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The recrystallized fraction for AA7050 during the solution heat treatment is highly dependent upon the
history of deformation during thermomechanical processing. In this work, a state variable model was
developed to predict the recrystallization volume fraction as a function of processing parameters. Particle
stimulated nucleation (PSN) was observed as a dominant mechanism of recrystallization in AA7050. The
mesoscale Monte Carlo Potts model was used to simulate the evolved microstructure during static
recrystallization with the given recrystallization fraction determined already by the state variable model for
AA7050 alloy. The spatial inhomogeneity of nucleation is obtained from the measurement of the actual
second-phase particle distribution in the matrix identified using backscattered electron (BSE) imaging. The
state variable model showed good fit with the experimental results, and the simulated microstructures were
quantitatively comparable to the experimental results for the PSN recrystallized microstructure of 7050
aluminum alloy. It was also found that the volume fraction of recrystallization did not proceed as dictated
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by the Avrami equation in this alloy because of the presence of the growth inhibitors.
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1. Introduction

Recrystallization is an important consideration for industrial
processing of aluminum alloys (Ref 1, 2). Controlling the
microstructure and texture during recrystallization is essential to
optimize the properties (Ref 3, 4). The recrystallization behavior of
7xxx aluminum alloys is dependent upon the particle size, spatial
distribution, and the volume fraction in the matrix (Ref 6). During
the production of 7050 aluminum alloys, decomposition and
dissolution of constituent second-phase particles can take place at
every stage of processing and, in turn, can influence the evolution
of microstructure in the subsequent stages (Ref 5). During the
solidification stage, insoluble constituent particles are colonized on
the grain boundaries (Ref 7). These particles tend to be relatively
large (on the order of microns) and interrupt the flow of metal
during the hot rolling stage (Ref 2). Thus, the stored energy and
stored energy gradient, which are regarded as the main drivers for
nucleation of recrystallization, are expected to be high adjacent to
coarse particles (Ref 8-10). There also tends to be a large texture
gradient due to the tortuous flow of metal around these particles.

In this work, the distribution of stored energy is related to
the hot rolling parameters and the gradient of the stored energy
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is related to the coarse particle distribution which can be
determined from backscattered electron (BSE) images (Ref 3).
The recrystallized nuclei form preferentially at positions of high
stored energy and high orientation gradient (Ref 10). Also, the
orientation of recrystallization nuclei in PSN regions tends to
be almost randomly oriented with respect to the average
polycrystalline sample orientation (Ref 11, 12).The addition of
zirconium can form stable phases such as Al;Zr during the
homogenization stage, which tends to prevent the growth of
recrystallized grains in the following stages (Ref 13-15). These
Al;Zr dispersoids are mainly found in the grain center and very
slight in the near-grain-boundary regions (Ref 16).Therefore,
recrystallization does not proceed as dictated by the Avrami
equation in high-strength 7050 aluminum alloy.

AA7050 aluminum alloy is widely used in critical aircraft
parts (such as wing ribs, spars, and fuselage frames) because it
consolidates high strength, low density, stress-corrosion crack-
ing resistance, and better fracture toughness than other 7xxx
series alloys (Ref 17, 18). Microstructural modeling of
thermomechanical processing is well documented as a useful
technique for optimizing processing conditions in the metal
industry. While some attempts have been made for aluminum
alloys (Ref cf. 19), presently no successful model has been
developed for predicting the evolved microstructure during the
solution treatment of these 7xxx alloys.

Developing an adequate model that predicts the recrystal-
lization fraction and simulates the evolving structure during
thermomechanical processing is required (Ref 20). In the
literature, the recrystallized fraction can be determined through
an Avrami equation type as a function of annealing time (Ref
21). However, due to growth inhibitors, full recrystallization
cannot be reached. It is of interest to predict the controlled
recrystallization fraction by modifying the Avrami equation to
take into account deformation conditions such as strain rate and
deformation temperature (both are combined in the Zener-
Hollomon parameter), and stored energy that results from hot
deformation. The prediction of recrystallization behavior and
microstructure evolution based on processing parameters of hot
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deformation processes has been addressed by several research-
ers (Ref 19, 22-25). The techniques that were used in these
studies did not include the spatial inhomogeneity of recrystal-
lization in a real microstructure, and they do not provide
information on the morphology of the resultant recrystallized
structure. On the other hand, computer simulations along with
more accurate modeling of the evolving microstructure can
provide this information (Ref 26-28). In this research, a state
variable-based model has been coupled with the Monte Carlo
Potts (MC) model to model the recrystallization volume
fraction of the metal as a function of processing parameters.
The spatial inhomogeneity of nucleation is obtained from
measurement of the actual second-phase particle distribution in
the matrix identified using backscattered electron (BSE)
imaging. The initial microstructures for the simulations were
obtained using electron backscatter diffraction (EBSD).

2. Experimental Details

7050 Al alloy strips were cut from the mid-thickness and
mid-width section of a hot-rolled 50.8-mm (2 inch)-thick plate.
The chemical composition of the AA7050 used in the present
analysis in (Wt.%) was 6.2% Zn, 2.3% Cu, 2.2% Mg, and
0.12% Zr with minor amounts of Si, Fe, Mn, Cr, and Ti.
Cubically shaped samples 20 x 15 x 15 mm® were cut from
strips and machined to align with the original rolling and
normal directions of the plate. SEM samples were ground and
polished mechanically. Micro-hardness indentations were used
as fiducial markers to determine precisely the regions for EBSD
and BSE observations. High-resolution SEM was conducted in
a field emission scanning electron microscope (FESEM)
operated at 20 keV. EBSD was carried out with scans over
square regions on the order of 4 x 10° um®. A representative
EBSD data set was converted into a discretized matrix based on
crystallographic orientation misorientation data (Ref 29). A
custom FORTRAN code was used to incorporate low-angle
misorientations within each grain. The ImageJ software pack-

age (Ref 30) was used to threshold the BSE images to
determine the size distribution and area fraction of large
particles (see Fig. 1). To minimize the effects of noise, all
particles smaller than 4 pixels were ignored; this means that
only particles with a diameter larger than 1 pm were included
in the analysis. The EBSD and BSE measurements were taken
primarily in the RD-ND plane to best capture the orientation
gradients that exist in the structure, while token analyses were
also performed on the other two mutually orthogonal plane
sections. Figure 2(b) shows a typical BSE image with coarse
particles as black spots in a white matrix. It is apparent that
these large particles are distributed along the rolling direction,
as quantified in a previous publication (Ref 3).

3. Description of the State Variable
Recrystallization Model for AA7050

Recrystallization fractions of polycrystalline materials are
often represented mathematically using an Avrami-type equa-
tion. We use the same approach herein, but due to the presence
of growth inhibitors in this kind of alloy, full recrystallization
cannot be reached without first dissolving the Zr-based pinning
particles. Therefore, the Avrami equation is herein amended to
represent the kinetics of recrystallization to a final recrystal-
lization fraction less than 1. The fraction of recrystallized
structure (f or K,x) at a given recrystallization temperature is
given by the revised Avrami equation (Eq 1). Figure 2
schematically represents the presumed recrystallization behav-
ior in the 7050 aluminum alloy investigated as represented by
this equation.

S = Kmax[1 — exp(—b1")] (Eq 1)

Including a number of judicious assumptions for developing
a model to predict recrystallization fraction in a rolled particle-
containing alloy is unavoidable. The essential assumptions
include that: (i) The solute concentration is assumed constant in
the matrix; (ii) the stored energy spatial distribution is related to
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Fig. 1 (a) BSE image and (b) corresponding binarized image showing the representative particle distribution in the rolled AA 7050 structure

(The magnification bar is 500 pm)
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the spatial distribution of coarse particles in the matrix; (iii) the
texture and grain boundary effects are uniform; and (iv)
recrystallization is a function of composition, but all experi-
ments were performed on specimens from #2 so the compo-
sition is assumed to be uniform.

In hot rolling, the stored energy, strain rate, and temperature
in the metal are fluctuating constantly as a function of time and
position (Ref 22). An accurate prediction of microstructural
evolution and recrystallization behavior of aluminum alloys is
highly dependent upon the history of deformation during
thermomechanical processing (Ref 31). A number of deforma-
tion experiments on ingot samples of 7050 were performed at
elevated temperature using plane strain deformation so as to
simulate hot rolling conditions (Ref 32). It will be demonstrated
that the static recrystallization kinetics of high-strength alu-
minum alloys after hot rolling can be effectively described by
three parameters: temperature-compensated strain rate (Zener-
Hollomon parameter, Z), recrystallization temperature 7.y, and
accumulated stored energy S.

Kmax = KO(Z> Trexa S) (Eq 2)

A model describing the relationship between these param-
eters and the fraction recrystallized was developed as part of
this work (see the “Appendix”). Figure 3 shows the recrystal-
lization fraction that was predicted by the state variable model
and measured experimentally for AA7050 at a recrystallization
temperature of 470 °C (i.e., the solutionizing temperature).
Each point represents the experimental and modeled recrystal-
lization fractions after a given set of deformation conditions and
a given annealing time. Perfect agreement between the model
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Fig. 2 Schematic of the assumed recrystallization kinetics in high-
strength 7050 Al alloy
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Fig. 3 Diagram shows the recrystallization fraction predicted by
state variable model compared with the experiment results for a
7050 Al alloy
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and experiment would be achieved for all points lying on the
dashed line. The reasonable consistency between model
predictions and experimental results is an indication that the
recrystallization behavior of hot deformation is influenced by
the identified variables mentioned above.

In addition to the state variable model that retrieves stored
energy, a platform for describing the spatial dependence of
structural evolution is required. A mesoscale model exhibiting
the microstructural evolution over a two-dimensional spatial
grid is used for this purpose. The following section presents a
brief description of the Monte Carlo Potts model.

4. Simulation Approach

4.1 Monte Carlo Model

In the current work, computer simulation of the recrystal-
lization process was undertaken using a Monte Carlo Potts
model. The initial microstructure used as input for MC
simulation originated from the EBSD data using a domain size
of 274 x 268 sites. Every lattice site embedded in a grain was
allocated with an index S; referring to the crystallographic
orientation (spin) of that grain. Lattice sites surrounded by sites
of different crystallographic orientations were considered as
being located at a grain boundary, whereas lattice sites that
were neighbored by sites with the same orientations were
regarded as being embedded in grain interiors (Ref 33). Also,
the stored energy resulting from deformation can be assigned to
every lattice site. Therefore, every site has an associated stored
energy H (s;) that contributes to the total energy of the system.
The stored energy was set to be a positive arbitrary value varied
from 1 to 10 (with 10 having the highest stored energy) for
lattice sites belonging to the particle deformation zones. The
total system energy is described by the Hamiltonian as given in
the following equation:

N NN

E=J/23" % (1-0(S8) + D HS)

i=1 j=1

(Eq 3)

The evolution of the structure is modeled by choosing a site
from the recrystallized orientation set and a new orientation at
random from the set of allowable values. The total system
energy change, AE, for changing the site to the new orientation
is calculated, and the flipping is executed with a transition
probability P, such that (Ref 34)

1 AE <0
P(AE,T) = {exp(—%) AE>0

Each dissimilar pair of nearest neighbor points contributes a
unit of grain boundary energy J to the system. In simulation of
recrystallization, the stored energy per site is presumed to be
positive at time zero for the deformed matrix and zero for the
recrystallized matrix (Ref 35). The external sum i is a
summation over all N sites in the system, whereas the inner
sum j is over nearest neighbors (NN) only. S; and ; are old and
new (randomly selected) lattice orientations, respectively, K is
the Boltzmann constant, and T is the absolute temperature.
Unlike the physical temperature, the temperature in the context
of the Monte Carlo model governs the degree of disorder in the
lattice. The lattice temperature (k7) is mostly set to 0.2-0.3 in
order to maintain boundary roughness and to avoid lattice

(Eq 4)
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Fig. 4 Snapshots for microstructural evolution using Monte Carlo Potts model (a, b) initial real 7050 Al alloy microstructure along with real
thresholded BSE image, (c) 16.8% recrystallization fraction (15 MCST), (d) 29% recrystallization fraction (~40 through 100 MCST), (e, f) a
microstructure of recrystallized grain in alignment with large particle distribution (the magnification bar is 700 pum)

210—Volume 26(1) January 2017 Journal of Materials Engineering and Performance



pinning effects (Ref 36). One Monte Carlo time step (1 MCS) is
defined as N reorientations where each of the N sites is given an
opportunity to change orientation. The range of orientation
values can be split into recrystallized and non-recrystallized sets.
The orientations of the recrystallization nuclei are taken from the
texture near particles and are observed to be almost random. The
simulation was carried out with site saturated surface nucleation,
which means that all nuclei were injected into the matrix with a
unique orientation value distributed spatially according to the
particle distribution in the BSE images.

5. Results and Discussion

5.1 Microstructure Evolution

Figure 4(a) and (b) shows the initial hot-rolled microstruc-
ture including low-angle misorientations within each grain for
high-strength aluminum alloy 7050 and binarized BSE images
for the RD-ND plane. The black spots in the BSE image
represent coarse particles that determine the regions of
nucleation in the matrix. These Fe- or Si-based non-deformable
particles affect the microstructure and texture during hot rolling
by producing large deformation heterogeneities around the
coarse particles (i.e., high stored energy). The recrystallization
behavior is controlled by total stored energy and its spatial
distribution in the matrix (Ref 23). These deformation hetero-
geneities are called particle deformation zones (PDZ) and often
elongated in the direction of deformation. PDZ regions can act
as the preferred sites for nucleation of recrystallized grains
during subsequent treatment (Ref 10). In regions of particle
clustering, the particle deformation zones overlap. Numerous
sub-grains with random orientations in the particle-matrix
interface are generated (Ref 37).

Due to the particle size and the degree of deformation (reduction
90%) which increases the stored energy during deformation, few
recrystallized sub-grains were visible in the initial microstructure,
shown in Fig. 4(a) and (b). In this research, a number of nuclei were
added to the microstructure at simulation time zero (site saturation
nucleation) (Ref 35) and distributed according to the particle
distribution in the BSE thresholded images over the old recrystal-
lized sub-grains. The recrystallized grains grow and migrate in
longitudinal patterns parallel to the rolling direction in conjunction
with the coarse particle distribution. These nuclei were growing in
competition with each other similar to grain growth in a single-phase
alloy. The mobility and migration of the new strain-free grains were
isotropic; therefore, equiaxed polyhedra were expected in the
recrystallized structure. Figure 4(c) and (d) shows the simulated
evolved microstructure for the hot-rolled 7050 aluminum alloy. It
was assumed that the recrystallized grains are completely strain-free
with unique orientations and no observed angle misorientation. The
recrystallized grains grow around the large particle into the
deformed matrix in particle deformation zone domains. Generally,
by comparing the spatial distribution of recrystallized grains in the
EBSD images with coarse particles in BSE images, the conclusion
that recrystallization has occurred mainly by the particle stimulated
nucleation (PSN) mechanism is supported. Qualitatively, the
simulated microstructures were in agreement with the experimental
results for recrystallized microstructure of 7050 aluminum alloy.

Figure 4(e) and (f) shows the actual distribution of recrys-
tallized grains within the AA7050 alloy. The black arrows point
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to locations of clustered recrystallized grains in the EBSD
image and to large non-deformable particles in the binarized
BSE image. This demonstrates that recrystallized grains are not
randomly distributed and again confirms that PSN is the
primary mechanism for nucleation of recrystallized grains in
AA7050. The recrystallized grains tend to gather around the
coarse particles in arrays parallel to the rolling direction (Ref
38).

5.2 PSN Recrystallization Behavior During Simulation

Figure 5 shows the typical sigmoidal form of the recrystal-
lization kinetics which characterizes the simulation results very
well. The plot shows that a finite recrystallized nuclei fraction
was assigned at time zero, followed by a rapid increase in the
recrystallization rate (linear slope), and lastly due to impinge-
ment of growing grains and a matrix containing recrystalliza-
tion-resistant particles; a declining rate of recrystallization is
noticed as well. The recrystallized fraction is about 29 percent
for this simulation, which was determined by the state variable
model for a strain rate = 2.3/s, deformation temperature =
385 °C, and solution heat treatment temperature = 470 °C to a
final rolling reduction of 0.90.

PSN recrystallization typically initiates at many nuclei;
therefore, a large quantity of recrystallized sub-grains were
inserted within the particle-affected zones in the matrix. Some
of these grains will grow, while others shrink with time, and the
average number of recrystallized grains will drop during
recrystallization (Ref 39). Figure 6 shows the decline in the
number of recrystallized grains against recrystallization fraction
(RXF) at early simulation times (namely 0-40 MCS time). This
is because the growth rate of recrystallized grains was driven by
stored energy in the early stages of simulation. This growth rate
declined when the stored energy was consumed in the particle
deformation zones (after 40 MCS time). Figure 6 shows the
decline in the number of recrystallized grains against the
recrystallization fraction (RXF) at early simulation times
(namely 0-40 MCS time). This is because the growth rate of
recrystallized grains was driven by stored energy in the early
stages of simulation. This growth rate declined when the stored
energy was consumed in the particle deformation zones (after
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Fig. 5 Recrystallization kinetics obtained from Monte Carlo simu-
lation result

Volume 26(1) January 2017—211



N N ®
S a o
S o o

(< 3]
(=2
oS O

Number of grains is

o
(3]
(=]

relatively steady

0.1 0.2 03
Recrystallization Fraction%

Number of subgrains

Hoan
QO
(==

S5
o
o

350

Fig. 6 Drops in the recrystallized sub-grains number vs. RX frac-
tion as determined by the Monte Carlo Potts model

40 MCS time), and the recrystallizing grains no longer had the
driving force to overcome the recrystallization-resistant matrix.
After that time, a small variation in recrystallization volume
fraction appeared that can be attributed to the growth of grains
under the driving pressures of the recrystallized grain bound-
aries. However, the recrystallized grains were constrained by
impingement with unrecrystallized grains previously assigned
with low stored energy outside of the particle deformation zone
where the effect of dispersoids (Al;Zr) is enough to overcome
the driving force for boundary migration and recrystallization
will be halted (Ref 40). Thus, the PSN nuclei are not able to
grow out of the deformation zone (Ref 41).

6. Summary and Conclusion

The present work shows an obvious link between the
deformation conditions and the static microstructural evolution.
The recrystallized fraction for AA7050 during the solution heat
treatment is highly dependent upon the history of deformation
during thermomechanical processing. A Monte Carlo Potts
model has been used to simulate the evolved microstructure
during static recrystallization with the given recrystallization
fraction determined already by the state variable model for
AA7050 alloy. The state variable model showed good fit with
the experimental results. The recrystallization behavior in this
alloy was dominated by particle stimulated nucleation. The
realistic particle distributions of second-phase particles along
with a deformed microstructure were incorporated into the Potts
model as the initial point for simulation of the microstructure.
The recrystallization behavior is highly affected by stored
energy around the coarse particles in the early stages of
simulation; the growth of recrystallized grains progresses
rapidly, but becomes inhibited once the high-energy particle
deformation zone was consumed. The simulated microstruc-
tures are quantitatively comparable to the experimental results
for the recrystallized microstructure of 7050 aluminum alloy.
The recrystallized grains tend to cluster around the coarse
particles in arrays parallel to the rolling direction. This
demonstrates that recrystallized grains are not randomly
distributed and PSN is considered as the primary mechanism
for nucleation of recrystallized grains in AA7050. The average
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number of recrystallized grains drops during grain growth due
to a ripening procedure.
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Appendix

In the hot rolling stage of high-strength aluminum alloys,
recovery and perhaps some recrystallization can take place
between stands in a rolling mill. Therefore, it is presumed that
deformation goes to increase dislocation density, but immedi-
ately after unloading as result of the deformation temperatures,
recovery begins to take place. These events continually
influence the stored energy rate in hot deformation. As stated
in section 3 (Eq1 and 2), the assumption is that the
recrystallization kinetics follow a law similar to that proposed
by Johnson, Mehl, Avrami, and Kolmogorov with the exception
that complete recrystallization will not take place. In this state
variable model, developed specifically for this study, the total
fraction of recrystallization is equal to K,, where

Ko =B (Si) " fanh(Cy In(1 + 2))]" (TT—) h

C m

(Eq 5)

Tiex 18 the recrystallization temperature which is an external
variable, while Z is the Zener-Hollomon parameter, S is
stored energy and is an internal state variable that tracks evo-
lution of the structure during deformation and annealing, and
T,, is the melting temperature.

Z = gexp <R7Qd f)
C

Se = 1000

(Eq 6)

(Eq7)

S¢ is an arbitrary value representing the highest possible va-
lue for stored energy in the metal at any condition.
During hot deformation, the stored energy evolves following
the relationship:
S=C(2) {1 —

S
Exﬂ (Eq 8)

where

C(2) = BylIn(Z + 1)]™ (Eq9)

And the maximum equilibrium stored energy attainable at
any given Z value is:

Smax = S¢[tanh(B4 In(Z + 1))] (Eq 10)

Constants determined from experimental measurements of
recrystallization at various deformation and annealing condi-
tions were determined as follows: m = 0.48, B; =2.12, B; =
0.015 (fixed), ms= 3.9, B4,= 0.79, C;= 0.03 (fixed), Q =
50000 JK/mole (not a fitting parameter), R = 8.314 J/mole
(not a fitting parameter), and with the initial condition, S (0) = 1
for hot-deformed AA7050 at a position in the center of the
plate (#/2).
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