orientation and subsequetitigrges by rotation around the RD as it
approaches the cube. Therefore, the model preftictsation of the cube-oriented transition
band in a similar manner as described by Dillanzore Katoh.

3.3 Annealing of 88% compressed iron-carbon alloy

Compression of Fe-0.02%C to 88% strain and subse@mmealing reported in [82] is simulated
using GF-VPSC furnished with the recrystallizatmondel. The initial texture is represented by
400 randomly oriented spherical grains deforming¥6§8;9666- and ¥66b;9666= slip and
linear hardening. Initial slip resistance and hamg are assumed to be the same for each mode
(Eq. 4).

Fig. 8a and 8c compare the predicted and meas@fednaation textures. The measured texture
consists of a strong [111] component and a wedk&t][component. Similar texture is obtained
during tension of fcc polycrystals. For the sampligd boundary conditions, the reorientation
caused by668;9666= slip in bcc materials has the same magnitude esetrientation caused
by ¥66619668- slip in fcc materials but in the opposite direnti€onsequently, tension of an fcc
polycrystal and compression of a bcc polycrystaultein very similar reorientations, if only
¥666,9668- and¥668,9666-= slip are considered, respectively [76]. Similathte case of tension
of copper, the model over-predicts the intensity tbé [001] component because the
misorientation spreads in the [001] region are wmledicted. The total weights of orientations
with compression direction within 15° of [001] afid 1] are 0.35 and 0.6, respectively.

Fig. 8b and 8d show measured and predicted redigaton textures. The major [111] and
minor [001] components present in the deformatiexture are also present in the measured
recrystallization texture. In addition, the [114idathe weak [011] components, which are nearly
absent in the deformation texture, emerge duringrystallization. Both components are
attributed to transition band nucleation. Oriemtasi on the [114]-[110] line tend to develop
transition bands because portions of grains’ caiteot spreads above the [114]-[110] line
converge to the [111] stable component while theiquas of grains’ orientation spreads below
this line converge to [001] stable component [16, 82]. The transition band orientations
consequently converge toward the [114] componenthé predicted recrystallization texture,
the [111] and [001] components are formed by tl@ngboundary nucleation mechanism, while
the [114] component is a consequence of the tiandiland nucleation [52]. Parameters for the
recrystallization model are given in Table 1. TB&1] component is absent from the predicted
recrystallization texture because only a few graileveloped transition bands with these
orientations. At lower strain (50% compression) thn@jority of predicted transition band
orientations would be in the [011] region. Duringther straining to 88% compression these
transition bands converge to the [114] component.
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3.4 Annealing of 85% rolled Ti-Nb IF steel

Rolling and recrystallization of 85% rolled Ti-NB kteel is simulated and the predicted textures
are compared with experimental measurements [§3)/8d represent the initial texture with 400
randomly oriented spherical grains deforming ¥868,9666= and ¥66b}9666= and linear
hardening (Eqg. 4). Initial slip resistance and leaidg parameters are assumed to be the same for
each mode.

Fig. 9a and 9c show the, °+0 section of Euler space for the measured and pgeztiiolling
textures [83, 84]. A majority of grains in the exipgental texture are concentrated around the
fiber and a portion of th&-fiber [66, 85, 86]. Note that the intensities bése two fibers have
been reduced due to the ghost correction appligtecexperimental data [83]. The predicted
texture qualitatively matches the experimental ltssiout it is considerably sharper than the
measured texture. Again, the likely reason for thecrepancy in intensities is the under-
prediction of misorientation spreads of grainshie stable region.

The . °0 section of Euler space for the measured and pestiiecrystallization textures are
given on Fig. 9b and 9d. Comparison of the measugsulystallization texture with the
deformation texture indicates that thdiber strengthens during recrystallization, whiles T-
fiber weakens [66, 86-88]. The grains on th@ber possess higher stored energy and are thus
favorable nucleation sites [88, 89]. The nuclei e@enmonly observed in the vicinity of grain
boundaries [84, 90]. Inokuti and Doherty showed thimagranular nucleation at transition bands
occurs only sporadically as opposed to the nucdeat compressed iron where a majority of the
nuclei formed at the transition bands [10, 91]. §idering the experimental observations, in the
setup of the recrystallization model, only grairubdary nucleation was allowed in the grains
with the highest stored energy (Table 1). The mtedirecrystallization texture agrees well with
the experimental texture, and the model corrobertte experimental observations.

4. Conclusions

We developed a coupled deformation and recrysaéiim model that utilizes intragranular
orientation distributions and strain energy fiefmedicted by the GF-VPSC model. The new
formulation incorporates nucleation at grain boureta and transition bands. The fitting
parameters of the recrystallization model are datesd based on experimental observations to
appropriately weight the probability of nucleatiewents. Deformation and recrystallization
textures of fcc and bcc materials were simulatetiraasonable agreement with experiments was
achieved. It was found that nucleation at transitiands is responsible for development of the
recrystallization texture components that are llgrgbsent from deformation textures. A drastic
example is recrystallization of 95% rolled coppehere the strong cube recrystallization texture
was found to be predominantly a consequence ositran band nucleation, which is in good
agreement with experimental observations. Furthemtransition band nucleation was also
found to be the cause of the [114] recrystallizatexture component of compressed iron and the
[112] recrystallization texture component of drawopper wire. On the other hand, the
recrystallization texture of rolled IF steel wasifiol to be caused by grain boundary nucleation
occurring in grains with highest strain energy, athis experimentally observed. The main
deformation texture components were predicted vieit,the sharpness of certain components
was either under- or over-predicted. The likelysmrais the inaccurate evolution of intragranular
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orientation spreads around those components cadyséte inherent limitations of the present
mean-field modeling approach.
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Appendix
Orientations of nuclei originating at grain boundaries

The Cholesky decomposition of the second momenthef grain’s misorientation spread is
9 1 = 22F The lower triangular matri® transforms random vectors, with zero mean
and unit variance to random vectors, Y L, with zero mean and second moméentl =

Ll 2 (A1)
Therefore, the inverse matrig;/, transforms random vectors Y L to random vectors.

In the model, the orientation of a grain boundangleus is randomly chosen using a rejection
method. First, the distribution of misorientatioectors Is assumed to be multivariate
Gaussian and a random misorientation vector, Y L is sampled from the grain’s
misorientation distribution. The sampled randomanentation vector, 0 L[ is mapped to
the random vector,, with zero mean and unit variance using the marix If the length of the
vector is larger than the constaiit then the length of the vector Y L is larger than
T 60" U Lps U L3¢ and the vector 0L js accepted. 60" 0 Lp
3 U [s3 js the standard deviation along the directiorheftector 0 L, The constarit
defines the magnitude of misorientation of graimmbary orientation with respect to the mean
orientation of the grain. If the length of the \act is smaller thanr, the random vector
U L js rejected and a new random vector is sampled. dffentation of the nucleus is
obtained by composing the randomly sampled mistaiem and the mean orientation of the
grain.

Orientations of nuclei originating at transition bands

Transition band orientations correspond to oriéomat in the region between the modes of the
bi-modal orientation distribution. The transitioara region of the misorientation spread can be
identified by the projections of the misorientatigactors to the dominant rotation axis. For
transition band regions, these projections havieetong to an interval between the modes of a
probability density function (pdf) along the dommbarotation axis. The orientation of the
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transition band nucleus is randomly sampled froentthnsition band region using the rejection
method. A random misorientation vector, % L, is sampled from the grain’s misorientation
distribution and then projected to the dominanation axis,6’ . If the projection a Ly

6/  does not belong to the defined transition banibreg new random misorientation vector
is sampled from the spread until the transitiondoamsorientation vector is sampled. The
orientation of the nucleus is obtained by compoghegrandomly sampled misorientation and
the mean orientation of the grain.
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Table 1 Recrystallization model parameters.

90% drawn
copper

95% rolled
copper

88% compressed
iron

85% rolled IF
steel

Grain boundary
nucleation

Transition band
nucleation

Q
o
2
=




Grain Spatially

neighboring points

Intragranular misorientation
distribution

Figure 1 (a) lllustration of local neighbor misorientatiamector, , between the reference
orientation, , and the spatially neighboring orientation; (b) iso-density ellipsoid of the
distribution of all possible local neighbor misorientations #rgiven reference
material point and iso-density ellipsoid of the spatial correlatthstribution (c)
local neighbor distribution obtained as product of and for
reference orientation
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Figure 2 Discrete representation of intragranular misodgoh spread showing: a)
misorientations corresponding to the points inwtoaity of the grain boundary (potential grain
boundary nuclei orientations); b) misorientatiomsresponding to the transition band region of
the bi-modal grain (potential transition band nuoléentations). Dominant rotation axis vector,

, defines the direction in which the distributioaries the most and corresponds to the largest
eigenvector of the misorientation covariance matrix
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Figure 3 Inverse pole figures showing deformation and reteflization textures of 90% drawn
copper wire: a) measured deformation texture atcérral region of the wire; b) measured
recrystallized texture at the central region of thiee; c) predicted deformation texture; d)
predicted recrystallized texture.
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Figure 4 Predicted evolution of the volume fraction of gestallized material during
recrystallization of 90% drawn copper wire.
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Figure 5 {111} pole figures showing deformation and recrilstation textures of 95% rolled
copper: a) measured deformation texture; b) medsuveerystallized texture; c) predicted
deformation texture; d) predicted recrystallizextuee.
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Figure 6 Predicted transition band orientations (one oatom per transition band) after 95%
plane strain compression of copper, color-codedoralieg to the average local neighbor

misorientation angle within the corresponding grain
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Figure 7 Formation of the cube transition band during ngjlof copper illustrated on the section
$ % & " of Euler space; a) evolution of the orientatioresyl (A B A) of a grain with [010]||ND
initial orientation (Dillamore and Katoh, 1974; Hphreys and Hatherly, 2004); b) predicted
evolution of the orientation spread of a grain Wii0]||ND initial orientation using GF-VPSC
as a function of strain. The spread was represdnyeal set of discrete orientations and color-
coded according to the strain level.
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Figure 8 Inverse pole figures showing deformation and retedization textures of 88%
compressed iron: a) measured deformation textuyeméasured recrystallized texture; c)
predicted deformation texture; d) predicted re@liged texture.
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Figure9 + % ,-" ODF section of deformation and recrystallizatierttires of 85% rolled IF
steel: a) measured deformation texture; b) measuesdystallized texture; c) predicted
deformation texture; d) predicted recrystallizextuee.



