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Recrystallization and Grain Growth Simulations
for Multiple-Pass Rolling and Annealing of U-10Mo

WILLIAM FRAZIER, CHAO WANG, ZHIJIE XU, NICOLE OVERMAN,
SHENYANG HU, and VINEET V. JOSHI

A simulation model of recrystallization and grain growth has been developed to investigate
grain structure evolution during deformation and heat treatment in polycrystalline U-10 wt pct
Mo (U-10Mo) fuel. Experimentally obtained U-10Mo post-homogenization microstructures
were used as input for closed-loop simulations of multiple rolling passes, intermediate heating,
and final annealing. Finite element model calculations of deformation and Potts model
simulations of recrystallization and grain growth were used to iteratively inform each
subsequent stage of simulation. The model was then applied to predict the grain structure
evolution during multiple-pass hot rolling and annealing of U-10Mo and benchmarked against
experimentally observed U-10Mo recrystallization behavior. The results showed that our model
was able to capture the coupling between deformation and recrystallization as a function of
microstructure, including particle stimulated nucleation and recrystallization nucleation on
grain boundaries. Additionally, we have achieved reasonable quantitative agreement with

®

Check for
updates

U-10Mo recrystallization and grain growth behavior.
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I. INTRODUCTION

THE USs. Department of Energy (DOE) National
Nuclear Security Administration (NNSA) has an ongo-
ing effort to convert five civilian-use US high-perfor-
mance research reactors (USHPRRs) from using highly
enriched uranium to using less enriched uranium.
Uranium alloyed with 10 wt pct Mo (U-10Mo) alloys
have high uranium density even as LEU fuel, excellent
irradiation resistance, and good thermal conductiv-
ity.'’ 3 U-10Mo is used as a single foil sandwiched
between aluminum cladding and a Zr interlayer, and is
known as “monolithic” fuel. Typically, the U-10Mo
foils are made by casting LEU and Mo into plates 0.2
inches thick, homogenizing the plates, hot rolling the
plates to bond the Zr interlayer to U-10Mo and
cold-rolled to their final thickness (typically 0.025 inches
to 0.0085 inches. The foils are clad in aluminum by a hot
isostatic pressing (HIP) step to form a fuel plate. It is
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imperative that fuel fabrication should allow for strong
control over the dimensions (e.g., U-10Mo and Zr
interlayer thickness) of the final formed product and
microstructure over a range of feedstock impurities (e.g.,
carbon), to not only meet the specifications but also
minimize the losses associated with yield.

It has been observed that the presence of the large
grains in the as-cast and homogenized microstructure
results in thickness variation in the Zr and the fuel meat.
It is also well known that the grain size and the
percentage of deformation in the final formed fuel
impact the phase transformation kinetics, which results
in precipitation of the alpha uranium phase during the
HIP cycle. For the purpose of designing a fuel process-
ing schedule that will allow the fuel to meet performance
requirements with a wide range of feedstock impurities,
it is essential to have predictive models for the
microstructure of the fuel as a function of its processing
treatment. Therefore, multiple steps in fabrication must
be considered from the initial casting and homogeniza-
tion procedure to the final HIP process. This work
specifically examines the effect of the homogenized grain
structure and particle distribution on the grain structure
after hot rolling, intermediate heating, and final anneal-
ing. The hot rolling occurs in several steps. First, the
homogenized material is hot-rolled and reheated in
several successive passes, undergoes a final annealing
process, and then cold-rolled with multiple passes before
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undergoing a final anneal. A final anneal allows the fuel
foil to recrystallize and some amount of grain coarsen-
ing to occur.

Simulating this process requires an analysis of the
deformation behavior of U-10Mo, as well as its recrys-
tallization and grain growth kinetics. Recent experimen-
tal work has identified kinetic parameters for the
recrystallization and grain growth behavior of
U-10Mo, as well as constitutive equations of U-10Mo
deformation. A model incorporating these parameters
was recently demonstrated in a simulation of nine hot
rolling passes and a final anneal and evaluated against
the same set of experimental treatments.!”! In this work,
we will apply the same model in order to predict the
grain structure of two different starting microstructures.
These microstructures have undergone different homog-
enization heat treatments and have considerably differ-
ent starting grain structure. This work will evaluate the
impact of these different starting microstructures on the
evolution of the grain structure over the course of this
process. Simulation results will be compared with
experimental data for the identical rolling and annealing
treatments in order to further verify the predictive
capability of our model.

II. METHODS

A. Microstructure Generation

For this work, two U-10Mo alloy plates 0.2 inches
thick were cast and then homogenized at temperatures
of 900 °C for 48 hours and 1000 °C for 16 hours
(referred to as foils A and B, respectively). Samples
were cut and examined via electron backsattered
diffraction in order to obtain initial grain structures
for the simulations. Scanning electron microscopy was
performed using a JEOL 7600 field-emission scanning
electron microscope. EBSD mapping was performed
using an Oxford Instruments Nordlys detector coupled
with the AZtec NanoAnalysis Software, version 3.2.
Mapping was performed using an accelerating voltage
of 20 kV, a specimen tilt of 70.0 deg, and a working
distance of ~ 24 mm. Indexing of the yym, phase was
performed using a cubic crystal system, space group
(229), Laue group (Im-3m), with lattice parameters for
uranium a = b = ¢ = 3474 Aand « = f =7y = 90
deg. Please note _that the Ilattice parameter of
»-U-10Mo is 3.41 A™7; this 0.064 A contraction is
not believed to significantly affect absolute orientation
measurements. Indexing of the uranium carbide phase
was performed using a cubic crystal system, space
group (225), Laue group (Fm-3m) with lattice param-
eters a=b=c¢c=495A and o= =7y =90
deg. Prior to performing EBSD, optical imaging was
performed to determine the grain size and particle
distribution.”) Based on this information for the
current set of samples, scans were performed at
150 x magnification using a step size of 3.5 um.
Following acquisition, EBSD map cleaning was per-
formed using the HKL Channel 5 Software Package.
Wild Spike removal plus iterative zero solution

extrapolation was performed to a medium Ievel.
Following clean-up, a grain size determination was
performed using a 6 deg critical misorientation thresh-
old with boundary completion down to 2 deg and a
10 pixel minimum grain filter. The grain size determi-
nation was used to determine the crystallographic
orientation spread within each grain, which was then
averaged. Averages were applied to all points within
each grain, to yield a single orientation per grain and
exported for modeling evaluation. In order to obtain
an accurate representation of the second-phase parti-
cles in each microstructure with sufficient resolution,
backscattered electron (BSE) imaging was performed
on the samples in scanning electron microscopy
(SEM)."" The UC particles in the U-10Mo were
segmented by thresholding the contrast of the grays-
cale BSE images using Image] software.) These
segmented images were then used to obtain particle
size distributions from both samples. This data, which
we compare to particle size measurements obtained
from EBSD in the supplementary material Figure S1,
demonstrates that EBSD overestimates the size and
volume fraction of the particles by a factor of two to
four. Since the second-phase particles in microstruc-
tures can have considerable influence on recrystalliza-
tion and grain growth processes,”” * areas resolved as
particles in EBSD were removed, and circular particles
from the obtained particle size distributions were
overlaid on to the grain structures. This was necessary
in order to facilitate accurate particle and volume
fraction in simulation.

Figures 1(a) through (d) shows the microstructures of
foil samples A and B rendered as simulation input. The
generated simulation input consists of circular particles
in different positions detected from EBSD. It is visually
obvious that the two different homogenization routines
have resulted in different microstructures. Microstruc-
ture A, homogenized at 900 °C for 48 hours, has an
equiaxed grain structure and an average grain size of
76.1 £ 5.3 um. Microstructure B, homogenized at
1000 °C for 16 hours, has abnormal large grain and an
average grain diameter of 100.5 £ 16 um, including the
abnormal grain. Previous annealing studies have shown
that this grain growth behavior is common during
homogenization at 1000 °C.

Figures 2(a) and (b) shows histograms of the grain
size distributions and particle size distributions for
microstructures A and B. For the purpose of showing
the spread of the distributions, the histograms are
area-weighted. Grain size histograms from EBSD
verify the abnormality of the large grain in microstruc-
ture B. While these data likely do not constitute a
large enough field of view to make any inference as to
the effects of the homogenization procedure on particle
volume fraction, we can expect that these results may
influence the results of our simulations. We can further
see from histograms of the particle size distributions
that microstructures A and B have somewhat different
particle size distributions. The average particle size for
microstructures A and B was 0.96 £ 0.048 and
1.03 £ 0.098 um, respectively. Information for foils A
and B is given in Table L.
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Fig. 1—The initial microstructures for U-10Mo foils A (¢) and B (b), shown in an IPF EBSD map, alongside rendered simulation
microstructures for foils A (¢) and B (d). Carbide particles in the simulation microstructure can be seen in white, and are marked in EBSD.
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Fig. 2—The grain size distribution (@) and particle size distributions (b) of U-10Mo foils A and B, which were homogenized for 48 h at 900 °C
and 16 h at 1000 °C, respectively.
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Table I. Homogenization Procedure, Grain Size, and Particle Sizes of Simulated Foils

Foil Name Homogenization Temperature Homogenization Duration Average Grain Size Average Particle Size
A 900 °C 76.1 £ 5.3 um 0.96 + 0.048 um
B 1000 °C 100.5 £ 16 um 1.03 &+ 0.098 um

B. FEM Simulation of Rolling

A FEM model is integrated with the Potts model to
study U-10Mo recrystallization and grain growth
behavior as a function of rolling reduction, rolling
temperature, annealing temperature, annealing time,
and starting microstructure. By approaching the simu-
lation methodology in this way, FEM can capture the
complicated deformation during rolling, while the Potts
can predict the recrystallization kinetics in the
microstructure as a function of the deformation. In
order to capture the effect of the iterative process of
rolling and reheating on the U-10Mo microstructure,
FEM and Potts model simulations were performed
iteratively for each pass of rolling and reheating.

Rolling simulations were conducted in Abaqus using
an explicit 2-D plane strain compression to simplify the
actual rolling process. The details of the problem setup
can be found in Reference 10. For the hot rolling
process, it is assumed that the deformation occurs
without any cracking or fracturing. Second-phase par-
ticles were considered to be isotropic materials with
Young’s modulus and Poisson’s ratio defined as
224.9 GPa and 0.288, respectively.''! The polycrys-
talline grain structure and the anisotropic effect on the
stress/strain fields are considered in this study by
randomly assigning by an independent flow curve with
a random =£ 50 pct stress deviating from the baseline
value to represent the level of grain anisotropy.['” The
baseline stress—strain curve is given in Referencell. The
elastic behavior of matrix was characterized by a
65 GPa Young’s modulus and 0.35 Poisson’s ratio.

The strain field obtained from the FEM rolling
simulations was used as input to estimate driving force
for recrystallization in the Potts model. We calculate this
driving force from the von Mises equivalent plastic
strain, ¢¥M, which can be calculated at the center of each
element i:

Here, ¢ is the plastic strain in directions j and k, and i is
the position in the microstructure.

C. Potts Model Simulation of Recrystallization
and Grain Growth

Modifications to the Potts model were made previ-
ously in order to simulate rolling in U-10Mo.®! The
Potts model is a simple method for the simulation of
grain growth and recrystallization, which consists of a
cellular lattice of grain orientation IDs. The energy of

each simulated site E; is calculated based on a bulk
energy term U, and the local interactions between unlike
grain IDs. A fitting term f accounts for the resolution of
the Potts model lattice with respect to the rate of
recrystallized grain:

NN
E:wm+zyﬂ15m) 2]
b =

In this regard, the Potts model considers the grain
boundary energy, accounted for by the local interac-
tions, and stored energy from deformation, accounted
for by the bulk energy term. The term J; denotes the
grain boundary energy of two unlike orientations, and ¢
is the Kronecker delta. The ID assigned to each cell
changes with a probability calculated from the change in
energy AE associated with the reorientation and a
mobility factor M.

M AE <0
p=3 Mo, . 3]
LT AE>0

max

Equation [2] is also frequently modified by adding a
kinetic factor that accounts for changes in grain
boundary energy,'®! but here we have assumed that
grain boundary energy is isotropic and invariant with
temperature. The mobility, however, changes as a
function of temperature and the type of reorientation
considered. The simulation temperature T4, also
referred to as k7, is a non-physical parameter that
controls grain boundary roughness.'*"! At T = 0,
only energetically favored reorientations occur, which
causes grain boundaries to non-physically pin them-
selves to the Potts model lattice. Therefore, a nonzero
Ts = 0.5 was selected, which is sufficient to overcome
this lattice pinning with minimal roughening.!'¥

In these simulations, there are three distinct types of
reorientations that we consider. The first type is indi-
cated by grain coarsening in the deformed or recrystal-
lized regions, referred to as “‘grain growth” in Eq. [3].
For this analysis, we have assumed that the deformed
grains do not significantly coarsen before they recrys-
tallize. This assumption was made because preliminary
simulations indicated that this grain growth was
extremely slow in comparison with the progress of
recrystallization.

The second type of reorientation is the nucleation of a
recrystallized grain in a deformed region, driven by the
stored energy from deformation. This is referred to as
“nucleation.” The third and final type is the growth of a
recrystallized grain into deformed regions, also driven
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by the stored energy of deformation. This is referred to
as “growth.” Each type of reorientation has mobility
dependent on temperature 7.

It is important to mention that for the purposes of this
modeling we have held grain boundary energy indepen-
dent of temperature, since we expect its influence to be
negligible. For example, if we assume that grain
boundary energy has the same dependence on temper-
ature as that calculated for a £79 twist boundary in Ni
by Foiles,!" then we can expect that a 100 °C change in
the annealing temperature to result in only a 0.05 um
variation in the critical nucleus size.

—96G .
e ®t QGrain Growth

—9Rex
M=1 X Nucleation . 4]
BNuc
e
5 Growth
Growth

In these equations, the terms Qg and Qgrex describe
the activation energies for grain growth and recrystal-
lization, respectively. Both of these terms have recently
been estimated experimentally for U-10Mo.!"?! Here, R
is the universal gas constant, while fnue and Bgrowtn
account for differences in simulated recrystallization and
grain growth time scales. These parameters were selected
through preliminary simulations.” In other words, the
recrystallization that occurs over a given period of time
at temperature, which is controlled by Qgrex, must also
accompany some grain growth, which is controlled by
the QG- Since we have experimentally determined these
parameters,'"'”! we are able to calculate the relative
rates at which recrystallization and grain growth reori-
entations should occur in the Potts model. This is
controlled by fnue and Bgrowth and allows us to directly
relate Potts model time to physical time. These param-
eters are listed in Table II.

D. Integrated Simulation Experiments

Simulations were performed on the two obtained
microstructures after casting and homogenization treat-
ment. Since we assume that the edges of the microstruc-
ture are not free surfaces, we use periodic boundary
conditions. FEM simulations of hot rolling were per-
formed on both microstructures for 15 pct thickness
reductions per pass, and then the Potts model was used
to simulate recrystallization for a 20-minutes annealing
treatment at 700 °C. This process was repeated eight
times until the ninth hot rolling pass, after which the
Potts model simulated 1 hour of annealing at 700 °C.

Table II. Values of Potts Model Simulation Parameters

Parameter Value Citations
oere 172.4 kJ/mol 1
ORex 100.6 kJ/mol 17

p 5.42 —
Brue 5.69 x 10° —
BGrowth 1.46 x 10° —
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This constitutes an approximately 76.8 pct total reduc-
tion by hot rolling, using the exact experimental
processing steps.

These simulations were performed to replicate the
experimental treatment of foils A and B, which occurred
as follows. First, hot rolling was performed using a
Stanat Model TA-215 two high rolling mill. The top and
bottom rolls were 4 inches in diameter and roughly §
inches wide. Rolling was performed without lubrication.
For rolling, the U-10Mo samples were wrapped in
zirconium foils roughly 0.001 inch (0.025 mm) thick.
The mill was operated at 25 revolutions per minute and
had a maximum load separation force of 100,000 Ib. Hot
rolling reduced samples from 0.2 inch (5.08 mm) to 0.04
inch (1.02 mm), using 15 pct reductions per pass. In
between each pass, samples were preheated in air at
700 °C for 20 to 30 minutes in a Thermcraft Model 1134
tube furnace. Samples were rolled within 5 seconds of
removing from the furnace to minimize heat loss. When
the desired thickness of 0.04 inch (1.02 mm) was
attained, the samples were then annealed at 700 °C for
1 hour in an MTI model VBF-1200X-HS furnace, which
uses a continuously flowing argon atmosphere. Finally,
the samples were etched in order to remove surface
oxides from the sample surfaces.

Microstructures, grain sizes, and grain size distribu-
tions were obtained for each stage of these simulations.
Special attention was paid to the rolled microstructure
after nine hot rolling passes before annealing and the
microstructure after annealing. These datasets were
compared to the obtained EBSD maps of U-10Mo
given the equivalent experimental treatments. We expect
that this will demonstrate the fidelity of our simulation
approach to that of the actual rolling process, and
provide insight into the influence of the homogenized
grain structure on the rolled and annealed microstruc-
ture. Finally, the recrystallization kinetics were tracked
in simulation as the area fraction of the original
microstructure that had been replaced with recrystal-
lized grains. It is hoped that this analysis will allow us to
ascertain the effect of the homogenization treatment on
the U-10Mo recrystallization kinetics during rolling and
annealing.

III. RESULTS

The simulation micrographs of both microstructures
for the first five passes of hot rolling and reheating are
shown in Figure 3. Since the highly reduced microstruc-
tures are significantly longer than the initial microstruc-
ture, the simulation micrographs have been cropped so
that they all have the same length. From these micro-
graphs, we observe that the model predicted nucleation
of the grains at the shear band and in the vicinity of the
stress fields associated with the carbides, more com-
monly termed as particle stimulated nucleation (PSN).
This observation is consistent with the experimental
observations made by the manuscript authors.[”! In both
cases, we observe that with additional rolling and
reheating passes, the grain size decreases. In the first
four passes, certain grains, especially the larger ones
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Fig. 3—Simulated microstructures after the first five passes of hot rolling and reheating for foils A (left) and B (right). In these microstructures,
the second-phase particles can be seen in white. Strain percentage values for each pass are shown in the upper-right-hand corner of each image.

with lower volume fraction of carbides, show sluggish
recrystallization kinetics.

An examination of the grain size distributions after
each hot rolling pass further demonstrates that the grain
size distributions become nearly identical after the fifth
hot rolling pass or a cumulative strain of 56 pct, as
shown in Figure 4. Plots of cumulative area fraction vs
grain diameter show that the main deviations in grain
size distribution appear to arise from the large grains
that form during homogenization at 1000 °C.

As this grain structure becomes refined, the grain size
distribution becomes considerably more uniform. After
four to five passes of hot rolling and reheating, the long
tail of the grain size distribution that constitutes the
initial grain structure has disappeared completely.

Hot rolling has the effect of creating some grain
elongation, which can be observed in our simulated
microstructures A and B after nine hot rolling passes
and before the final anneal (see Figure 5). EBSD maps

of the as hot-rolled A and B microstructures show
similar elongation behavior and grain size. We can see
that after the final hot roll and anneal, the both
microstructures A and B are fine grained and approx-
imately equiaxed.

An analysis of the recrystallization kinetics of these
simulations further demonstrates that the grain struc-
tures become very similar after about four rolling passes.
We can see from Figure 6 that by this point the
recrystallization kinetics nearly converge into one curve
for the final five passes. Foil A, which initially had a
finer microstructure, experiences more rapid recrystal-
lization in the first several passes.

Experimentally, the grain structures in foils A and B
coarsened during the ninth anneal, from 13.8 & 6.3 and
12.4 + 6.0 umto 18.9 £+ 9.1 and 20.2 + 8.8 um, respec-
tively. In comparison, the simulations of microstructures
A and B coarsen from 12.5 £ 4.3 and 9.5 + 4.8 um to
13.9 + 5.9 and 15.0 &+ 7.0 um, respectively. We can see
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Fig. 4 —Area-weighted histograms and cumulative area plots of grain size over the first five hot rolling and reheating passes for foils A and B.

from an analysis of the grain size distributions of the final
grain structures that the grain size distributions mostly
overlap before annealing, as shown in Figures 7(a) and
(b). We can also see, however, that the simulated grain
structure coarsens less than the experimentally observed
grain structure over the final 60 minutes of annealing at
700 °C, as shown in Figures 7(c) and (d). It is possible
that the departure between simulation prediction and
experiment for the final grain structure is affected by the
distribution of secondary-phase particles, which we have
added artificially instead of using the particles captured in
EBSD. In order to account for the effects of pinning
during annealing, which has been observed to occur
largely due to the presence of particles considerably finer
than the 3.5 um resolution of EBSD, our modification of
the second-phase particle distribution to include particles
as small as 0.5 um, shown in Figure 1, was seen as an
acceptable departure from the as-captured microstruc-
ture. Otherwise, we would be forced to assume that
particles smaller than 3.5 um exert no pinning force on
grain boundaries and have no effect on strain localization
during rolling. As-rolled and annealed U-10Mo has
previously been shown to contain populations of particles
considerably smaller than 3.5 um.!"! Therefore, while our
addition of fine particles is artificial, assuming a random
distribution of these particles in the microstructure
produces stagnation effects close to those observed
experimentally.
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IV. DISCUSSION

The simulation results show reasonable agreement
with the micrographs experimentally obtained using
EBSD. This further verifies the robustness of our
model’s physics after our previous work.*'™ The
subsequent rolling and annealing that we have simulated
in this work also show reasonable agreement with our
experimental observations, which indicates that this
parameterization of the model’s physics is also
reasonable.

With the exception of the first few hot rolling and
reheating passes, microstructures A and B do not appear
to be largely affected by their initial grain structures past
the fourth hot rolling and reheating pass. Therefore, our
simulations suggest that two given starting microstruc-
tures can be brought to nearly the same final grain size
with only four or five rolling (48 to 56 pct) and reheating
passes. However, it is important to point out that the
initial difference between foils A and B in grain size is
only approximately 25 um. It is likely that larger
differences in initial grain structure lead to more
significant differences in microstructural evolution and
recrystallization behavior. Texture is also a factor that
has not yet been accounted for in these simulations.
Coarse-grained microstructures may experience a more
persistent period of bimodality when certain favor-
ably-oriented grains do not accumulate significant
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Fig. 5—The grain structures of foils A and B after the ninth hot rolling pass and ninth and final annealing pass, as predicted by the Potts model
(left). EBSD IPF maps of foils that have received the same treatment are shown for each simulated microstructure (right). Particles in the

simulated microstructure are shown in white.

dislocation density through several passes and reheats.
For example, an experimental study of two U-10Mo
foils homogenized to grain sizes of approximately
250 ym and 1 mm retains a number of coarse grains
after four passes of rolling and reheating, as shown in
Figure 8. This may be affected by the variation in the
flow curves for each grain, though one also must note
that the recrystallization kinetics is a function of the
carbide size and volume fraction which essentially serves
the recrystallization process via PSN.

In order to explore this variation in recrystallization
behavior more completely, simulations were performed
on synthetic microstructures using starting grain diam-
eters of 250 , 500 um, and 1 mm and a carbide volume

fraction of 0.5 pct. Two passes of 15 pct hot rolling and
20 minutes of reheating at 700 °C were simulated. The
strain distributions (scale shown at the bottom of the
image) and their corresponding simulated microstruc-
tures after each pass are shown in Figure 9. After one
hot rolling pass, about 17 pct of the 250 um microstruc-
ture, 10 pct of the 500 um microstructure, and 6 pct of
the 1 mm grain structure had recrystallized. Then, after
the second pass, 78 pct of the 250 um microstructure
had recrystallized vs 32 pct of the 500 um microstruc-
ture and 20 pct of the 1 mm microstructure. The
variation in accumulated strain is also significantly
more noticeable than in the 1 mm microstructure. The
I mm microstructure appears to have extensive
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Fig. 6—The recrystallization progress of foils A and B, which were
homogenized for 48 h at 900 °C and 16 h at 1000 °C, respectively.
The annealing pass number as a function of time is shown in green
(Color figure online).
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nucleation of recrystallized grains near different car-
bides, while much of the recrystallization that occurs in
the 250 pm microstructure appears to happen near grain
boundaries. This suggests that PSN is more prolific
when the initial grain size is larger. Therefore, it may be
possible to control the strain localization during rolling
by modifying homogenization process parameters,
specifically temperature and duration, to affect the
initial grain size and particle distribution.

In comparison with these cases, Foils A and B have
close to the same average particle size and area fraction,
though their size distributions are somewhat different, as
shown in Figure 2. It is likely that larger variations in
particle information may contribute significantly to
variations in grain size, and the recrystallized grain
structures may not become indistinguishable without
additional hot rolling. One consideration is also the final
grain structure after annealing. For example, Cheng
et al. found through Potts model simulations that after
rolling, the fully recrystallized microstructures changed
considerably based on precipitate volume fraction, size,
and spatial distribution.®® Further, Cheng er al. also
considered the propensity of U-10Mo to form particle
stringers, which could be plausibly expected to affect
recrystallization and coarsening behavior.
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Fig. 7—The grain size distributions of foil A after the ninth hot rolling pass before annealing (a), after annealing for 1 h at 700 °C (b), as well as
foil B after the ninth hot rolling pass before annealing (¢), and after annealing for 1 h at 700 °C (d). Experimental results are shown alongside

Potts model predictions in each plot.
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Fig. 8—EBSD IPF maps of U-10Mo grain structures homogenized to grain sizes of 250 um (left) and 1 mm (right) after four 15 pct hot rolling

passes and four 20-min intermediate reheats at 700 °C.
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Fig. 9—The recrystallization behavior of 250 , 500 um, and 1 mm grain structures with 0.5 pct volume fraction carbides after two 15 pct hot
rolling passes and 20-min reheats at 700 °C. The strain distributions after rolling and grain structures after annealing are shown for each pass.

The relationship between the homogenization treat-
ment and the distribution of secondary-phase particles is
not analyzed in this work, but different homogenization
treatments could result in significantly different particle
volume fractions, size distributions, and spatial distri-
butions.!"” 2" If these relationships are quantifiable and
predictable, then our model should be able to not only
predict the final microstructure for a given homogenized
microstructure after a treatment, but also suggests the
particle distribution required to render a final recrystal-
lized microstructure. This can be considered when
selecting homogenization routines.

From our simulations, it appears that the role of PSN
on the overall recrystallization behavior is fairly small,
perhaps on the order of 1 to 10 pct of all of the

recrystallization that occurs in the first pass. Of the
remaining recrystallization, 10 to 20 pct has nucleated
on grain boundaries, although the strain distributions,
Figure 11, show that the main driver for recrystalliza-
tion is clearly the strain bands that have formed from
rolling. While some signs of PSN can be seen in
simulation for the first few passes of hot rolling,
emphasized in Figure 10, these effects are not visible
after subsequent passes. Further, the contribution of
grain boundaries and the formation of high-strain bands
appear to have a much stronger effect on the recrystal-
lization process, even in early rolling and reheating
steps.

We can see from Figure 11 that while PSN visibly
occurs in microstructure B after the first hot roll and

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 10—The simulated microstructures of foils A () and B (b) after one 15 pct hot rolling pass and 20 min of reheating at 700 °C. Particles are
shown in white, and regions with PSN are circled in green (Color figure online).

Fig. 11-—The simulated microstructure of foil B after one 15 pct hot rolling pass and 20 min of reheating (left) alongside the distribution of

equivalent strain before reheating (right).

reheat, a much larger amount of recrystallized volume
overlaps regions of high strain not directly correlated
with the second phase. This suggests that while PSN has
a visible effect on the early recrystallization behavior,
the U-10Mo grain structure has significantly more
influence on the spatial occurrence of recrystallization.

Particle stimulated nucleation has been simulated
using the Potts model in only a few previous simula-
tions.?? ¥ However, it is generally known that PSN
generally only occurs when particle sizes are greater than
2 um.>2% It is possible that the recrystallized grain
structure could be more strongly controlled with larger
second-phase particles and higher volume fractions by
taking advantage of this effect, as has been used in other
materials.””) Future work will aim to quantify the extent
of this effect in U-10Mo as a function of grain size,
particle volume fraction, and particle size.
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V. CONCLUSIONS

The deformation, recrystallization, and grain growth
behavior of two U-10Mo microstructures over multiple
passes of hot rolling, and annealing was simulated in
this work. Two as-homogenized microstructures were
considered. FEM simulations were used to calculate the
strain distributions from each stage of rolling and the
Potts model was used to simulate recrystallization and
grain growth. Experimentally determined kinetic param-
eters for recrystallization and grain growth were used to
relate Potts model simulation time to physical time.
Simulation results show reasonable agreement with the
final microstructures after equivalent experimental treat-
ments on the homogenized U-10Mo fuel foils. Simulated
grain structures also reproduce recrystallization phe-
nomena like particle stimulated nucleation and



recrystallization nucleation on strain bands. These
results confirm the fidelity of our previous simulation
work on multiple-pass hot rolling and annealing, which
were validated by fitting to separate experimental
results, and demonstrate the robustness of our model.
In doing so, we have developed a method to evaluate the
impact of U-10Mo homogenization on the entire pro-
cess of hot rolling and recrystallization. The two
simulated U-10Mo microstructures refined to approxi-
mately the same grain size distribution after four to five
15 pct rolling reductions and 20-minute intermediate
reheats at 700 °C. The influence of larger variations in
initial grain size on this behavior will be explored by our
simulations in future work. Other effects, such as
cold-rolling and annealing schedule on microstructures,
variations in particle distribution, and texture, will also
be explored.
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