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Abstract

A recently developed full field level-set model of continuous dynamic recrys-
tallization is applied to simulate zircaloy-4 recrystallization during hot com-
pression and subsequent heat treatment. The influence of strain rate, final
strain and initial microstructure is investigated, by experimental and simula-
tion tools. The recrystallization heterogeneity is quantified. This enables to
confirm that quenched microstructures display a higher extent of heterogen-
eity. The simulation results replicate satisfactorily experimental observations.
The simulation framework is especially able to capture such recrystallization
heterogeneity induced by a different initial microstructure. Finally, the role of
intragranular dislocation density heterogeneities over the preferential growth
of recrystallized grains is pointed out thanks to additional simulations with
different numerical formulations.

Keywords: continuous dynamic recrystallization, zirconium alloy,
hot forming

(Some figures may appear in colour only in the online journal)

1. Introduction

Nuclear energy constitutes an alternative to fossil fuels for fulfilling the increasing global
energy demands. It presents a very low carbon footprint and its production can be controlled to
match the needs. To ensure the highest quality and security requirements, the manufacturing
processes of every nuclear component must be mastered. Fuel assemblies, mainly composed of
zirconium alloy parts, are no exception to the rule. Thus, it is essential to continue improving
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the knowledge of microstructure evolution mechanisms taking place during hot forming of
zirconium alloys. Recrystallization is responsible for the formation of new grains with a low
dislocation density that can consume the deformed microstructure [1]. Previous works have
concluded that under common hot forming conditions, zirconium alloys and in particular
zircaloy-4 present typical features of continuous dynamic recrystallization (CDRX) [2-5].
Chauvy et al proved that low angle grain boundaries (LAGBs) form during hot deformation
and progressively transform to high angle grain boundaries (HAGBs) [2]. The other studies
confirmed that hot deformation of lamellar microstructures are characterized by the formation
of fine grains surrounded by large colonies that are slightly deformed. If these studies focus
upon the deformation of such complex lamellar microstructures, they do not address in details
the influence of thermomechanical conditions and initial microstructure on recrystallization.

The few existing simulation results regarding zircaloy-4 recrystallization were obtained
applying mean field models. Doing so, Dunlop et al were able to reproduce the static recrystal-
lization kinetics for various heat treatment conditions. Gaudout et al, who applied the Gourdet-
Montheillet CDRX model to zircaloy-4, predicted the recrystallized fraction for different hot
forming conditions [4]. Since both strategies relied on a mean field model, they did not con-
sider the presence of local microstructure heterogeneities which are very important for such
materials.

The present article discusses in details the influence of thermomechanical conditions
and initial microstructure upon recrystallization mechanisms, such as CDRX and meta-
dynamic recrystallization (MDRX), by coupling experimental and numerical investiga-
tions. To do so, samples with different initial microstructures are hot compressed and
microstructures are characterized by electron back-scattered diffraction (EBSD). Full field
simulations are performed using a level-set model [6] embedded within a finite ele-
ment framework (FE-LS) [7]. Experiment and simulation results are compared to eval-
uate the model abilities and limitations. Different underlying assumptions of the numer-
ical model are assessed. Doing so, the impact of several microstructural features are
highlighted.

2. Materials and methods

2.1. Materials

Zircaloy-4 samples presenting three different typical microstructures are selected. One
presents an equiaxed (Eq) grain topology, with an average equivalent circle diameter (ECD)
equal to 5.3um. The others display a Widmanstitten microstructure inherited from the
quench with a basket-weaved (BW) morphology for the second one and parallel plates
(PP) for the last one. The manufacturing routes used to produce such microstructures
are described in appendix A, figure 16. Chemical composition of such alloy is given in
appendix B, table 2.

The initial microstructures are characterized by EBSD. Orientation maps are provided
in figure 1. The pole figures for Eq microstructures are plotted in figure 2. Since the
number of grains is very low for both BW and PP microstructures, the pole figures are
not displayed since they are not representative of the sample global texture. Nevertheless,
the orientation of the o grains nucleating during quench being determined by the variant
selection rule, the texture of the BW and PP samples can be defined as pseudo isotropic.
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(b) BW microstructure.
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d; scaled accordingly
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Figure 1. EBSD orientation maps representative of the three initial microstructures.
Color codes are attributed thanks to an IPF Y color code, as illustrated in (a). The last
subfigure presents sample geometry and EBSD observation zone.
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(a) {0002} pole figure. (b) {1010} pole figure.

Figure 2. {0002} and {1010} pole figures from EBSD data.
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Table 1. Description of the thermomechanical conditions of the hot compression campaigns [8].

(a) Hot compression with equiaxed microstructures (Eq).

Elocal 0.01s! 0.1s7! 1.0s7!

450°C 0.45 0.75 1.0 0.45 0.75 1.0 0.45 0.75 1.0
550°C 0.45 0.75 1.0 0.45 0.75 1.0 0.45 0.75 1.0
650°C 0.45 0.75 1.0 0.45 0.75 1.0 0.45 0.75 1.0

(b) Hot compression with lamellar microstructures (BW and PP).

Elocal 0.01s7! 0.1s7! 1.0s7!

450°C 0.55 0.9 1.2 — — 1.2 — — —
550°C — — 1.2 0.55 0.9 1.2 — — 1.2
650°C — — — — — 1.2 0.55 0.9 1.2

(c) Hot compression and holding at temperature with equiaxed microstructures (Eq).

Holding time (s) 0.1s7" 1.0s7!

0.45 _- = = = = = 7 12 25 50 100 200
1.0 7 12 25 50 100 200 7 12 25 50 100 200

650°C

(d) Hot compression and holding at temperature with lamellar microstructures (BW and PP).

Holding time (s) 0.1s7! 1.0s7!
. 0.55 — — — — 12 25 50 100
650°C 1.2 12 25 50 100 12 25 50 100

Figure 2 shows that Eq sample is textured, with < ¢ > axis being distributed within a radial
plane.

2.2. Methods

2.2.1. Experimental methods

2.2.1.1. Thermomechanical testing. =~ Hot compression tests, with or without subsequent
heat treatment, are performed according to the conditions described in table 1. They are
made using a hydraulic testing machine (MTS Landmark 370-25). A radiant furnace is
used to heat the sample and dies. Cylindrical samples with a height to diameter ratio
of 1.4 are considered. Sample initial height is detailed in figure 1(d). At the end of
the experiment, the sample is quenched. The whole test is filmed in order to meas-
ure the delay between the end of the experiment and the effective quench. The average
delay is equal to 1s. Samples and dies are coated with silicon nitride to limit friction.
Before each test, the samples are held at temperature for 10 min to ensure temperature
homogeneity.

The strain levels displayed in table 1, denoted €jocq1, are computed from simulations per-
formed using Forge NxT® software. A Hensel-Spittel law is used [9]. Friction is modeled
using a Tresca type law [10] and the friction coefficient (m7) is estimated by inverse analysis by
measuring sample bulging. An average value for the friction coefficient is selected to compute
Elocal (M1 = 0.24). The values differ slightly between equiaxed and lamellar microstructures
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due to initial sample geometry differences. These differences being small, we estimate we can
reasonably compare the results with different initial microstructures.

2.2.1.2. Characterization methods.  After hot compression, the samples are characterized by
EBSD analysis. A Carl Zeiss SUPRA 40 field emission gun scanning electron microscope
equipped with a Bruker Quantax system (EBSD e~ Flash''R) is used. Acceleration voltage
is set to 20kV and step size to 100nm. Each map is represented according to the sample
reference frame with Y being the compression direction and X the radial one. The standard
color code used for attributing colors to orientations is obtained from inverse pole figure color
code in which Y axis is projected in the standard triangle. The standard triangle corresponds
to the crystal axis system reduced thanks to symmetry operations. These two conventions are
presented in figure 1(a).

Samples are cut such as the compression direction lies within the cutting plan. The obser-
vation zone is located at sample center. Its dimensions are: 130 x 85 um?.

Post-processing of EBSD data is performed using MTEX toolbox [11]. A half quadratic
filter is applied before any post-processing operation to reduce the noise [12]. If data are used
as input for simulations, a filling operation is applied. Missing orientation data at non-indexed
pixels are interpolated using the half quadratic filter.

Isolated indexed pixels are filtered out. To do so, a minimal number of 10 pixels per grain
is considered. It corresponds to areas that are 300 nm wide. Threshold angle values are set
to 3° for LAGBs (Af,e, = 3°) and 15° for HAGBs (Afyagp = 15°). Geometrically necessary
dislocation (GND) density is estimated using the method established by Pantleon [13]. A grain
is defined as recrystallized if its average GND density is lower than 10'* m~2. GND density
is preferred over other grain properties related to grain internal disorientation (grain orienta-
tion spread, GOS, or grain average kernel average misorientation, GAKAM, for instance). It
presents the advantage of being directly transposable in simulations.

2.2.2. Numerical tools. A LS formulation, embedded within a FE framework is used to
model CDRX and MDRX. LS functions (¢(x,?)) track the position of interfaces with time
[6,7, 14]. They are initialized as signed Euclidean distance functions to grain boundaries
(GBs):

{¢(x7t)::i:d(x,1"(t)),x€§2, 0

['(1)={xeQ, ¢(x,1) =0},

where d is the signed Euclidean distance function and €2 the simulation domain. By convention,
¢(x,1) is taken positive inside the grain and negative outside.
The movement of GB is predicted by solving the following transport equation:

oo} =
5+7~V¢_0, )

with ¥ being the velocity of interfaces. After each resolution, level-set functions are reini-
tialized to ensure LS functions remain signed distance functions [15]. Voids and overlaps are
corrected according to the method described by Merriman et al [6].

GB velocity at mesoscopic scale can be defined as the sum of surface and volume energy
effects. The term related to capillarity is computed naturally thanks to distance function prop-
erties:

V.= —M (ﬁ-ﬁ—w) 7, 3)
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with 77 = fv—(;ﬁ, k = —A¢ and  the GB energy. The way to extend -y in the vicinity of GB
interfaces to evaluate V+ and to take into account this velocity through a convective-diffusive
resolution of the transport LS equation (equation (2)) are detailed in [16, 17].

The other, related to differences of stored energy across GB, requires a dedicated treatment.
Initially, Bernacki et al [7] proposed to weight the contribution of each grain stored energy by
a function of the distance to the GB. This is done using equation (4).

Na  Na

V. (x,1) = Z ZM"J'X" (x,0)f(¢i (x,1),1) x [Ej(x,1) — E; (x,1)] 7, )

i=1j=1

with x;(x,7) the characteristic function of the ith LS function, i.e. x;(x,#) = 1 where the LS
function is positive and ;(x,7) = 0 everywhere else. f is a decreasing function being equal to
1 for ¢; = 0 and O for ¢; = [. To limit the number of LS functions in order to save computation
time and memory, graph coloring and recoloring techniques have been developed to describe
numerous non neighboring grains in each LS function [18]. The set of all distance functions
required to describe all the grains is now: ® = {¢;, i =1, ..., Ny}, with N, the number of
distance functions, greatly smaller than N, the number of grains. This implementation implies
the use of N, energy fields, that are initialized as: E;(x,0) = x;(x,0) x E(x,0) = 7p;(x,0), with
T= % ub? the dislocation line energy, b the norm of the Burgers vector and y the shear modulus.
These energy fields are tracked and updated to ensure they are consistent with the LS functions
and the exact location of interfaces.

Some additional details about this method are provided in several articles [7, 19] and an
extension is proposed in the following Stored energy gradients paragraph. The implementa-
tions dedicated to CDRX are described extensively in [20].

2.2.2.1. Low angle boundary characteristics. = CDRX is characterized by a high LAGB frac-
tion. As a consequence, to model such phenomenon, it is essential to correctly describe the
formation and properties of such interfaces. Formation of new LAGB is addressed using
equations from the model developed by Gourdet and Montheillet [21]. At each deformation
increment de, the quantity of LAGB formed is described according to equation (5).

abK,pde

dst =
nbo

; &)
where dS™ refers to the length (respectively surface) of boundaries formed for 2D simulations
(respectively 3D) and a =1 — exp(D%)”‘ is a coefficient describing the fraction of disloca-
tions recovered to form new subgrains. D is the ECD, Dy is a reference ECD and m is a fixed
coefficient. K is the recovery parameter of the Yoshie—Laasraoui—Jonas equation [22], p the
dislocation density, 7 is the number of sets of dislocations and 6, the disorientation of newly
formed subgrains.
The pre-existing LAGB experience a progressive disorientation prescribed by:

b
do = G (1 — @) DK, pde. (6)

The GB mobility is assumed isotropic. Its evolution with temperature is predicted using

an Arrhenius relation, such as M = M x exp ( 7R%” ), with M, the pre-exponential mobility
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factor and Q,, the mobility apparent activation energy. The GB energy is described according
to Read—Shockley equation [23]:

0 0
max | =—— 1 —1In , 0 < Onmax,
v(0) = E (emax) ( emax) 7)
Ymax> 0 2 Omax-

Ymax 18 the HAGB energy and 6,,,x the LAGB/HAGB disorientation threshold, set to 15°.

2.2.2.2. Second phase particle (SPP) pinning effect. ~ Ateach SPP position, remeshing oper-
ations are performed and elements removed. By imposing a null Neumann boundary condi-
tions at mesh boundaries for our FE-LS resolution, the holes representing SPP are naturally
exerting a tension on GB that are consistent with the Young-Herring equilibrium for incoherent
particles [18, 24-26].

2.2.2.3. Hardening and recovery.  The evolution of dislocation density due to deformation
is taken into account using Yoshie-Laasraoui—Jonas equation [22]:

dp: (K] —sz)dé‘. ®)

K is the hardening parameter. In the present study, K varies from one grain to another. For
each initial numerically generated microstructure, it is set according to a distribution measured
experimentally.

Evolution of (K;, K;) with thermomechanical conditions is described using equations (9)
and (10) [27]. The yield stress, o, is described as a linear function of the Zener—Hollomon
parameter logarithm (equation (11)) [28].

Ky = K{e" exp (’"1’5") : )
m,Qy

K — KO < — My — 10

- w

oo =0y x In(Z) + b, (11)

where ¢, and o) designate the slope and the intercept of the linear function, respectively.

2.2.2.4. Stored energy gradients.  Full field front-capturing recrystallization models such
as the LS one or the multi phase-field approaches generally consider a unique and uniform
value per grain for stored energy of deformation. However, in reality, dislocation density can
vary significantly within a grain. Since the impact of localized and intense gradients over GB
migration remains difficult to quantify, modeling it at mesoscopic scale is not straightforward.
In context of LS method, Ilin et al proposed to consider a constant GB velocity per interface
[29]. To do so, dislocation density is averaged at GB vicinity. The distance to the interface
in which dislocation density is averaged (w,y,) is a parameter. Another modeling strategy is
also considered here. This strategy consists in computing locally, at each FE node, the energy
difference. The different approaches are illustrated in figure 3. The left side of this figure illus-
trates the initial configurations where for each grain, the energy is averaged per grain (top),
per interface (middle) or not averaged (bottom). Few finite elements are displayed in black to
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Figure 3. Tllustrating schemes concerning the evaluation of Ej(x, #) — E;(x,7) around the
GB interfaces: (left side) available information per FE node before the reinitialization
procedure, and (right side) after the reinitialization of ¢; and ¢;.(top) Energy averaged
per grain, (middle) energy averaged per interface and (bottom) not averaged.

illustrate the energy fields in the corresponding finite element nodes. The different notations
used in these figures are described by the following equations:

B =roc0) =7 [ plx)ax

Gy
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E (1) =7pu (1) = 7'/ p(x,1)dx,

Gy

with,
G (x,1) = {x € Q, ¢ (x,1) = 0}, G (x,1) = {x € Q,min (¢ (X, ), ¢ (X, 1) +Wayg) =0}

At this stage, for the three strategies, the energy fields of each grain is perfectly known in
the corresponding grain. However these fields must be extended outwards their respective LS
functions to be able to compute the velocity field defined in equation (4). The direct reini-
tialization algorithm introduced in [15] computes, for each node, the distance to the nearest
facet (segment in 2D, triangle in 3D) constituting the piece-wise linear 0-isovalue of the LS
function as illustrated by the blue vectors in the right side of the figure 3. These facets which
are not used in the FE resolution are also illustrated in blue (dotted segments) in the right side
of the figure 3. This algorithm has been modified and now returns also all the associated fea-
tures of the crossed element. Thus, when the ¢; function is reinitialized, the field describing
the stored energy is extended in a fixed thickness in the neighboring grains. The right side of
the figure 3 illustrates, by using this procedure, all the information shared by the FE nodes
around the interface when the energy is averaged per grain (top), per interface (middle) and
not averaged (bottom). These information can then be used to evaluate, in each FE node, the
terms E;j(x,t) — E;(x,1) of equation (4).

To evaluate the effect of each implementation, five different approximation cases will be
considered:

e dislocation density averaged per grain,

e dislocation density averaged per interface up to 100 nm from the GB (Per interface; wqyg =
100 nm),

e dislocation density averaged per interface up to 200 nm from the GB (Per interface; wqyg =
200 nm).

e Local dislocation density (Local),

e local dislocation density, with a pre-processing operation that consists in applying a 2D
Gaussian filter to the dislocation density map. The standard deviation of the Gaussian filter
is taken equal to 2 px = 200 nm (Local, Gaussian filtered).

3. Results

3.1. Characterization of CDRX and MDRX

Orientation maps corresponding to samples hot deformed at three deformation levels are
provided in figure 4. These figures confirm that to accommodate deformation, intragranu-
lar orientation gradients form progressively and lead to the development of subgrains. With
deformation, grains become more and more elongated along horizontal direction and the num-
ber of small grains tend to increase notably. These small grains seem to be grouped in clusters.

To analyze quantitatively the impact of hot deformation upon microstructure topology, the
evolution of LAGB specific length and of grain ECD are provided in figure 5. Figure 5(b)
confirms the significant presence of LAGB. For all the conditions displayed here, at least 34%
of the GB are LAGB. If the LAGB specific length generally increases with strain, it seems to
stabilize at high strain levels. The LAGB length ratio decreases with strain, which indicates

9
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(c) e=1.0.

Figure 4. EBSD orientation maps showing microstructure evolution during hot deform-
ation (T=550°C; £=0.1s""). Eq samples. IPF Y color code.

that the HAGB specific length increases at a faster rate. Finally, figure 5(c) shows that the grain
size decreases significantly with deformation.

Figure 6 presents GND density map for a given hot deformation condition: 7= 650°C;
¢ =0.01s""; £ =1.0. This particular condition has been chosen since the high temperat-
ure, strain level and low strain rate favor CDRX. From this figure, one can observe that
some of the smaller grains have a lower GND density. However, they do not stand out from
the general grain population. Consequently, the recrystallized fraction remains low after hot
deformation.

These results illustrate that CDRX operates by a progressive formation of LAGB. This
phenomenon starts and prevails at low strains (¢ < 0.5). Then, if sufficient stored energy of
deformation is accumulated, LAGB progressively transform to HAGB. A large number of
small grains is then observable and the LAGB length ratio decreases significantly. These small
grains, however, do not present a very low GND density, as one could have expected. These
microstructure changes are very progressive with deformation and distributed throughout the
whole microstructure. It confirms that Zy-4 is experiencing CDRX over the range of conditions
studied within the present work.
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Figure 5. Evolution of the microstructure topology during hot deformation at
T = 650°C. Eq microstructure.

110"
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Figure 6. GND density map. Eq initial microstructure. Hot deformation conditions are
T=650°C; ¢ =0.01s"'; ¢ = 1.0.

3.1.1. Effect of thermomechanical conditions over continuous and post-dynamic

recrystallization.  ECD,, and recrystallized fraction are plotted versus holding time, for
different hot deformation conditions, in figure 7. It appears from figure 7(a) that decreasing

1



Modelling Simul. Mater. Sci. Eng. 31 (2023) 085008 V Grand et al
1.0 4.0 -==8
c B T=650°C;é=105"1;e=1.0 o=
o ; e 3.5 Gemnnt™]
508 mm T=650Cé=015" ;=10 e -
o = 3.04
< 06 ‘a S
o v 254
N x e
= 04 g 20
] w51 /,-’ e
0.2 / 4 Ces0Ci i -
G e WM T=650°C;é=10s5"1;£=1.0
9 o -—d 107 o 4 -7 M T=650Cié=1.05"1;£=0.45
moo, I 7 SR o—------"" et N R 051 -~ B T=650°C;é=0.15");e=1.0
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Time (sec) Time (sec)
(a) Recrystallized fraction versus time. (b) ECD,, versus time.
Figure 7. Evolution of properties related to recrystallization during holding at
T = 650°C. Eq samples.
T=650°C;£=0.015"¢=0.75 T=650°C;£=0.015"";c=045
0.104 T=650"C;£=0.15"1£=0.75 0.124 T=650"C;€=0.015"4e=075
S T=650"C;é=1.05"%=0.75 g o T=650'C;é=0.015"%e=10
G008 i
© ©
2 &
¥ 0.06 al
I} @
Q Q
£ 0.04 c
p= | -
Z 0.02] =
0.00

1013 1014 1015

Poacnp (M™2)

1016

(a) e=0.75.

T 1o

1014
Peacnp (M™2)

(b) €=0.01s"".

Figure 8. Grain average GND density number distribution.

final strain or strain rate leads to a significant decrease of recrystallization kinetics during
subsequent holding at temperature. Figure 7(b) shows that decreasing the strain level from 1.0
to 0.45 does not modify the recrystallized grain growth kinetics. On the other hand, decreasing
the strain rate from 1.0s™! to 0.1 s~! significantly lowers that kinetics.

To complete this observation, the grain average GND density distribution are plotted in
figure 8. One can observe from figure 8(a) that the grain average GND density distribution is
shifted towards higher values with the strain rate. On the other hand, it appears that increasing
the final strain tends to increase the number of grains with a low average dislocation density.

These results corroborate the following hypothesis:

e A strain rate increase leads to an increase of the stored energy of deformation and of the
driving force for recrystallized grain growth. As a consequence, the average recrystallized
grain size and the post-dynamic recrystallization kinetics both increase with strain rate.

e A strain increase results in a higher number of grains presenting a stored energy advantage.
Therefore, the recrystallization kinetics increases with the deformation level but the average
size of recrystallized grains does not.

3.1.2. Effect of initial microstructure over continuous and post-dynamic recrystallization. ~ Six
orientation maps are displayed in figure 9. They correspond to samples after hot deformation
and after 100 s at 650 °C. One can notice that right after deformation, microstructures present
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(e) Parallel plates; dt = 0.7 s. (f) Parallel plates; d¢t = 100 s.

Figure 9. EBSD orientation maps of samples with different initial microstructure.

different degrees of heterogeneity at the observation scale. It seems that an initial parallel plate
microstructure displays a higher heterogeneity extent than an initial basket-weaved one which
presents more heterogeneities than an equiaxed one. This feature appears to be retained after
subsequent heat treatment. This is confirmed by EBSD maps displaying larger observation
zones and provided in appendix C (figure 17).

One hypothesis is proposed to explain the initial microstructure impact over recrystalliz-
ation. It assumes that the heterogeneities observed during CDRX and MDRX are caused by
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deformation heterogeneities. These deformation heterogeneities being conditioned by initial
texture, grain morphology and grain size. Eq samples present a strong texture and most of
the grains initially have their < ¢ > axis orthogonal to the compression direction. Since the
spread of initial grain orientation is low, most of the grains deform rather similarly and the
deformation incompatibilities are weak. In lamellar microstructures, on the other hand, there
is no initial texture. The grain initial orientations are distributed in the orientation space fol-
lowing the variant selection rule. Therefore, grains are more susceptible to deform differently.
This generates deformation incompatibilities close to GBs. GB vicinities thus present a higher
GND density and constitute preferential sites for formation and growth of recrystallized grains.
Therefore, lamellar microstructures present a more heterogeneous recrystallization behavior.

Between BW and PP samples, the extent of heterogeneity is also rather different. In
BW microstructures, most of the lamellae are in contact with lamellae presenting differ-
ent orientations. Since the lamella thickness is low, the deformation incompatibilities affect
almost all the microstructure. In PP microstructures, only lamellae located at ex-8 GB are
in contact with lamellae of different orientations. Therefore, the areas around ex-3 GB are
impacted by deformation incompatibilities whereas an important part of the microstructure
does not experience such effect. Therefore, there are fewer preferential zones for formation
and growth of recrystallized grains and the recrystallization is even more heterogeneous for
PP microstructures.

3.2. Modeling CDRX and MDRX

The model parameters related to mechanical behavior are taken from literature. GB mobil-
ity parameters are fitted using experimental results from heat treatments performed on fully
recrystallized samples and corresponding pure GG LS simulations as detailed in [30] for nickel
based superalloys. The parameters for subgrain formation and evolution are set based on the
recommendations of Gourdet [31].

Hardening and recovery parameters are identified using hot compression test results.
K, and K, are identified by fitting the experimental macroscopic stress—strain curves from
the hot compression tests thanks to Yoshie-Lasraaoui—Jonas and Taylor equations. Then,
the K, distribution is set by measuring the experimental GAGND density distribution.
This is based upon Yoshie-Lasraaoui-Jonas equation which predicts that: pg = K1 /K>.
Therefore, if all grains have reached their saturation GND density value, the K; distribu-
tion is equal to the py, distribution multiplied by a factor K. Of course, such reasoning
holds if all grains have reached their saturation GND density. Since no increase of aver-
age GND density is observed on all maps at different strain levels, such assumption can be
considered.

The values used for the present study are provided in table 3 (appendix D).

Experimental data are immersed in the considered FE-LS strategy and an average disloca-
tion field per grain is considered here. Six simulation cases with different initial microstruc-
tures and thermomechanical conditions are performed:

e Eq initial microstructure, 7= 650°C; ¢ = 1.0s~!; ¢ = 1.0; dt = 200s,
e Eq initial microstructure, 7= 650°C; ¢ = 0.1s~!; £ = 1.0; dt = 200s,
e Eq initial microstructure, 7= 650°C; ¢ = 1.0s~!; ¢ = 0.45; dt = 20s,
e BW initial microstructure, T = 650°C; ¢ = 1.0s~!; ¢ = 1.2; dt =200s,
e PP initial microstructure, T = 650°C; ¢ = 1.0s™!; e = 1.2; dr =200s.
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Figure 10. Snapshots on experimental (top) and simulation (bottom) GND density maps
for one (a) Eq case, (b) BW case, and (c) PP case. Hot deformation conditions are
T=650°C; ¢ =1.0s" e =10-12.
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Figure 10. (Continued.)

Experimental and simulated microstructures after 25 and 100s are displayed in figure 10 for
the three different initial microstructures. Additional results are provided in appendix E.
Several qualitative observations can be made from figure 10:

o the qualitative correspondence between experimental and simulated microstructures is satis-
factory. The model ability to reproduce preferential zones where recrystallized grains form
and grow is noteworthy. In addition, the model captures the different levels of heterogeneity
observed depending on the initial microstructure.

e The model underestimates the GND density at low holding times,

e The number of small grains seems underestimated. Experimentally, a large number of small
grains are kept up to 100 s at 650°C. This is not observed in simulation where these small
grains tend to shrink and disappear.

Recrystallized fraction, average recrystallized grain size and LAGB specific length are plotted
versus holding time in figures 11 and 12.
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Figure 11. Evolution of recrystallized fraction, average recrystallized grain size and
LAGB specific length with holding time. Three different initial microstructures are
considered: Eq, BW and PP. Hot deformation conditions are T = 650°C; ¢ = 1.0 s7h
e=10-12.

These results confirm that the model predictions for recrystallized fraction and average
recrystallized grain size are satisfactory. It must be pointed out that the model presents some
discrepancies. It significantly underestimates the recrystallized fraction and overestimates the
average recrystallized grain size, for the following respective conditions: 7= 650°C; ¢ =
1.0s7!; e =1.0and T = 650°C; ¢ = 0.1s~'; £ = 1.0 (Eq microstructure). Finally, the model
overestimates the decrease of LAGB specific length at the beginning of the MDRX regime,
which is consistent with the observation regarding the shrinking of small grains and subgrains.

Figure 13 provides new insights by displaying both grain ECD and grain average GND
density distributions. From this plot, it appears clearly that simulations are significantly under-
predicting the spread of both distributions. The simulations miss especially the growth of a
limited number of subgrains and grains that present a low GND density and the persistence of
large deformed grains.

Different modeling assumptions could potentially explain the differences between experi-
mental and simulation results. The most probable are related to the anisotropy of GB properties
and to the definition of GND density as a homogeneous variable within a subgrain or grain.
Given that the formation of any particular texture component during MDRX is not observed,
a dedicated study of the second hypothesis is preferred.
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Figure 13. Scatter plots displaying the grain ECD and grain average GND density dis-
tributions. Marginal number distributions. Eq initial microstructure. Hot deformation
conditions are 7= 650°C; ¢ = 1.0s™!; e = 1.0; dr =100 s.
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Figure 14. Evolution of recrystallized fraction with holding time, for the five dif-
ferent formulations. BW initial microstructure. Hot deformation conditions are 7=
650°C; e =1.0s"'; e =1.2.

3.2.1. Considering intragranular energy gradients in post-dynamic recrystallization
simulations.  The deformation model considered within the present study does not allow
to predict the formation of intragranular heterogeneities. Therefore, to evaluate the influence
of such features, simulations of only the MDRX regime are proposed. In this case, initial
microstructure after deformation is initialized using EBSD data. This enables to define an
initial deformed microstructure presenting intragranular GND heterogeneities.

Simulations with the five configurations presented in section 2.2.2 are run for the following
conditions: BW initial microstructure, 7= 650°C; ¢ = 1.0s™!; ¢ = 1.2; dt = 200s.

Figure 14 presents the recrystallized fraction evolution with holding time. Figure 18,
provided in appendix E shows the five simulated microstructures after a 100 s heat treatment.
Figure 14 points out that the four formulations that consider heterogeneous intragranular GND
density predict a slower recrystallization kinetics which is in agreement with the experimental
results. On the other hand, figure 18 confirm that all four formulations predict different local
microstructure topology. As expected, considering local GND density difference leads to a
significant increase of the interface tortuosity, especially at the beginning of the simulation.
A zoom on a small zone displaying this aspect is presented in figure 19. This could even lead
to the formation of new grains. Such phenomenon present many similarities with the strain
induced boundary migration mechanism.

Figure 15 displays experimental and simulation combined scatter plots after 100 s for three
of the five formulations.

These results highlight that Local or Per interface formulations predict significantly differ-
ent grain size and grain average GND density distributions. These formulations better repro-
duce both GND density and grain size distributions. They enable to capture to a better extent
the diversity of such microstructure. Large grains with a high GND density and small grains
with a wide range of GND density are conserved up to longer holding times. Thus, it seems that
intragranular GND density gradients play a significant role in the formation of complex grain
size and grain average GND density distributions. Nevertheless, two major features are still not
predicted with such numerical formulations. The number of large grains with a low dislocation
density remain underestimated. This can be observed in figure 18, provided in appendix. At
the same time, the dislocation density distribution obtained by simulation seems to be shifted
towards lower GND density value.
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Figure 15. Scatter plots displaying the grain ECD and grain average GND density dis-
tributions, for three simulations with different formulations for computation of driving
pressure. Marginal number distributions. BW initial microstructure. Hot deformation
conditions are 7= 650°C; ¢ = 1.0s™'; e = 1.0 — 1.2; dr = 100s.

4. Conclusion

Zircaloy-4 dynamic and MDRX have been studied using both experimental data and simula-
tion tools. Samples presenting three initial microstructures (equiaxed, basket-weaved or paral-
lel plate microstructures) have been hot deformed under various thermomechanical conditions.
EBSD results have confirmed that:

e zircaloy-4 recrystallization is characterized by a large number of LAGB, formed progress-
ively and throughout the whole microstructure. Grains are progressively broken up and, with
increasing strain, a large number of small grains and subgrains form.
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e After hot deformation, the recrystallized fraction is almost systematically null. Indeed, one
cannot distinguish a significant fraction of grains presenting a low internal energy.

e The increase of MDRX kinetics caused by a final strain or strain rate increase can be attrib-
uted to the higher number of grains with a low dislocation density or to the higher dislocation
density, respectively.

e Initial microstructure impacts significantly recrystallization. It has been shown that the
degree of heterogeneity is different for each of the three initial microstructures considered.
One can classify the three typical microstructures in ascending order of heterogeneity: PP
> BW > Eq.

A LS model recently extended has been applied to simulate CDRX and MDRX, for differ-
ent thermomechanical conditions and initial microstructures. The results have shown that the
model is able to capture the initial microstructure influence over recrystallization. The detailed
comparison of experimental and simulation results confirm the model ability to capture recrys-
tallisation heterogeneities. The model predicts the persistence of large deformed grains in
lamellar microstructures. The results also highlight the limitations related to a simple harden-
ing and recovery model. Finally, additional simulations of MDRX considering intragranular
heterogeneous GND density fields have pointed out the impact of considering average GND
density per grain. The results confirmed that intragranular heterogeneities play a significant
role in the formation of a wider grain size distribution. Therefore, the present article confirms
that full-field simulations constitute an appropriate tool to discriminate the influence of specific
features over the formation of complex microstructures during recrystallization.

Finally, the results question the relevance of the numerical formulation to correctly take
into account the effect of high stored energy gradients over GB migration during MDRX.
They question the way to predict their formation during CDRX without using high numerical
cost methodologies such as crystal plasticity FE formulations. Of course, since such lamellar
microstructures are complex, some 3D experimental and simulation results would be highly
valuable. Finally, extending this work to other zirconium alloys constitutes another perspect-
ives of this work.
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Appendix A. Manufacturing routes

BT ST

Hot Forging Hot Forging

3 VAR Meltings

Hot Forging

Quenching + Machining Quenching + Machining Quenching + Machining

Hot Rolling Heat Treatment

Cold Rotative Hammering Cold Rolling

Heat Treatment Quenching
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Equiaxed grains (Eq) lamellae (BW) Parallel Plates (PP)

Figure 16. Manufacturing routes used to produce the three initial microstructures.

Appendix B. Chemical composition

Table 2. Zy-4 chemical composition (wt.%).

Sn Fe Cr O Zr
1.34 0.21 0.11 0.12 Balance
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Appendix C. Supplementary EBSD orientation maps

Figure 17 consists in orientation maps of samples deformed in the following conditions 7 =
650°C; ¢ =1.0s"!; ¢ =1.0 — 1.2 and held at 650°C for 100s.

)

(c) Parallel plates.

Figure 17. EBSD orientation maps for different initial microstructures (T'= 650 °C; £ =
1.0s7'; e =1.0—1.2; dr = 100s). IPF Y color code.
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Appendix E. Additional simulation results
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Figure 18. GND density maps from simulation results considering intragranular het-
erogeneous GND density fields. BW initial microstructure. (7= 650°C; é = 1.0s™;
e =1.2; dt =1005).
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Figure 19. GND map after 5 s of heat treatment at 650 °C, predicted using local formu-
lation with no pre-processing operation. Some very tortuous grain boundaries are circled
in red.
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