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Abstract. Zirconium alloys are used in the nuclear industry due to their low neutron capture cross-
section and resistance to corrosion, irradiation and creep. The microstructure of the nuclear fuel
components evolves during the manufacturing route and can impact the subsequent processes or the
final properties. Thus, numerical modeling of thermo-mechanical manufacturing processes is of
interest to understand and master these microstructure evolutions.

Numerical modeling of thermo-mechanical manufacturing processes with FORGE® NxT!
software is applied. These models provide the thermo-mechanical history of the material at each
integration point of the finite element (FE) mesh, which can be used to assess locally the continuous
dynamic and post-dynamic recrystallization during hot extrusion.

Mean-field models were developed in Python and integrated into FORGE® NxT software, to
quantify the microstructure evolution at the macro-scale of the component. Full-field models
(DIGIMU® software') were also developed for considering microstructural heterogeneities and the
influence of initial microstructure at the mesoscopic scale while improving the mean-field equations
by homogenization.

After validation based on experimental results, these two recrystallization models provide
complementary information to optimize the process parameters at the macro-scale and to better
understand mesoscopic scale phenomena, such as:

* At the macro-scale: influence of hot extrusion parameters on the continuous dynamic and
post-dynamic recrystallization of Zircaloy-4

* At the meso-scale: influence of the initial microstructure on the recrystallization phenomena
with improved precision. Indeed, the topology of the microstructure is predicted and not only the
mean values/distributions of the state variables.

Introduction

Zirconium alloys are used in the nuclear fuel assemblies due to their low neutron capture cross-
section and resistance to corrosion, irradiation and creep within the BWR (Boiling Water Reactor) or
PWR (Pressurized Water Reactor) environment [1]. The forming route of zirconium alloys cladding
tubes includes the following main processes [2]:

- Ingots VAR melting and remelting

- Open-die hot forging of ingots into forged bars

- Beta-quenching of forged bars and machining of billets

- Hot extrusion of billets into tube hollows

- Several cold rolling passes and intermediate heat treatments

- Final heat treatment of tubes

! FORGE and DIGIMU are registered trademarks of TRANSVALOR S.A.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)


https://doi.org/10.4028/p-54m016

444 Achievements and Trends in Material Forming

Cladding tubes integrity must be ensured during the whole life of the fuel assembly to confine the
nuclear fuel and the fission products. Reliability of the cladding tubes is ensured by a 100% quality
control of the manufactured tubes. This quality is given by the final geometry, surface roughness and
microstructure, which is inherited from the whole manufacturing route. Thus, the thermo-mechanical
processes and associated microstructures evolutions must be mastered and optimized to get the right
properties of the final tubes. For this purpose, numerical models of thermo-mechanical processes,
including microstructure evolution models, were established [3]. The aim of this paper is to present
the on-going developments of these models and the associated characterizations, focusing on the
example of tubes hot extrusion process.

For zirconium alloys, the following recrystallization mechanisms are reported in the literature and
will be discussed: During hot forming processes of zirconium alloys, continuous dynamic
recrystallization (CDRX) occurs, and the microstructure evolves by a progressive development of
sub-grains (LAGB: low angle grain boundaries) which transform into new grains (HAGB: high angle
grain boundaries) as the strain increases [4]. This mechanism interacts with recovery which is also
active at high temperature. In this paper, only the case of monophasic alloy processing (meaning a-
Zr phase + second phase particles, without B-Zr phase) is considered, which is consistent with the hot
extrusion of zircaloy-4 alloy.

Following hot forming processes, post-dynamic recrystallization (PDRX) occurs during the
cooling of the part or during a subsequent heat-treatment. The new grains and sub-grains formed
during the hot deformation grow at the expense of deformed ones. If the heat treatment is long enough,
pure grain growth in fully recrystallized zones can also take place [5, 6]. Compared to SRX, new
grains and sub-grains were previously developed during CDRX and no grain nucleation is assumed
to occur in this PDRX stage.

Finally, during heat treatments following cold forming processes, static recrystallization (SRX)
occurs, and the microstructure evolves by nucleation of new grains and their growth at the expense
of deformed ones [6]. If the heat treatment is long enough, pure grain growth can also become the
dominant mechanism [5]. Static recrystallization differs from post-dynamic one by the initial
microstructure, which does not include sub-grains in the case of a cold forming process. This type of
recrystallization can also be modeled using mean-field and full-field models, but this is out of the
scope of this paper which will focus on hot forming processes.

Recrystallization Characterization

Methods. Recrystallization was characterized on zircaloy-4 industrial samples after hot extrusion
and laboratory compression tests with additional heat treatments. Both type of samples were prepared
with a final electro-polishing, and an EBSD analysis was performed and post-processed using Matlab
and the MTEX toolbox. Extrusion samples were also analyzed with optical microscopy to assess the
recrystallized fraction based on the fraction of equiaxed grains.

Industrial samples. Tubes were extruded with the industrial standard extrusion parameters which
are an extrusion ratio of about 10 and an initial temperature of 600°C .Mode details about this hot
extrusion process and associated parameters can be found in [9]. Microstructure was characterized at
mid-thickness, at 4 different positions from the front end of an extruded tube (0, 60, 150 and 300 mm)
with optical microscopy, and at 2 positions (60 and 300 mm) with EBSD. Fig. 1 and Fig. 2 shows
respectively optical micrographs and EBSD KAM maps (Kernel Average Misorientation) at the same
positions. In both figures, horizontal axis is the longitudinal direction and vertical axis is the radial
direction of the tube. Recrystallized fraction can be first estimated from optical micrographs,
assuming that equiaxed grains are recrystallized ones. A more accurate recrystallization fraction can
be measured from EBSD orientation map, with a criterion based on GAKAM < 0,4° (Grain Average
Kernel Average Misorientation) or GAKAM < 0,4° and GOS < 3° (Grain Orientation Spread). Fig. 3
summarizes the results of different criteria for optical micrographs and EBSD. Even if the
microstructure is not homogeneous at a given position, the recrystallized fraction clearly increases
after the front end of the tube and a steady state seems to be reached after 150 mm of extrusion. The
decrease of recrystallization fraction observed between 150mm and 300mm is not considered to be
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significant because of the scatter in microstructure that was observed in the samples but not precisely
quantified. The GAKAM criteria is consistent with the fraction of recrystallized grains assumed as
equiaxed ones on the optical micrographs. The GAKAM + GOS criteria gives a lower recrystallized
fraction at 150 mm. This is due to the presence of sub-grains with a misorientation greater than 3° in
some big grains, which fulfill the GAKAM criteria but not the GOS one. Defining a recrystallization
criterion from EBSD data is then not obvious for CDRX and PDRX due to the presence of the sub-
structure.

10 yim

Fig. 2: EBSD KAM maps, at mid-thickness of a zircaloy-4 extruded tube, at 60 mm (left)
and 300 mm (right) from the front end of the tube.
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Fig. 3: Recrystallized fraction at mid thickness of a zircaloy-4 extruded tube, at different positions
from the front end of an extruded tube, from optical micrographs and EBSD.
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Laboratory samples. To identify the recrystallization models parameters in better controlled
conditions compared to industrial processes, zircaloy-4 samples were characterized by EBSD after
laboratory compression tests and heat-treatments. A full compression test matrix was performed with
three temperatures (450°C / 550°C / 650°C), three strain levels (0,65 / 1/ 1,35) and three strain rates
(0,015 /0,15 / 1s™"). Moreover, additional heat treatments were applied to selected samples. These
experiments give a good overview of microstructures after CDRX and PDRX in representative
thermo-mechanical conditions compared to industrial hot extrusion process. Fig. 4 illustrates an
example of microstructure evolution during the heat treatment at 650°C after a compression test at
the same temperature, a strain of 1,35 and a strain rate of 1s™'. A fast evolution of the microstructure
by PDRX mechanisms can be seen, pointing out the importance of thermal conditions occurring just
after hot deformation. The full test matrix, that is still under post-processing, will be a valuable basis
for the identification of mean field and full-field model parameters.

KAM (%)

Fig. 4: EBSD KAM maps on zircaloy-4 samples after compression (temperature 650°C, strain 1,35,
strain rate 1s-1) and subsequent heat treatments at 650°C for 1s (a), 50s (b), 100s (c) and 200s (d).

Recrystallization Modeling

Modeling of the whole manufacturing route. Since the 1990s, Framatome has developed the
numerical modeling of the zirconium alloys manufacturing processes, including VAR melting [7],
forming [3, 8, 9], heat treatments and assembly processes [10] to better understand and master these
processes or to lower the cost and potential risk for new developments.

Hot extrusion of tubes. Together with laboratory tests and experimental characterizations,
numerical modeling of extrusion process gives compulsory data for the understanding and modeling
of microstructure evolutions during this process. Indeed, microstructure evolution is a function of the
thermo-mechanical history of the material, namely strain, strain rate and temperature during extrusion
(dynamic recrystallization) and during the cooling of the tube or further heat-treatment (post-dynamic
recrystallization). The finite element model developed with FORGE® NxT software and presented
in detail in [9] can provide such data, as the one presented in Fig. 5. A sharp increase of strain and
strain rate can be observed during the deformation of the tube in the conical die (between 15s and
24,5s), together with an increase of temperature as a consequence of the dissipated plastic power.
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Fig. 5: Thermo-mechanical history of the material during (between 15s and 24,5s) and after extrusion
(after 24,5s), from FE model, at mid-thickness of a zircaloy-4 tube and at extrusion steady-state.

Recrystallization mean-field model. The recrystallization mean-field model is based on the
Gourdet-Montheillet model [11], initially developed for aluminum alloys and further adapted by
Gaudout [12] for application to zirconium alloys a-phase recrystallization. It includes a CDRX model
and a PDRX one. The CDRX model describes the recovery and the fragmentation of the
microstructure during extrusion, as a consequence of the progressive development of sub-grains
which transforms into new grains as the strain and dislocation density increase (Fig. 6). The PDRX
model is based on Avrami approach [13] and describes the growth of recrystallized grains during the
cooling of the extruded tube or subsequent heat treatment. The mean-field model equations are
described in detail in [12]. The latest version of the model is coded on Python with a graphical user
interface. It is also coded on FORGE® NxT software as a user variable. It is used to assess the
evolution of the microstructure (recrystallized fraction, grain size, LAGB density, dislocation density)
as a function of the local thermo-mechanical history of the material during and after hot forming.

Fig. 6: Schematic representation of the microstructure during fragmentation [11]. Thick lines are
HAGB (crystallographic misorientation > 15°), fine lines are LAGB (<15°).

Recrystallization full-field model. The recrystallization full-field model is based on a level set
description of interfaces (grain boundaries and second phase particles) in a FE framework. It was first
developed by Bernacki et al. [14] and followed by many improvements. The baseline model
(DIGIMU® software) used in this study includes the Smith-Zener pinning effect (pining of grain
boundaries by second phase particles [15]) and the influence of stored energy in the form of
dislocation density [16], as well as the latest computational performance improvements [17] that
allows 2D and 3D computations including the main physics of dynamic and post-dynamic



448 Achievements and Trends in Material Forming

recrystallization [18]. The equations of this model are described in detail in these references [14, 16,
17, 18].

The baseline full-field model includes the discontinuous dynamic recrystallization mechanisms,
characterized by the nucleation of new grains based on a critical strain criterion [18]. The continuous
ones, characterized by the progressive nucleation and misorientation of the sub-grains and occurring
in zirconium alloys, are under development and will include the orientation dependence of LAGB
mobility and energy (Fig. 7) [19]. These developments and corresponding equations will be presented
in [19] and others upcoming references.

Fig. 7: Representative elementary volume of the microstructure in the 2D full field model after pure
grain growth (without stored energy), including grains (HAGB, thick lines) and sub-grains (LAGB,
thin lines) [19].

Identification and validation of models parameters. The mean-field model coded on Python was
first applied as a post-processing of thermomechanical loading during compression tests that was
calculated using FORGE® NxT modeling. At that time, only CDRX EBSD results (with only 1 or 2
seconds of PDRX due to the time needed to quench the samples) were available. A sensitivity analysis
was performed on the 23 parameters of the model. Since most of the experiments did not exhibit
significant PDRX, CDRX model parameters were identified as the more influent, except the
activation energy of grain boundary mobility which can have a significant impact for some
experiments with short PDRX times. A total of 7 parameters were then selected for an automated
optimization using a Monte Carlo approach, aiming to reduce the difference between modeled
recrystallization fraction and experimental one. By randomly testing 10° to 10° set of parameters, this
optimization process was able to reduce the figure of merit by about 40% compared with the initial
parameters defined in a previous work [12]. It is worth mentioning that the scatter of CDRX
recrystallized fraction was quite large due to its relatively low value compared to the precision that
can be achieved from EBSD on heavily deformed samples. This optimization process will be
performed again with the whole set of compression tests results that are still on-going and will include
the CDRX and PRDX parameters.

The first step for the identification of full field model parameters was the modeling of pure grain
growth. In this case, without stored energy due to dislocations, meaning in a fully recrystallized
material, grains growth rate is only a function of the grain boundaries energy and mobility. Assuming
a grain boundary energy of 0,22 J.m™ from the bibliography [20], the mobility was identified by an
iterative fitting of modeling compared to experimental results (see [21] for more details concerning
this procedure). For this purpose, grain growth was characterized as a function of time and
temperature for an alloy reproducing the behavior of zircaloy-4 without the presence of SPPs (Second



Key Engineering Materials Vol. 926 449

Phase Particles), i.e. same solid solution as zircaloy-4 without alloying elements forming SPPs. After
this identification process for mobility (function of temperature), the experimental and modeling
results are consistent (Fig. 8). In this figure, equivalent grain diameter is defined by the equivalent
circle diameter having the same surface as the characterized grain.
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Fig. 8: Grain growth as a function of time and temperature in “zircaloy-4 without SPPs” from
experiment and full-field modeling (a). Final microstructure after 8h at 700°C from experiment (b)
and full-field modeling (c).

In a second step, the good behavior of the model for SPPs effect on grain growth by Smith-Zener
pinning phenomenon [15] was validated by comparing experimental results and numerical ones. For
this purpose, grain growth was characterized as a function of time and temperature for a commercial
zircaloy-4 including SPPs. The initial microstructure, including SPPs, was introduced in the model
and the previously identified grain boundaries mobility and energy was used. For lower temperatures
(600°C and 650°C), the model results are consistent with experimental ones (Fig. 9), which both
reach a stable maximum grains size according to the Smith-Zener pinning phenomenon. For the
higher temperature (700°C), experiments exhibit faster grain growth. It was checked that the partial
dissolution of precipitates at this temperature, which is not yet considered in the model, was
responsible for the reduction of the Smith-Zener pinning pressure.
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Fig. 9: Grain growth as a function of time and temperature in commercial zircaloy-4 with SPPs from
experiment and full-field modeling.

The last step will be the validation of the full-field CDRX and PDRX model based on the full
compression and heat treatments test matrix. This model will include the progressive nucleation and
misorientation of the sub-grains and the orientation dependence of LAGB mobility and energy. It will
be able to predict the complex microstructures evolutions occurring during the thermo-mechanical
and heat treatments processes of interest.

Conclusions
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Characterizations. CDRX and PDRX of zircaloy-4 alloy were characterized by optical
microscopy and EBSD on industrial extruded tubes and compression tests samples. These are a
valuable data set for the understanding of recrystallization mechanisms occurring in zirconium alloys
during and after hot forming processes. Nevertheless, a finer analysis of EBSD data will be needed
to get reliable results for the identification of recrystallization models parameters.

Modeling. A physically based mean-field model was developed to describe the CDRX and PDRX
mechanisms. The latest Python version of this model allowing fast computations, a Monte-Carlo
approach can be used to optimize the parameters, thanks to the compression and heat treatments test
results. The full-field model is still under development for CDRX and PDRX mechanisms, but it is
already validated for the modeling of pure grain growth with or without SPPs.

Perspectives

Macro scale industrial application. Once validated based on experimental results, the mean-field
model will be used to assess the influence of hot extrusion parameters such as temperature, extrusion
ratio, ram speed and cooling kinetics after extrusion. This fast model can be applied in several
locations in the part, giving a full overview of the recrystallization at the macro-scale. It could also
be introduced in the extrusion FE model as a user variable.

Mesoscopic scale industrial application. The full-field model will be able to assess mesoscopic
scale phenomena such as the influence of the initial microstructure (morphology of grains, size and
distribution of SPPs). Indeed, it was observed that quenched billets behave differently depending on
the initial microstructure inherited from the previous processes. At constant extrusion parameters, a
microstructure with a large amount of parallel alpha plates and aligned SPPs at the plates boundaries
will give a lower recrystallization ratio compared to a basketweave microstructure with a more
homogeneous distribution of SPPs. In both cases, the microstructure will further recrystallize during
the subsequent processes, giving homogenous and targeted properties of the final products. But
improving the recrystallization fraction on extruded tubes can improve the formability for the
subsequent cold rolling and the global performance of the manufacturing route.
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