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During primary recrystallization a population of new grains nucleates and grows within a cold-deformed
material until the latter is consumed. This process was studied from a combined microstructure, kinetics
and texture viewpoint in commercial aluminum. Experimentally, recrystallization microstructures were
quantified by stereological variables and Cahn-Hagel growth rates. The orientations of the grains being
measured stereologically were identified and experimentally determined using the back-scattered-
electron pattern analysis. A geometrically-based, statistical mathematical model of recrystallization
kinetics, formulated analytically on nucleation and growth premises, was devised taking into account
both the behavior of individual recrystallization texture components and the complex geometrical
impingement patterns due to recrystallized grains occurring in clusters. By correlating and matching
the experimental stereological measurements with the analytical model, the nucleation behavior and
growth rates during recrystallization were estimated for each texture component. A 3-D computer
simulation verified the analytically-deduced microstructural and textural description of recrystallization
and allowed the as-recrystallized grain sizes and the grain size distributions to be modelled as well.
Using the combined approach, a complete nucleation and growth model for recrystallization of heavily
cold rolled AA1050 was established.
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INTRODUCTION

Primary recrystallization of cold worked metallic materials is a complex, thermally-
activated process of microstructural evolution that depends upon many factors such as
the composition of the material, the prior microstructure and texture, the nature and
amount of deformation, the temperature of deformation, the time and temperature of
annealing etc. Kinetically, the recrystallization process can be characterized in terms
of two component phenomena- nucleation and growth. During nucleation, a population
of new strain-free grains becomes distinguishable from the features of the deformation
microstructure. As time proceeds, these new grains enlarge by means of grain boundary
migration until the deformed volume is consumed and the excess stored energy due
to cold work is removed. In heavily cold worked materials, substantial texture changes
can accompany recrystallization, altering the properties of the material (Hu, 1981).

Efforts to quantify the recrystallization process experimentally have typically
followed one or the other of two paths. On the one hand, there have been numerous
investigations of the kinetics of microstructural evolution during recrystallization by
stereology (see for example Vandermeer and Rath (1989a,b)) or by following changes
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in various physical properties (see for example Woldt and Juul Jensen (1995)). Also
in the microstructural mode, others have concentrated on measuring the grain size
after recrystallization is complete. On the other hand, much work has also been
expended in describing the development of texture during recrystallization from x-ray
or neutron diffraction experiments and analysis (see for example Beck and Hu (1966))
and the Proceedings of various ICOTOM Conferences).

Very recently, because of the advent of local orientation measurements in the
electron microscope, it has become possible to combine these two separate paths into
one and quantify recrystallization by characterizing the nucleation and growth behavior
of the various texture components individually as well as in total (Vandermeer and
Juul Jensen, 1994a, 1995). The purpose of this paper is to demonstrate an approach
that may be utilized to address this possibility.

Essentially, the methodology consists of combining two aspects of investigation-
experimental observations and modelling. The two aspects are as follows: first,
microstructural evolution during recrystallization is experimentally characterized, em-
ploying quantitative stereological analysis on a series of partially recrystallized
specimens. The stereological properties of the microstructure that are measured are,
Vv, the volume fraction recrystallized, Sv, the interfacial area density separating
recrystallized grains from deformed regions and <2>, the mean recrystallized grain
chord length. At the same time the stereological data are being gathered by point and
lineal counting, the orientations of the specific recrystallizing grains being counted are
also determined by electron-back-scatter pattern (EBSP) analysis. All of this may be
accomplished in a scanning electron microscope that is equipped with a traversing stage
and is operated in the electron back scatter mode with an approximately 1 /m beam
spot. The collected orientation and stereological data are sorted and categorized
according to the texture component to which they belong.

Second, geometrically-formulated, microstructural models premised on various
nucleation and growth concepts are developed for each texture component being
considered. The models are expressed analytically in terms of a set of nucleation and
growth parameters and the same microstructural properties as those determined
experimentally. The modelling and experimental aspects of investigation are combined
by attempting to fit the experimental data to a nucleation and growth model. A model
is not considered successful until a strict match is achieved. If no previously formulated
model is found to be adequate, it may be necessary to develop a new one. Once the
values of the parameters required to accomplish the matching of model and experiment
are determined, they are used to assess the nucleation and growth rate behavior for
each texture component. This method has been used to investigate the recrystallization
of heavily rolled commercial aluminum (Vandermeer and Juul Jensen, 1994a) and
copper (Vandermeer and Juul Jensen, 1995). The recrystallization modeling approach
(including texture) that is employed here is microstructure based and differs from the
approaches of others who use the Monte Carlo technique (Tavemier and Szpunar, 1991)
or a mathematical analysis of orientation distribution functions with either an oriented
nucleation or oriented growth hypothesis (Ktihler and Bunge, 1994).
Up to now this two pronged approach to quantify nucleation and growth during

recrystallization has concentrated mainly on characterizing the Vv, Sv and their
dependencies on time and on each other for the various texture components being
considered. It has not yet been possible to deduce the mean recrystallized grain sizes
from the nucleation and growth characteristics of the analytical models. In this paper
we will show how to improve upon this methodology by introducing a third prong
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to the investigatory approach, namely the tool of computer simulation. We will seek
to demonstrate how, with the addition of the computer simulation tool, a fuller textural
and microstructural description (including the recrystallized grain size and size
distributions) of recrystallization of a rolled, commercial AA1050 aluminum may be
achieved leading to a more complete nucleation and growth description of the
recrystallization process. A preliminary account (Juul Jensen and Vandermeer, 1995)
of the application of this expanded method using the earlier aluminum data (Vandermeer
and Juul Jensen, 1994a) has already been published. The aluminum used in this study,
while similar in composition to the earlier study, was processed differently and annealed
at a slightly higher annealing temperature.

EXPERIMENTAL

A commercial aluminum alloy AA1050 containing 0.32 wt% Fe and 0.15 wt% Si was
continuously cast, homogenized at 600C and slow cooled to 400C. After breakdown
rolling and annealing, the alloy exhibited a 100 /m grain size, a weak texture and
a relatively uniform distribution of 1.7 #m diameter particles comprising 0.5% of the
volume. After a final deformation by rolling at room temperature to a reduction in
thickness of 90% specimens for, the recrystallization study were cut and annealed for
times ranging from 120 s to 7200 s in a molten tin bath held at 280C. The penultimate
microstructure of this aluminum alloy differed from the earlier one principally in the
nature and distribution of the particles.
The partially recrystallized specimens were cut to expose a longitudinal transverse

section which was polished mechanically, chemically and electrolytically for micro-
structural examination in a JEOL 840 scanning electron microscope. Linear traverses
for stereological measurements were scanned with the electron beam in the rolling
direction and the normal direction equally until at least 130 recrystallized grains were
measured. From point and line counting during the traverse and EBSP measurements
of the orientations of the grains encountered, values of the microstructural properties,
Vv(i), Sv(i) and <A,>(i), where (i) refers to a specific texture component, were
estimated. The recrystallized grains were categorized into one of three orientation
classes. Cube grains were those whose observed orientations fell within 15 degrees
of the cube orientation, i.e. {100}<001>, while rolling grains were those with
orientations within 15 degrees of the rolling texture components, i.e. {110}<112>,
123}<634> or 112}<111>. The remaining recrystallized grains comprised the random

orientation component. For additional experimental details about stereology and the
EBSP determinations see Vandermeer and Juul Jensen (1994a).

COMPUTER SIMULATION

The geometric computer simulation method is a modification of the one first introduced
by Mahin, Hanson and Morris (1980) and extended to include multiple texture
components by Juul Jensen (1992). Essentially, a three dimensional "deformed
specimen" is simulated by a cube containing a network of grid points. Within the
cube, recrystallized grain nucleation sites are prescribed and nuclei added, either all
at once at zero time or stepwise in time at a predetermined rate. A growth law is
assigned to each nucleus. After a certain time step, each grid point is interrogated as
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to whether any recrystallized grain has reached it. The first grain to reach a grid point
is assigned to it. After each step in a series of time steps, the interrogation and
assignment process is repeated limited, however, to the grid points associated with a
"plane of polish" passing through the cube thereby simulating a metallographic
specimen. Periodic boundary conditions are maintained at the faces of the cube. The
algorithm analyses the state of the gridpoints, "sketches" the microstructure, calculates
both of the microstructural properties, Vv, and Sv for each texture component and
computes the mean recrystallized grain size and the grain size distribution for each
component. Care is taken to ensure that the recrystallized grain size is small compared
to the cube (specimen) size but large compared to the grid size when recrystallization
is complete. Normally the "experiment" is repeated 5 times using the same time intervals
but with different starting seeds for the distribution of nuclei. More details of the
simulation procedure are given by Juul Jensen (1992).

ANALYSIS

The partially recrystallized microstructural data obtained from the deformed AA1050
aluminum and for which a recrystallization model based on nucleation and growth is
sought, are tabulated in Table 1. There was little difference between the data gathered
from the two scanning directions that were 90 apart from each other so only a single
weighted mean value (Hilliard (1966), Hilliard and Cahn (1961) and Beers (1957)) is
listed for each microstructural property.

Cahn-Hagel Growth Rates

Spatially-averaged interface migration rates for each texture component
estimated from the Cahn-Hagel relationship (Cahn and Hagel, 1960, 1963)

were

(v) dVv
Sv dt

(1)

Table 1

Property*

Microstructural Property Data for Recrystallization of AA1050 Aluminum.

Annealing Time (sec)

120 300 600 1800 3600 7200

Vv random 0.0123 0.0357 0.0674 0.1798 0.4669
Sv random 0.0133 0.0301 0.0278 0.0688 0.0467
<&> random 2.723 3.083 4.329 5.808 11.888
Vv roiling 0.0043 0.0142 0.0318 0.0992 0.1710
Sv rolling 0.0044 0.0105 0.0171 0.0323 0.0195
<&> roiling 2.342 2.780 3.756 4.731 7.763
Vv cube 0.0006 0.0038 0.0018 0.0160 0.0849
Sv cube 0.0007 0.0009 0.0015 0.0060 0.0065
<2.> cube 1.875 4.770 4.556 5.812 14.575
V total .0177 0.0544 0.1038 0.3042 0.7292
S total .0188 0.0423 0.0490 0.1122 0.0729
<;t> total 2.425 3.626 4.475 5.841 10.772

*The units of the S(i) are #m- and the units of the <2,>0) are tm.

0.5829
0.0066
11.273
0.2543
0.0025
10.006
0.1123
0.0006
17.497
0.9583
0.0097
11.641
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Table 2 Calculated Cahn-Hagel Velocity Parameters Using Eqn. (2).

Texture component Kch (l’SOtch-1) lch

random 0.0534 + 0.0209 0.41 + 0.06
rolling 0.1442 + 0.0987 0.57 + 0.10
cube 0.1493 + 0.2560 0.45 + 0.22
all 0.0588 + 0.0253 0.44 + 0.07

where is the annealing time, by employing the calculational method of Vandermeer
and Juul Jensen (1994b). The interface-averaged velocities of each texture component
were found to vary with time. The time dependence of each could be expressed by
a formula of the type first given by English and Backofen (1964)

(v) Kt-" (2)

where the Kch and Oh were determined from least-squares calculations. The results
of the calculations are listed in Table 2.

Choice of Geometrical Model

The findings from the Cahn-Hagel analysis of the growth velocities will be used as
initial choices for the growth behavior in all subsequent geometrical modelling. The
new recrystallized grains are assumed to grow as spheres. Thus, the radius function,
ri, for growth of a single grain of texture component may be obtained by integrating
Eq. (2) to give

ri(t "t’) (v)idt
K(i)

(t- ’)1-h(i) (3)
1

where 7r is the nucleation time. It is further assumed that ri (t 7:) -0, i.e. at birth
the nucleus size may be approximated as zero.
The other elements to consider for the model are the nucleation behavior (a constant

nucleation rate versus a fixed number of pre-existing nuclei growing from zero time)
and the impingement patterns (uniform impingement for randomly distributed nuclei
versus anisotropically preferred impingement for clustered nuclei in linear or planar
arrays (Vandermeer and Juul Jensen (1994a, 1995)). To decide upon and justify
reasonable, experiment-rooted premises for these elements of the model, a preliminary
analysis of the microsmactural data was performed. This is accomplished by first
examining the microstructural data in the context of a simple geometrical model for
recrystallization (Vandermeer (1995), Vandermeer and Rath (1989a,b)) which ignores
for the time being the individuality of the texture components, treating the whole as
some average texture. The simple model assumes that the radius function is given by
Eq. (3) and that nucleation is random (therefore impingements occur uniformly). In
addition, the time dependence of the nucleation rate is assumed to be given by an
equation of the form (Vandermeer (1995), Vandermeer, Masumura and Rath (1991)).

ll (z’) K.(t-’r) a- (4)
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where Kn and (5 are constants whose values are established by fitting, if possible, the
experimental data to this simple model. It should be pointed out that (5 is restricted
by the model to have a value greater than zero.

For such a uniform impingement recrystallization model, it has been shown
(Vandermeer, Masumura and Rath (1991)) that the time dependence and inter-
dependence of the extended microstructural functions, Vvex and Svex, may be described
analytically by the equations

Vvex -ln(1 Vv) B k (5)

and

Sx Sv Kt (6)
-Vv

Svex C Vvex (7)

where k, m, q, B, K and C are experimental constants that may be estimated by fitting
the functions, Eqs. (5), (6) and (7) to the experimental data. The experimental constants
may also be related to the model parameters, Ch, 15, Kh and K, (Vandermeer, 1995).
In Figures 1 and 2 the experimental data are plotted in a log-log format so as to evaluate
the constants in Eqs. (5), (6) and (7). The relationships are described reasonably well
by straight lines. For our purposes, the most instructive of the experimental parameters
are k, m and q, the slopes of the lines shown in Figures and 2, whose values,
1.20 + .05, 0.72 + .03 and 0.63 +.02, respectively, were determined by a least-squares
calculation.
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Figure 1 Log-log plots of-ln(1-Vv) and Sv/(1-Vv) versus annealing time for the overall
recrystallization of cold-rolled AA 1050 aluminum. Curves are based on a random nucleation model.
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"I-V t.t}-In{ ,
Figure 2 Log-log plots of Sv/(1-Vv) versus-ln(1-Vv) illustrating the microstructural path for the
overall recrystallization of cold-rolled AA 1050 aluminum. Curve is based on a random nucleation
model.

Superficially, it would seem from the way the data agrees (Figures 1 and 2) with
Eqs. (5), (6) and (7), that a simple, uniform impingement recrystallization model should
describe the overall recrystallization of this aluminum adequately. This is found not
to be the case when the model parameters are determined from k and m. For the model,
ch k + m and 8 3m 2k (Vandermeer, 1995). Using the experimental values
indicated above, it was calculated that etch 0.52 + .06 and 15 -0.24 + .13. While
otCh appears reasonable (compared 0.52 +_ .06 with 0.44 +_ .07 in Table 2), negative
values of 8 are forbidden by the simple, uniform impingement model (Vandermeer,
Masumura and Rath, 1991 and Vandermeer, 1995). That observation plus the result
that q (= m/k) is less than its minimum possible value of 0.67 (q 0.63 + .02 and
m/k 0.60 + .04) for randomly nucleated, nucleation and growth processes argues
that the recrystallization nuclei are at least partly clustered and are not distributed in
a way that is sufficiently random. Computer simulation also verified that a random
nucleation recrystallization process would not be acceptable. As Figure 3 shows, the
size distribution computed from a simulation of a randomly nucleated recrystallization
process (solid line) is much too broad compared to the experimental distribution (the
histogram itself). Too many larger grains are predicted by the simulation. In addition
a randomly nucleated simulation revealed a much too strong a time dependence for
Vv and Sv compared to experiment. So, to assume that nucleation is random is
inappropriate. This same conclusion was also deduced for the aluminum studied in the
earlier investigation (Vandermeer and Juul Jensen, 1994a).
To this point the analysis has demonstrated that a geometric model for recrystalli-

zation must deviate somewhat from a random nucleation outcome and that a reasonable
model must consider some degree of nuclei clustering. Two such idealized, geometrical
clustering arrangements can be conceived for which analytical formalisms may be
derived (Vandermeer, 1995 and Vandermeer and Masumura, 1992). In the first, linear
arrays or colonies of closely spaced grain nuclei may be envisioned such that because
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of their closeness during growth, preferred, or anisotropic impingement occurs rapidly,
blocking the new grain’s growth in one dimension. This behavior is superimposed
upon a uniform impingement in the grain’s other growth dimensions. Such a model
was quite effective for describing recrystallization of aluminum deformed 40% by
rolling where the principle sites for nucleation were the deformed grain edges (triple
junctions) (Vandermeer and Gordon, 1959 and Vandermeer and Masumura, 1992). This
type of model also seemed appropriate for describing recrystallization in a more
heavily rolled commercial aluminum containing particles (Vandermeer and Juul Jensen,
1994a), although in this case the linear colonies of new grains could not unequivocally
be associated with the deformed grain edges.
To illustrate what effect preferential anisotropic (linear) impingement has on

recrystallization kinetics, master curves depicting the time dependence of the functions,
Vv and Sv are shown in Figure 4. These curves are for a special case of linearly clustered
nucleation of pre-existing nuclei, no time dependent nucleation and a single texture
component system. Note that No and L are model parameters related to nucleation and
that time, t, is embedded in the parameter, K,, which is given by

K], 2 No Kh tl_ah (8)

The Kch and (Zch are the growth parameters which may be determined from a Cahn-
Hagel growth rate analysis as described earlier. The interpretation of the curves in
Figure 4 is as follows: At very small K, (time), the new recrystallized grains are
growing essentially freely in all three growth dimensions and any impingement occurs
at random. On the other hand, at very large values of K, (time), the growth in one
dimension of each grain is completely "pinched off" due to preferential impingement,
the recrystallized grains are growing essentially two dimensionally as thickening



DEVELOPMENT DURING RECRYSTALLIZATION 271

K

Figure 4 Normalized model kinetic functions for Vv and Sv plotted versus K, (time) for a special
case with clustered nucleation of preexisting nuclei, linear impingements and a single texture
component.

"strings of beads" and in those two freely growing dimensions impingement takes place
uniformly.
The transition region, i.e. intermediate times, represents the situation where pre-

ferential (or anisotropic) impingement in one growth direction begins to manifest itself
more and more frequently with time and so becomes increasingly pervasive.
The second possible type of geometrically-clustered arrangement can be imagined

as idealized planar arrays of close grain nuclei. Again, because the grains are near to
one another during growth, preferred impingement causing growth to cease in two
dimensions, is superimposed upon uniform impingements in the third growth dimension.
Nucleation of recrystallized grains in deformation bands or at the deformed grain
boundaries would exemplify cases where this kind of representation might be
anticipated. A recent quantitative description of recrystallization in heavily roiled copper
was based on just such a model (Vandermeer and Juul Jensen, 1995).

In both the linear and planar types of clustered arrangements, the recrystallization
kinetics are marked by a transition from an initially faster rate, to a slower rate both
because of the saturation of nucleation sites, if nucleation is active, and because of
the change in the dimensionality of growth. The transition, however, is much more
evident in the planar case than in the linear one where the changeover is more gradual
(Vandermeer and Masumura, 1992).

Examining the value of q itself and the values of k and m relative to 3och and 2och
and 2oc and o, respectively (these values refer to the slopes of the initial and final
portions of the Vv and Sv curves shown in Figure 4), allows an assessment to be made
of the experimental data within the context of a clustered nucleation model. Taken
altogether the relationships suggest that a linear, preferred impingement clustering
model would fill the requirements for the impingement pattern in this aluminum.
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Furthermore, from the experimental values of q, k and m, it seems reasonable to
expect the recrystallization behavior to fall in the transition region of the model in
the early stages of recrystallization with fully "pinched off" impingement occurring
during the later stages of recrystallization. Why the linear impingement model was
selected over the planer model is due to the fact that the experimental data appear
to show only modest evidence of the expected transition whereas a much more
noticeable transition would be expected if a planar impingement model had been
supposed. From the lack of a more dominant transition, it may also be inferred that
there is little or no time dependent nucleation. Indeed this was the type of model that
was used to quantify nucleation and growth in the previously studied aluminum
(Vandermeer and Juul Jensen, 1994a).
Based on the preceding arguments, the nucleation and growth model selected to

represent recrystallization of the aluminum studied in this investigation has the
following characteristics: 1) There are three texture components, random, rolling and
cube. 2) The recrystallization nuclei are clustered in colonies which may be idealized
for mathematical purposes as linear arrays of nuclei. 3) Mathematically, the nuclei are
assumed to be randomly placed along the array length with regard to both position
and texture component type. 4) All the recrystallization nuclei pre-exist and begin
growing at annealing time, 0. 5) The shape of each growing grain while unimpinged
is spherical. 6) The growth of each grain may be described by the radius function
given by Eq. (3).
The mathematical formulation of the microstructural properties, Vv(i) and Sv(i)

based on these premises will not be detailed here as it was presented already by
Vandermeer and Juul Jensen (1994a). There, it was derived that the extended functions,
Vvex(i) and Svex(i) are given analytically by the equations

and

where

Vvx(i) 4LNo(i) ri u exp(-2riZ)du du

Svx(i) 4zrLNo(i)ri exp(-2riZe) du

((-)2+ u- 1;Ze No(j)
ri

(9)

(10)

and u is the integration variable. The radius functions for each texture component are
given by Eq. (3) and are expressed in terms of time (for this case 7: is zero) and the
parameters K(i) and a(i). The model parameter L in Eqs. (9) and (10) is the total
array length per unit volume (Vandermeer and Juul Jensen, 1994a). The No(i) is the
number of nuclei/grains per unit array length for component i. The product No(i)L
is the nuclei density, i.e. the number of nuclei per unit volume, for the texture
component i. Equations (9) and (10) are related to the real space microstructural
variables, V(i) and S(i) by the formulae

dVv(i)
dVx(i)

1 V (total) (11
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and

Svex(i)
Sv(i)

V(total)

For calculational purposes Eq. (11) may be expressed in integrated form as

Vox(i) R(w)dw

where w In 1-V (i) and R(w) 1-V (i)] / [1-Vv (total)].

(12)

(13)

Application of the Linear Impingement Model to .Experiment

For each texture component, the microstructural properties, Vvcx(i,exp) and S,cx(i,exp),
at each experimental annealing time were estimated using the data in Table either
directly with Eq. (12), as in the case of Sx(i,exp) or indirectly, as for Vx(i,exp) by
integration using a polynomial function for R(wi) to represent the data and Eq. (13).
Next, the model functions, VvCx(i,mod) (Eq. 9) and Sx(i,mod) (Eq 10), were calculated
numerically by computer after initial guesses for the model parameters (the No(i)’s and
the L) are made. The initial values of the Kh(i)’s and och(i)’s were taken to be the
previously determined values listed in Table 2. The data and the function values so
determined were plotted together on the same graph and the quality of the fit between
the two was judged visually. If the fit was poor, the model parameters were adjusted,
the model functions recalculated and a new plot constructed and evaluated. This trial
and error procedure was repeated as many times as was necessary until the model
functions emulated all the data well. The model parameters that accomplished this fit,
then may be regarded as the "best guess" model parameters. The model parameters
that were deduced are tabulated in Table 3. The quality of the experimental fit is
illustrated in Figures 5 and 6. Eqs. (11) and (12) were employed to calculate the
model functions, Vv(i,mod) and S(i,mod) plotted in these figures from the Vvcx(i,mod)
and Sx(i,mod) functions that were used to fit the data and to determine the model
parameters. The Sv(i,mod) could be computed directly from Eq. (12) while an
integration, analogous to that noted above, was necessary to estimate the V(i,mod).
In these calculations, the total volume fraction recrystallized was estimated from the
model functions by the formula

Wv(total) 1- exp- (Vv,x(i))i__.l (14)

From the model functions for the V(i)’s and the No(i) model parameters, a projection
of the texture volume fraction at the end of recrystallization and a prediction of the

Table 3

Texture component

Recrystallization Model Parameters for AA 1050 Aluminum.

Random Rolling Cube

4ch
tCh #m.s ch-

No /.tm-L /.tm
-:

0.49 0.49 0.45
0.0847 0.0836 0.099
0.07 0.034 0.002

0.00398
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Figure 5 Plot of Vv(i) versus Vv(tot) comparing the "best guess" linear impingement model (curves)
with experiment (data points) for recrystallization of the cube, rolling and random texture components
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Table 4 As-Recrystallized Grain Sizes for AA1050 Aluminum.

texture Vv(model) Vv Nv(moel) <A> model
component (from Fig.3) simulation mm l,tm

<,> simul <> expmt
pm pm

random 0.62 0.60 279000 9.8 10.9 11.3 + 5.7
rolling 0.25 0.26 135000 9.2 10.6 10.0 + 4.7
cube 0.13 0.14 8000 19 18.3 17.5 + 8.9

mean fully recrystallized grain size of each texture component can be realized. The
texture fraction at the end of recrystallization can be estimated by extrapolation of the
Vv(i) functions to Vv(total) 1 in Figure 5. The mean recrystallized grain sizes can
be deduced from stereological arguments put forth by Underwood (1968). In a space-
filled assembly of fully-recrystallized grains, it can be shown that the relationship
between the number of grains per unit volume, Nv, and the average linear-intercept
grain size, <A,>, is given by (see Table 4-2 on p 94 of Underwood (1968))

(} =F.(-v)’3- (15)

where F is a constant having a value between 0.687 and 0.778 depending on the
model of the grain structure that is selected. For our approximate purposes the value
of 0.75 proposed by Kaiser (Underwood, 1968) will be assumed for F with no further
justification. To express Eq. (15) in terms of the individual texture components, it
must be modified to

() (i) -- Nv (i)
(16)

where refers to a specific texture component and V(i) is the model-extrapolated
volume fraction of component at the completion of recrystallization. The N(i)’s are
determined from the product of the model constants, No(i).L. So the model through
Eq. (16) can be used to predict what the as-recrystallized, linear-intercept grain sizes
should be for each texture component. Table 4 compares the as-recrystallized grain
sizes calculated from the model with those experimentally measured for AA1050
aluminum. The model predictions are well within the scatter of the experimental values.

Computer Simulation of Analytical Model

The computer simulation creates a "specimen" which can be interrogated in much the
same way a metallographic specimen is sectioned and analyzed by stereological
methods. Therefore, from the simulation a recrystallized grain size distribution may
also be generated which can be compared with experiment. Furthermore, geometrical
modeling by computer simulation allows some of the ideality of the mathematical
description to be relaxed. It provides more flexibility as to how the nucleation sites
are distributed. Thus, for example, instead of the long straight lines that the
mathematical approach requires of the linear impingement model (Vandermeer and
Juul Jensen, 1994a), a series of segmented lines can be generated in the computer
simulation (Juul Jensen and Vandermeer, 1995). Also, computer simulations allow slight
adjustments to be made in the model parameters if necessary.
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The segmented line model for nucleation site locations proved to be an extremely
good one in terms of its ability to match all the earlier experimental data on aluminum
including the individual texture component data (Juul Jensen and Vandermeer, 1995)
Using as initial input the model parameters deduced from the analytical modeling
approach (Table 3), a number of computer simulations were run using the segmented
line arrangement. Thus, a string of ten lines of randomly chosen directions were
connected end to end to create a longer segmented (jagged) line. The number of nuclei
placed on each line was varied from simulation to simulation, from one (similar to
a random nucleation model) up to an average of ten for a total linear density in
each case of 0.106 mm-1, i.e. No(i) in Table 3. Each simulation was run until
recrystallization was complete. The simulation with the more closely spaced nuclei
(10 per line segment) gave the best agreement with experiment. In Table 4 are listed
the texture fractions and as-recrystallized, linear intercept grain sizes based on this
simulation. These compare favorably with the experimental values and the analytical
model calculations. In Figures 7 a--c the simulated grain size distributions (solid lines)
for the model are superimposed upon the experimental histograms. The agreement is
considered reasonable.

DISCUSSION

One problem with matching experimental data to an analytical model is the matter of
uniqueness. It can not be proven that there is no other nucleation and growth
microstructural representation that can describe the data equally as well as the one
selected. Thus, the analytical model for AA1050 aluminum represented by the haodel
parameters listed in Table 3 may not be unique. Nevertheless, it must be regarded as
a "best guess" by virtue of the fact that all the measured microstructural characteristics
are in agreement. The computer simulation results add further credence to the "best
guess" model as Table 4 and Figures 7 a--c reveal.
The combined stereological, analytical and computer simulation approach to

geometrical modeling as detailed above is capable of describing many aspects of
microstructural evolution during recrystallization of aluminum. When comparisons are
made between the nucleation and growth behavior of the present aluminum and the
earlier aluminum, there are many similarities but also a few differences. Certainly the
essence of the microstructural model that describes recrystallization in the two materials
is the same. Only in the details, i.e. the model nucleation and growth parameters, are
the distinctions evident. Much of the kinetic difference can be ascribed to the disparity
in the temperature of annealing which was 280C for the current material and 253C
for the earlier material. Thus, the time-dependencies of Vv and Sv for the two
materials can be rationalized if the activation energy for growth were approximately
171 kjoule/mole. In the earlier study of aluminum (Juul Jensen and Vandermeer, 1995)
the model, unlike in the present case, was unable to predict the as-recrystallized grain
sizes correctly and the experimental grain sizes were about twice as large as the model
projections. It would seem then that the analysis gave model parameters which were
not the best ones in the earlier case. In the current study of a similar aluminum, that
discrepancy does not exist even though the main features of the model are similar.
The new analysis obviously allowed improved model parameters to be determined.
The difference may be the result of 1) processing the aluminum to yield a more
homogeneous pre-deformation precipitate state and 2) improvements in the EBSP
measurements of the stereological properties themselves.
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Figure 7 Plot of frequency versus normalized grain size (linear intercept values) for a fully
recrystallized AA 1050 aluminum. The histograms represent the experimental EBSP data and the
solid curves represent simulated results based on the clustered, linear impingement nucleation model.
(a) random texture component, (b) rolling texture component and (c) cube texture component.
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SUMMARY

The microstmctural evolution during isothermal recrystallization of AA 1050 aluminum
cold-rolled 90% was analysed quantitatively by means of stereology, analytical
modelling and computer simulation. A complete nucleation and growth model was
deduced which described in detail both microstructural and textural development of
the individual texture components including the volume fraction recrystallized, the
interfacial area density separating recrystallized grains from the deformed regions, the
texture fraction and the as-recrystallized grain sizes and grain size distributions.
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