Physically based modelling on microstructural evolution of static recrystallisation

in pure aluminium
Qinmeng Luan, Junyi Lee, Jing-Hua Zheng", Christopher Hopper, Jun Jiang
Department of Mechanical Engineering, Imperial College London, London SW7 2AZ, UK

*Corresponding author. Email address: Jinghua.zhengl3@imperial.ac.uk

Abstract

An in-depth understanding of the recrystallization process in alloys is critical to
manufacturing metal parts with superior properties. However, the development of
recrystallization model under various processing conditions is still in its early research stage
and becoming an urgent demand for both the manufacturing industry and scientific research.
In this work, a validated numerical model that is capable of predicting the recrystallized grain
structure, incubation time for the grain nucleation and texture evolution, was developed using
a Kobayashi, Warren and Carter (KWC) phase-field model coupled with crystal plasticity finite
element (CPFE) analysis. Through characterising the microstructure evolution of static
recrystallization (SRX) by quasi-in-situ Electron Backscatter Diffraction (EBSD) mapping,
insights into nucleation position, grain growth rate and orientation correlation between
nucleated grains and initial grains were established and transferred into the computational
model. This model enables a reliable and accurate prediction of recrystallized microstructure
and texture for pure aluminium under different processing routes. It is believed that this
physically-based modelling work in mesoscale will motivate further micromechanical
modelling studies using crystal plasticity to predict the performance of structural alloys after

thermomechanical processing.
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1. Introduction

The required engineering properties for aeroplane components, such as high strength,
toughness and good fatigue and creep resistance, are attributed to a designed microstructure
with homogeneous small grains, minimum impurity segregation and a high amount of finely
dispersed precipitates [1]. Thermomechanical processing routes (TMP), during which
recrystallization may take place, are required for alloys to achieve the desired microstructures
in final products [2,3]. Therefore, in order to optimize the microstructure and obtain specific
material properties for structural alloys, it is vital to understand, control and predict the
recrystallization based on experiments, physical concepts and computational models [1,3]. A
computational model that is capable of predicting microstructure evolution, crystallographic
texture and mechanical properties in the course of recrystallization would substantially advance
our understanding of microstructure control in structural components [4-6].

In the manufacturing industry, the capability to accurately predict basic microstructural
parameters such as the evolution of recrystallization fraction and grain size under the real-
world processing conditions is in high demand [6]. However, current models have limited
accuracy when the processing routes contain temperature gradients and complex strain paths.
This is because the deformed microstructure is not well established in these models [6].
Constructing a computational model to predict recrystallization on the basis of the
inhomogeneities in the deformed structure, therefore, becomes a vital topic in both science and
engineering [7,8].

The prediction on the deformed microstructure and occurrence of recrystallization has been
achieved in our previous paper [9]. However, there are still three main problems regarding
grain nucleation not addressed well in that paper due to the lack of experimental observations.

The first unsolved problem is the prediction of texture formation during recrystallization
[2,9-12]. Experimental observations in this work on the orientations of nucleated grains in
deformed structures would provide the experimental and theoretical support for the
computational model to assign orientations for nucleated grains.

The prediction on nucleation sites based on the deformed structure is also challenging due
to various affecting factors, such as the effect of dislocation density distribution, grain
boundaries, shear bands, precipitates and their interactions [2,13]. The powerful in-situ electron
backscattered diffraction (EBSD) technique [14] in this work enables us to visualize the

position of nucleations and quantitatively analyse crystallographic features, such as (sub)grain



boundaries, grain boundary misorientations, geometrically necessary dislocations (GNDSs),
crystal orientations and local phases, such that, grain nucleation criteria and simulated
recrystallization process can be calibrated against the experimental results.

The other unsolved feature of recrystallization is the incubation time of new grains during
static recrystallization (SRX), coined as incubation time [2,3,15]. This is defined as the time
necessary for nucleated sites to form large enough subgrains with sufficient driving force (i.e.
sufficient energy difference compared with the surrounding deformed grains) to overcome the
opposing pressure from the grain boundary curvature [2,3]. A physically-based phase-field
model addressed in this work would help to determine the incubation time for recrystallized
grains in a specific deformed state to reach the critical size, thus, providing a guideline for the
processing routes consequently.

This work, for the first time, systematically examined and simulated the SRX behaviour of
rolled pure aluminium using quasi-in-situ EBSD technique, CPFE and KWC phase-field model.
The evolutions of grain sizes, textures and dislocations during soaking at 500 °C was analysed
by EBSD. A coupled CPFE integrated phase-field model was developed to simulate the SRX
kinetics and calculate the recrystallized grain morphology. Additionally, the incubation time
for grain nucleation was estimated using the validated model.

1.1. Recrystallization process

The term, recrystallization, was defined by Doherty et al. [16] as “the formation of a new
grain structure in a deformed material by the formation and migration of high angle boundaries
driven by the stored energy of deformation”. The recrystallization could be a process of two
clear steps, i.e. the formation and then the growth of a stable nucleus in a discontinuous way
[3,12]. It is well accepted that the nucleation sites of recrystallization present in the deformed
structure can grow further and become new grains once the necessary conditions, such as high
angle misorientation and sufficient driving force, are achieved [3,10]. In this regard, the three
best-known nucleation theories of recrystallization are the migration of a pre-existing high
angle grain boundary (HAGB); the migration of low angle boundaries; and subgrain
coalescence [10]. The nucleation by HAGB migration is also known as the theory of strain
induced boundary migration (SIBM), verified by Beck and Sperry [12]. In this mechanism, the
minimisation of system energy is taken into account by the migration of pre-existing HAGBs
toward the interior of a highly strained grain. As shown in Figure 1 a), grain A with low stored
energy bugles into grain B with high energy. Hence, the energy reduction associated with the

elimination in defects should be larger than the increase of total grain boundary energy due to
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bulging in order to initiate this mechanism [10]. For the theory of nucleation by the low angle
boundary (i.e. subgrain boundaries) migration suggested by Beck [17] and Cahn [18],
subgrains are capable to grow at the expense of its neighbours by the migration of subgrain
boundaries. The subgrain boundaries absorb dislocations during growth to increase their
misorientation and energy until they transform into high angle grain boundaries (see Figure 1
b). For the theory of nucleation by subgrain coalescence [19], two adjacent subgrains
coalescent to form a new grain by lattice rotation (see Figure 1 c). The occurrence of any of
these three mechanisms depends on the strain level, heat treatment temperature, stacking fault

energy (SFE), subgrain size distribution and the distribution of subgrain misorientation [10].

Subgrain boundaries

a)

Grain A Grain B Grain A Grain B Grain A Grain B

Initial substructure SIBM of Grain A SIBM of Grain A

b)

Subgrain C growth
forming HAGBs

Initial substructure SubgrainD and E Formation of Grain F
to coalescence with HAGBs

Figure 1. Schematic representations of three nucleation mechanisms for a recrystallized grain
(After Rios [10]). The sequence of (i)-(iii) in a) shows the nucleation by the migration of pre-
existing HAGBs; b) shows the nucleation by subgrain boundary migration and HAGBs
formation; c) shows the nucleation by coalescence of two subgrains D and E through the
“rotation” of one of them.

As the recrystallization is mostly a site-saturation solid-state reaction, grain growth only
occurs after the grain nucleation stage [10]. The driving force of grain growth, in which high
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angle grain boundaries (HAGBs) wipe over the strained (non-recrystallized) matrix removing
the crystalline defects until the mutual impingement of recrystallized grains, can be continuous
(normal grain growth, i.e. primary recrystallization) or discontinuous (abnormal grain growth,
i.e. secondary recrystallization) [20]. During normal grain growth, the smallest grains
disappear, resulting in a relatively uniform distribution of individual grains size. During
abnormal grain growth, however, some of the grains grow rapidly and become much larger
than the average [20,21]. Both of these two types of grain coarsening are driven by the
reduction in grain boundary area during annealing [10,21].

Under isothermal conditions, primary recrystallization generally shows an incubation time
for the formation of nuclei and completion when the recrystallized grains meet mutually [10].
The classic John-Mehl-Avrami-Kolmogorov (JMAK) [22—25] equation has been widely used
to predict the overall kinetics of primary recrystallization in deformed metals. The
recrystallization fraction X is described by the equation X = 1 — exp (—kt™), where X = 0 is
for the onset of recrystallization and X = 1 is for the fully recrystallized material, t is the time,
k and n are commonly referred to as the Avrami coefficient and Avrami exponent. In theory,
n is equal to 4 if the recrystallization nuclei are randomly distributed, the nucleation rate is
constant during annealing, the growth rate is isotropic in three dimensions, and the growth rate
of the nuclei remain constant during growth [21]. If the nucleation is site saturated and growth
is isotropic in two dimensions [5], then n is equal to 2 and this is exactly the case in this present
2D phase-field simulation work.

1.2. KWC phase-field model

The computational model used here to study primary recrystallization is the KWC phase-
field model proposed by Kobayashi, Warren and Carter [26]. The energy term in the KWC
phase-field model is developed as a function of variables and their gradients, aiming to
minimise the total free energy of the system. The microstructure evolution at mesoscale is
simulated by two variables, the conserved variable (i.e. phase n) and the non-conserved
variable (i.e. grain orientation 8) [27]. The diffuse-interface approach used in this work, instead
of the sharp-interface approach, allows the evolution of arbitrary complex morphologies to be
predicted without making any presumptions on the shape of grains [6,9,28]. In the diffuse-
interface approach, the grain structure is represented by a set of variables that are continuous

in space and time. Within the grain, the phase-field model variables have the same values. At



the grain interface, these variables vary continuously over a narrow range between their
equilibrium values in the neighbouring grains [28].

To simulate the grain nucleation at particular sites [3], the KWC phase-field model
incorporates separate analytical models into the simulation. In terms of computational effort,
it is not feasible to simulate nucleation and grain growth at the same time, as an extremely fine
resolution and time step over the whole grain structure are required to catch the occurrence of
nucleation [27,28]. Furthermore, it is physically rational to simulate the nucleation and grain
growth separately, as the recrystallization is mostly site-saturated [10,29].

The initial deformation state for the phase-field modelling can be obtained based on crystal
plasticity finite element (CPFE) simulations [30,31]. According to our previous studies [32—
34], the CPFE model used here is able to predict the deformation heterogeneities (e.g. phase
interfaces, grain boundaries and their triple points) through coupling the dislocation density
(i.e. the sum of GND and SSD) with slip rules [35]. CPFE simulations can help to identify the
heterogeneous distribution of nucleation positions and nucleated orientations in the KWC
phase-field model [36]. Similarly, the recrystallized microstructure generated by the phase-
field model can be imported into the finite element model to predict the mechanical behaviour
of the alloy.

2. Methodology
2.1. Material preparation and quasi-in-situ EBSD characterisation

A rolled sheet of 1050A aluminium was supplied by Aalco Metals Ltd. The chemical
composition is listed in Table 1. To study the SRX behaviour of cold rolled single phase
aluminium, a rectangular plate 10 (RD)x10 (TD)x6 (ND) mm? was cut from the rolled sheet,
where RD is the rolling direction, TD is the transverse direction and ND is the normal direction
for heat treatment.

Table 1. Chemical composition of 1050A

Element Fe Si Zn Mg Ti Mn Cu Other Al
wt.%upto 040 025 0.07 005 0.05 0.05 0.05 0.03 Balance

The interrupted heat treatment of as received 1050A was carried out in a furnace at 500 °C
and followed by cold water quenching. The RD-ND surface of cold rolled samples were ground
using SiC paper to 1200 grit, then mechanically polished using 40 nm OP-S (Oxide Polishing

Suspensions) diluted with H, O to aratio 1:5 of OP-S: H, O for 3 min. Finally, the samples were



electropolished for 60 seconds in a solution of 9.5 vol. % perchloric acid in ethanol at room
temperature and 19.5 V, drawing a steady current density of around 0.9 A/cm?.

Electron Backscattered Diffraction (EBSD) was performed in a Carl Zeiss Sigma 300
CrossBeam SEM with Bruker eSprit v2.1 software, using an aperture size of 120 um and an
accelerating voltage of 20 kV with a step size of 3 um. The EBSD data was analysed using
MTEX toolbox [37]. The EBSD scanned area was precisely relocated after further annealing
to allow the scanning of the same area. The top, middle and bottom corners of RD-ND plane
were quasi-in-situ imaged by EBSD after 0, 5, 10, 52, 105, 527, 1051 and 1667 min annealing
at 500 °C followed by water quenching. After each heat treatment, the annealed sample was
mildly re-polished by 40 nm OPS diluted with H,O for 2 min and electropolished for 30
seconds. The thickness reduction due to re-polishing was less than 1 um.

2.2. Crystal plasticity finite element (CPFE) model

CPFE models can capture the activation of individual slip systems and the inhibition effect
on slip due to the change of grain orientation, thus providing the full-field heterogeneous strain,
dislocation density distributions and elastic stress in a grain structure [35]. The model that was
used to simulate the deformation state is strain rate sensitive and was implemented in the user
material subroutine UMAT using ABAQUS standard analysis [9,32,34,38-41].

The total deformation gradient, F, is given by F = F¢FP where F€ is the elastic deformation
gradient and FP is the plastic deformation gradient. The lattice rotation and stretch are
controlled by the elastic deformation gradient, while the slip and continuum rotation are
controlled by the plastic deformation gradient [42].

The rate of deformation, D, is expressed as the sum of elastic and plastic rates of deformation

as follows

D=D€+DP 1)
where D¢ is determined according to the anisotropic Hook’s law and D? from the symmetry

component of plastic velocity gradient, LF, as

DP =sym(LP) (2)
where L? is given as the sum of contributions to slip from the active slip systems following
12
LP=y 7%%@n? 3)
a=1



where s® is the line vector along the slip direction and n® the slip plane normal of slip system
a. The slip rate on the slip system, y%, is given by dislocation motion overcoming pinning
obstacles by means thermal activation as follows

Z'a —Ta

o — oM. vb2exp(—2H)sinh(- 2V
7" =Pssp p( kT) ( T c

) (4)

where pdt,, is the density of gliding dislocations, v the jump frequency to overcome obstacle
barriers, b the magnitude of the Burger’s vector, AH the Helmholtz energy, k the Boltzmann
constant, T the temperature in Kelvin, AV the associated activation volume, t¢ the critical
resolved shear stress of the slip system a. Hence, the accumulated slip on the a slip

system, v a¢, after a certain period, At, is expressed as

t+At O
h Tteat
A modified Taylor’s dislocation hardening rule to describe the isotropic hardening during

4 —,
Neat=h t At (5)
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plastic deformation is given by

_ S

Tg—rco+“'612'b'\/pGND+pSSD ©)
where 7., is the initial critical resolved shear stress, u is the material constant for aluminium
[43], G, is the shear modulus, pyp IS the geometrically necessary dislocation density and
pisp is the density of sessile statistically stored dislocations. pgs;, is determined using a
phenomenological relation with effective plastic strain, p, such that

s

P3sp =4 P (7)
where A is the hardening coefficient and the effective plastic strain rate, p, is associated with
the rate of plastic deformation, DP, [33] by:

- (2.p pll2
p:(gD :D ] (8)

The GNDs are the extra storage of dislocations to accommodate the lattice curvature due to
the appearance of non-uniform plastic deformation [44]. The Nye’s dislocation tensor to

compute the GNDs is given by,

Gen

where pg&; are the screw dislocation components on slip system a with line vector along the

12
_ P)_ OO0 O, O 1 0o, O 1.0 ol
A—CurI(F j— Z_lstb ®s +’OGetb ®t“+p- b ®n (9)

slip direction s%, p&.; and pg., are the edge dislocation components with line tangent vector

along the slip normal n® and t%, t* = s* X n® and b“ is the Burgers vector on slip system «a.
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There are 12 pg, screw, 12 pé,; edge and 12 p¢,,, edge dislocation components, resulting in
a total of 36 independent GND components shown in Equation (9). Equation (9) may be written

in a matrix form as,

K:A'OGND (10)
where A is a 9% 1 vector form of the Nye’s dislocation tensor A , A'is a 9x36 linear matrix
containing the basis tensors b*®s%, b*®@t* and b*®n?. This is an undetermined system of
linear equations having infinite solutions. According to the discussion by Arsenlis and Parks
[44], the L, norm is expressed as the sum of the squares of GND densities on each slip system

to solve the minimisation problem [45]. The sum of GND densities is given by

12 o 2 o 2 o 2
PGND = zl(st) +(’OGet) +(pGen) (11)

o=
The parameters to simulate the plastic deformation of pure aluminium are listed in Table 2.

The initial critical resolved shear stress, 7., and the isotropic hardening coefficient, A, for p3sp
accumulation were calibrated using experimental macroscopic stress-strain response of 1050A
(see Figure 2 (b)). The other properties, such as the Young's Modulus, E, shear Modulus, G,,,
the magnitude of the Burger’s vector, b, Boltzmann constant k, Helmholtz free energy, AH,
and activation volume, AV, were obtained from the literature for pure aluminium [32,40]. The
effects of strain rate sensitivity on the stress response of pure aluminium alloy at room
temperature were not considered in the Helmholtz free energy, AH, in this study.

A 3D CPFE model (shown in Figure 2 (a)) with the grain morphology and average grain
diameter (~120 um) of the rolled pure aluminium was applied to study the plastic deformation
of the alloy 1050A. Twenty-noded brick finite elements with reduced integration (C3D20R)
were used in the finite element model. The grain shape was generated by VGRAIN [46] and
the grain orientations of 14 grains were determined based on the pole figure of 1050A. Pole
figures in Figure 10 a) and b) demonstrate that orientations in CPFE model have a good
agreement with the experimental observations. The sample in the simulation was deformed up
to 15 % compressive strain under plane strain compression conditions at room temperature to
achieve the same amount of GND density of 1050A used in this study. The bottom, left, front
and back surfaces are fixed in the model. The dimensions of the polycrystalline sample in the
study are 760x760x50 pum3.



b)
True o-£ curve of 1050A
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220 —a#— Exp. results
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True Strain

Figure 2. a) CPFE model of 14 grains with the grain morphology of rolled pure
aluminium before the plane strain compression along YY direction. b) The true stress-
strain response of the CPFE model and tensile test [68] shows a perfect fit up to 0.15

true strain.

Table 2. Material properties of 1050A on CPFE model

Parameter K E G1z b Tc A
(K™ (MPa) (MPa) (m) (MPa) (um?)
Value 1.381x102% 70x10° 26x10° 2.86x10* 21 0.1
AV v Posq AH U T
Parameter . 556
(um?) sh (um3) () (K)
Value 6x1015xp? 1x10M1 0.01 2.9x10°%0 0.22 293

2.3. Phase-field model

The crystal orientation and dislocation density (see Figure 3) from CPFE simulation was
input for the phase-field model to calculate the grain nucleation and grain growth during
recrystallization. Due to the different grid size and irregular element shape, the dislocation
density on the mid xy layer was extracted from CPFE model and then remapped using linear
interpolation [47,48] before performing the phase-field modelling in 2D. The linear
interpolation aims to ensure that the driving force is smoothly distributed within the interface

region.
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Figure 3. Dislocation distribution on the xy surface of the deformed CPFE model to 0.15
true strain, where the y-axes are the deformation axes. The simulation results on the
elements with irregular shape were remapped to regular shape for the phase-field
modelling.

2.3.1. Grain nucleation

To simulate the grain nucleation, the assumption of site-saturated nucleation [29] was
applied to the phase-field model. This assumption, verified by Lauridsen et al. [49], states that
all nucleation events effectively occur at the start of recrystallization.

The conditions for the grain nucleation [3] are: i) high angle grain boundary; ii) high stored
energy; iii) new orientations of nuclei in the deformed structure. Hence, only the grid points at
grain boundary with high dislocation density were considered as potential nucleation sites. In
this work, the misorientation angle of the grain boundary was set to be more than 15° and Ec
was defined to be 0.01 MPa um based on the stored energy distribution shown in Figure 4 a).
The orientations of new grains were assigned based on the observations made in the EBSD
results (shown in Figure 10). In addition, the minimum distance between two neighbouring
nuclei was set to be 50 um and the grain diameter of seeds was set as 40 um. The dislocation

density p and phase distribution n after seeding are shown in Figure 4 b) and c).
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Figure 4. a) The histogram of stored energy calculated according to Equation (16); b) and c)

are the dislocation density (p) distribution and phase (n) distribution after seeding. The

dislocation density of recrystallized grains was assumed to be 0 um-2, and the dislocation

density of the deformed grains was extracted from the CPFE model.

2.3.2. Grain growth

The KWC phase-field model [9,50] was selected to model grain growth. Two variables were

used to characterise the system. The first variable, n, was set to be 0 for deformed grains and

1 for recrystallized grains. The second variable, 6, represents the grain orientation. In this

model, the orientation in the z-axis was taken to represent the crystal orientation, as the model

was performed in two dimensions, i.e. @ is the value of ¢, in the Euler angle [¢,, ®, ¢,] of the

grid point.

The free energy that contains the variables n and 6 is expressed by,

2
F= 1[0‘2|v77|2+ £, (n)+ 1 (o, p)+g(77)s|V¢9|}dV

Hence, the time evolution of  and 6 is given by,

- 22
=M a“~vV
n ,7{ n7 on

HIZMQ%V
n

Vo
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Mg (7) e (7.0) 8g(")slvd}
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(12)

(13)

(14)
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The homogeneous bulk free energy term [28], f.(n, p), in Equation (13) is expressed as,

fo(72)= 18 () P(n)+ 1 (p)(1-P() 15)
where f,(n, p) is an interpolation function that combines the free energy expressions of the
deformed phase f,™(p) and recrystallized phase f. (p). The bulk energies of each phase were
calculated based on the dislocation density. Also, the dislocation density in the recrystallized
grain is found to be around five orders smaller than that of the deformed grain [30]. Therefore,
the free energy in the recrystallized phase £, (p) = 0 and in the deformed phase f/"(p) =
50E;,r have been chosen, where the stored energy per unit length (i.e. per micrometre) of a
deformed alloy E;,.. IS given by Reed-Hill et al. [51],

Estore :0-5,0612b2 (16)
where p is the dislocation density, G, is the shear modulus of aluminium alloy and b is the
Burger’s vector magnitude.

p(n) in Equation (15) is a weight function used to smooth the density inside the interface
region and is defined as follows,

p(ﬂ):ﬂ3(10—1577+6772j an

Both of q(n) and p(n) are used to construct the homogeneous free energy density £, (1, p)
for the deformed and recrystallized phase [28]. The interfacial energy term [28], f;(n), in

equation (13) is expressed as,

f, (1 =Wa(n) (19)

Q) =n?(1-n)’ (19)

w _6ca (20)
o)

where q(n) is a double-well potential that has minima at 0 and 1, and I is the depth of the
energy wall. The double-well coefficient, W, is a constant and can be modified by adjusting

the grain boundary thickness, &, and grain boundary energy, o.
The gradient energy term, “;lvnlz, gives rise to the diffuse interface. The gradient

coefficient, a, expressed in Equation (21) is a constant associated with § and o.

- (1)

where a = 2.20 for an interface region with n € [0.1,0.9]. The grain boundary thickness is
given based on the theory of diffuse interface approach [28] by,

0 =4AX (22)
where Ax is the grid size.
13



The orientation energy term, g(,])s|vg|, penalising grain misorientation is given by,

9(n7)=n2 (23)
s 60 (24)

where the function g(n) is used to eliminate the effect of misorientation inside the deformed
grain. The constant s is related to the interface energy, o.

The mobilities of  and & are expressed as M,, and M. The expression of M, when A6 = 0,
which considers steady grain growth in a one dimension problem [30], is given by

qQ, (25)

kT
B

where M, is a pre-exponential factor, Q and Q' are the activation energies, R is the gas

- _Qy_
Mn_MOexp( RT) Moexp(

constant, T is the annealing temperature and kj is the Boltzmann constant.

The mobilities used to define the rate of change in grain orientation are defined as follows:
Mg =(1-p(n)|M (26)
|v|g:|v|77 (27)
The grain growth of nucleated grains driven by the stored energy follows the time-evolution
of n and 6 as described by Equation (13) and (14). The evolution of the 2D microstructure is
solved using finite difference, with an eighth-order scheme for the spatial derivatives and the
Euler Forward method for time integration.
The parameters used in the phase-field model to simulate the SRX of deformed pure
aluminium at 773 K (i.e. 500 °C) are listed in Table 3.
Table 3. Material properties of deformed 1050A on the KWC phase-field model

Parameter Ax o T kg a Q' At M,
(um) (@/m?)  (K) (J/K) ©) (ms) (m*(N ms))

value 2 0.6 773  1.381x10% 220 2.08x10"° 0.01 3.1x107

3. Results
3.1. EBSD results

The quasi-in-situ EBSD maps at the top, middle and bottom corners of the cold rolled pure
Al RD-ND plane were applied to characterise the grain size, recrystallization fraction, texture,
GND distribution and fraction of high angle grain boundaries (HAGBSs) during annealing. The
HAGB: are the grain boundaries with misorientation of > 15° [2].

3.1.1. Texture evolution

14



The quasi-in-situ inverse pole figure (IPF) EBSD maps taken for the rolling direction (RD)
are shown in Figure 5 a). The maps of each row were captured from the same area. The
corresponding pole figures (PF) at each corner but from a bigger area are plotted in Figure 5 c).

The evolution of the PF shows the change of texture at each corner during annealing. As
shown in Figure 5 c), the texture varied slightly between the area near the edge of the rolled
sample and the area in the middle, due to the different deformation states of the rolled sheet
during rolling. However, the texture at each corner remained the same during the annealing no
matter how long the recrystallization occurred. This notable observation is an important
support for the texture simulation in the phase-field model. The nucleated grains tend to keep

the orientation of deformed grains in the pure aluminium, thus maintaining the texture.
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Figure 5. EBSD a) IPF maps b) GND density maps and c¢) PF of cold rolled pure
aluminium 1050A at the top, middle and bottom corners after 0, 5, 10, 52, 105, 527, 1051
and 1667 min annealing at 500°C. The rolling direction (RD) is horizontal, and
observation along RD was applied to IPF triangle. The (001) pole figures are shown in
the same orientation as the IPF maps.

3.1.2. Grain size and HAGBs fraction evolution
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To calculate the average grain size of the recrystallized grains, the grains that have grain

orientation spread (GOS) values lower than 2° are recognised as recrystallized grains [52,53].

In Figure 6 a), the plots show the average grain size and recrystallized grain size evolution at

each corner. The average grain diameter reduced rapidly from over 100 um to around 60 um

after 5 min of annealing and remained at ~60 pum with further annealing. The recrystallized

grain diameter grew quickly from O um to around 60 um after 5 min of annealing and remained

at ~60 pum.
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Figure 6. a) Average grain diameter and recrystallized grain diameter evolution on top,
middle and bottom corners after 0, 5, 10, 52, 105, 527, 1051 and 1667 min annealing at
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500°C. b) The evolution of high angle grain boundaries (HAGBs) fraction during
annealing.

The quasi-in-situ EBSD maps were zoomed in to investigate how the microstructure changed
during annealing to determine the nucleation mechanism in pure aluminium. An example is
shown in Figure 7. Subgrains were found within the recrystallized grain, such as the Grain A
in Figure 7 b), with an orientation variation inside it. The subgrain boundaries transformed into
the HAGBs and formed separate grains during further annealing (see Figure 7 c)). Thus, the
evolution of the average grain size fluctuated with the annealing time due to the separation of
growing grains. The plots of HAGBs fraction in Figure 6 b) show that the fraction of HAGBs
increases with annealing. These results validate the nucleation theory as seen in Figure 1 a) and

b), and explain why the average grain size does not grow during annealing.

a)

IPF RD map

y‘ [111]
[001] | [101]
Figure 7. EBSD IPF maps of a small area on the top corner of cold rolled pure aluminium
1050A after a)-c) 0, 5 and 10 min annealing at 500°C. b) and c) show how the subgrain
boundaries in recrystallized grain A were accumulated during annealing to form
separated grains.
3.1.3. Hardness evolution

The hardness evolution shown in Figure 8 was obtained by performing the Vickers hardness
tests using a load of 5 kg on the sample annealed for different times at 500 °C. The hardness of
the pure aluminium depends on dislocations and grain size only, due to the absence of any
alloying precipitates. The hardness of cold rolled pure aluminium dropped rapidly from HV5
38 to 20 after 5 min of annealing due to the elimination of dislocations by recrystallization.
The hardness of the annealed samples remained constant at around HV5 20 during annealing,
while the hardening is mainly caused by grain boundaries after full recrystallization as

described by the Hall-Petch relation [54]. This macroscopic mechanical behaviour of annealed
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pure aluminium also demonstrates that grain size does not vary greatly in the annealed sample
since the effects of grain boundary hardening are similar for the sample at the different

annealing times.
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Figure 8. Macroscopic hardness results on the cold rolled pure Al that annealed for 0, 5,
10, 52, 105, 527, 1051 and 1667 min at 500°C.
3.1.4. The evolution of GND density and recrystallization fraction

The geometrically necessary dislocation (GND) distribution was calculated using the
method in [55] and plotted in Figure 5 b). The displacement gradient tensor was obtained first
from the orientation map. The lattice rotation corresponding to the antisymmetric part of the
displacement tensor was thus resolved. The lower bound of the GND density was then
estimated from the lattice rotation gradients [55,56]. Subgrain boundaries observed in the GND
maps are the positions with high values of GND inside of the grain.

The evolution of the recrystallization fraction during annealing, shown in Figure 9 a), was
quantitatively analysed based on the kernel average misorientation (KAM) as calculated from
the EBSD maps. The KAM is an average misorientation of a point with respect to all its
neighbours, i.e. a measure of local deviation in orientation. The areas with KAM values less
than the threshold value (0.5° in this work), were recognised as new deformation-free,
recrystallized areas [57].

As shown in Figure 9 a) and b), the recrystallization completed in 5 min, resulting in a quick
reduction of GND from ~ 100 um™2 to ~ 10 um~2 in 5 min. The slight fluctuation of
recrystallization fraction and GND density during further annealing was due to the area change

of grain boundaries. The evolution of recrystallization fraction at the top corner was plotted in
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Figure 13 a) together with the JMAK theoretical curve and the curve from the phase-field

model.
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Figure 9. a) Recrystallization fraction values calculated based on the KAM maps on top,
middle and bottom corners after 0, 5, 10, 52, 105, 527, 1051 and 1667 min annealing at
500 °C. b) The evolution of geometrically necessary dislocation density (GND) during

annealing.

3.2. CPFE results
The xy face of the CPFE model, with the boundary conditions of plane strain compression,

was plotted in Figure 3. The colour represents the dislocation density distribution, which is the
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sum of GND and SSD densities. The nucleation positions of the new grains during annealing

were determined based on this dislocation distribution (shown in Figure 4).

3.3. Phase-field model results
3.3.1. Simulated texture evolution

The orientations of the nucleated grains were assigned based on the rolled sample. According
to the experimental observation on the texture evolution shown in Section 3.1.1, the
recrystallized texture remained close to that of the deformed texture in the mesoscale. Hence,
the simulated deformation and recrystallized texture in this work were assigned to have the
same texture as in the experiments. The consistency of the texture in modelling and experiment

was verified by comparing their IPF maps and PF (see Figure 10).

) IPF-RD map Pole figures
d) & 2
e (100) (011) (111)

5 23 A1)

@ : \ [A. Q

w i o 3

Q. /\\ | /

i ; $

b) - (111)

© o ) *

(@]

£ '&4 o

w ° L) ‘.."

& SRR X SN A

0 < (100) (011) (111)

o — .
=S WS L D e
53 b et ¥ ‘i,!i-"i Ko
O O ° - ‘ /
€ § % ‘15;’ 9\.‘ “",‘
X e
.= (O
o= 0 6
by [111] 12
o © T—R>D [001] 1 [101]

Figure 10. a)-c) are the IPF-RD maps and PF of the grain orientations in EBSD map, in
deformed CPFE model and in the phase-field model after the simulation of grain
nucleation.
3.3.2. Simulated recrystallization fraction evolution

Figure 11 shows the simulated evolution during annealing at 500 °C of a) the recrystallized

phase and b) grain orientations. The recrystallized phase with low energy during annealing is
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shown to bulge into the neighbouring deformed phase with high stored energy and thus reduce
total stored energy. The grain growth described by Equation (13) and (14) was quantitatively
analysed by measuring the grain size and RX fraction at each time step and plotted in Figure
13 together with the JIMAK and experimental results. As the grain nucleation in this work
occurred at the beginning of the RX, the time for nucleated grains to reach the critical diameter
of 40 um at 500 °C was estimated to be 40 s according to the initial area fraction of the
recrystallized phase, which is 0.157, in the phase-field model. The critical grain diameter was
set to be 40 um according to the size of small grains shown in the recrystallized EBSD maps
(see column a) and c) in Figure 12).

a) natt=40s natt=100s natt= 1505 natt= 2005
= 1

*%“ & 2 ~
Sl FLk K

b) Oatt=40s 0 att=100s 9 att=150s 0 att 200s (radians)

Figure 11. a) and b) show the change of two order parameters 77 and & after 40 S, 100
S, 150 S and 200 S annealing at 500°C obtained by the KWC phase-field model.

3.3.3. Simulated grain size evolution

The orientation evolution simulated by the KWC phase-field model was processed using the
grain construction in MTEX toolbox [37] to obtain the grain structure (see Figure 12). Column
a) and b) in Figure 12 show the grain structure from the top corner EBSD maps and phase-field
simulations after 0, 5, 10, 52 and 105 min of annealing at 500 °C. The grain area distributions
for experimental results and simulated results are shown in column c) and d) correspondingly.

A comparison between column c¢) and d) in Figure 12 reveals that the phase-field model
predicts the grain area distribution accurately after the completion of recrystallization, i.e. after
5 min. The simulated grains after full RX generally had an area size of less than 1.5x 10* um?,

with only a few of them having an area larger than this. Furthermore, in terms of the average
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grain size, the simulated evolution agreed well with the experimental results as shown in Figure

13 b), especially when the annealing time is longer than 10 min.
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Figure 12. Column a)-b) and c)-d) are the grain structures and histograms of grain area

from EBSD mapping and phase-field modelling respectively, after 0, 5, 10, 52 and 10

min annealing at 500°C. The grain boundaries shown in al)-a5) are coloured to show

their misorientation angle.
3.4. IMAK curve

Based on the previous discussion, the Avrami exponent n = 2 was selected for the IMAK

curve of rolled pure aluminium alloy, which was heated at 500 °C. The Avrami coefficient
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k=5.625x 10~> was chosen by calibrating the IMAK equation with the experimental EBSD
results. As the maximum RX fraction is 0.95 due to the existence of high angle grain boundaries
(see Figure 12), the IMAK curve has been modified to the equation below and plotted in Figure
13 a):

X =0.95x[1—exp(—5.625x102xt2)] (28)
4. Discussion
4.1. Experimental observations

Through tracking the microstructure evolution during SRX using quasi-in-situ EBSD maps,
the mechanisms of grain nucleation and grain growth in the rolled pure aluminium were
revealed. Furthermore, the validation of the phase-field model was achieved by the evolution
of microstructural features characterised by EBSD.

In terms of the grain nucleation, subgrain boundaries absorbed dislocations during annealing,
resulting in an increase of misorientation, stored energy and mobility, thus, leading to the
transformation into HAGBSs and the formation of grains [2]. This explains why the fraction of
HAGBsS increased with annealing and why the recrystallized grains grew to ~60 um diameter
in the first 5 min and then kept constant during annealing (see Figure 6). The simultaneous
processes of grain splitting and grain growth accounted for the dynamic stability of grain size
during annealing. In terms of grain coarsening, pre-existing HAGBs migrated toward the
interior of a more highly strained grain to minimise the total energy of the system, as described
by the SIBM theory [10,58].

In addition, the grain nucleated by subgrain boundary migration maintained the orientation
of the subgrain while its orientation was originally generated from the deformed structure. Thus,
it is straightforward to account for the consistency between the recrystallized texture and the
deformed texture in Figure 5 ¢). Therefore, the nucleation mechanism of pure aluminium can

be described by the migration of pre-existing subgrains or grain boundaries [10].

4.2. Modelling results
4.2.1. Prediction of texture and nucleation positions

The heterogeneous distribution of dislocation density and the accumulation of dislocations
at grain boundaries in the textured model under plane strain compression were captured by the
CPFE model in this work. This dislocation distribution and grain orientation information were
then used as initial conditions for the phase-field model, making the prediction of nucleated

grain orientations and nucleation positions in the deformed structure possible. The model

24



described in this paper can be adapted to study other materials by incorporating the effects of
precipitates, material properties etc.
4.2.2. Prediction of incubation time

The phase-field model coupled with theoretical IMAK Kkinetics provides insights into the
nucleation mechanism regarding the estimation of incubation time and its relation to
dislocation density and annealing temperature, which are hard to be captured by experiments.
In this work, the incubation time was determined as ~ 40 s to reach the recrystallization
fraction of 15.7 % with the critical recrystallized grain diameter of 40 um (see Figure 13 a)).
4.2.3. Prediction of recrystallization fraction evolution

The simulated evolution curve agrees well with the EBSD results and JIMAK curve in Figure
13 a), indicating that the phenomena of the grain nucleation and the impingement of growing
grains for moderate grain growth were successfully simulated. The KWC phase-field
modelling in this work considers the energy from dislocations, the interface energy and the
misorientation energy.
4.2.4. Prediction on the distribution and evolution of grain size

The phase-field model together with the CPFE model was able to provide a reliable
prediction of the grain size distribution and evolution for pure aluminium after full RX (see
Figure 12 b) and Figure 13 b)). The slight variation of grain size distribution between
experiments and simulation in initial observation (see Figure 12 c2) and d2)) is likely due to
the choice of nucleation condition for critical stored energy. The in-situ EBSD mapping for the
SRX of rolled pure aluminium could help to determine this value by observing the minimum
grain size and calculating the GND density at the nucleation position before and after the

nucleation. As a result, the grain size at partial RX could then be accurately predicted.
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Figure 13. The evolutions of a) recrystallization fraction and b) average grain diameter
at 500 °C heat treatment from experimental EBSD results, phase-field (PF) modelling

and theoretical JIMAK curve.

4.3. Importance

Compared to traditional models, the phase-field model coupled with CPFE analysis is able
to predict the nucleated grains and grain growth according to the thermodynamic law by
obtaining the heterogeneous deformed microstructure from CPFE. Through changing the
boundary conditions, for example, the strain paths in the CPFE model and the temperature
gradients in the phase-field model, the prediction of RX under complex strain paths and
temperature gradients become feasible for the industry. Furthermore, it is challenging to
determine the incubation time and verify the relationship between incubation time, GND
density and annealing time from experiments. Our phase-field modelling work together with
theoretical IMAK equation presented here offers a solution to this problem. Additionally, with
regard to the prediction of texture evolution, the KWC phase-field model has the capability of
generating orientations for new grains from experimental observations, theoretical hypothesis
and physical principles. The conditions for the grain nucleation in this work could be modified
for different materials by the inclusion of further parameters, such as solutes, precipitates and
crystal structure. Conversely, the recrystallized microstructure can be input into a crystal
plasticity model as the initial conditions in future work to achieve the prediction of the
mechanical properties, such as the strength [59], ductility [60], creep [61], fatigue [62] and
stress crack corrosion behaviour [63] of load-bearing components.
5. Conclusions

The SRX features of rolled pure aluminium, with regard to grain size evolution, RX fraction
evolution and texture evolution were characterised by the quasi-in-situ EBSD. Based on
observation of the stable grain size and the consistency of texture during recrystallization, the
nucleation mechanism of AA1050 could be attributed to the migration of subgrain boundaries
and SIBM. This leads to a) splitting of the grain during grain coarsening due to the
transformation of subgrain boundaries into HAGBs; and b) maintenance of the deformed
texture during annealing.

In terms of the grain nucleation, the developed KWC phase-field model identified the
favourable orientations and positions for nucleation on the basis of the heterogeneous deformed

microstructure from the CPFE model. The incubation time for grain nucleation was estimated
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by using a comparison between the simulated results, experimental evolution and theoretical
JMAK curve.

In terms of grain growth, the KWC phase-field model perfectly simulated the grain
coarsening and the impingement of recrystallized grains by calculating the energy reduction of
the system during annealing. Furthermore, the grain boundary curvature solved by this model
would be particularly useful in the prediction of the mechanical properties according to the
grain size distribution and the grain shape.

In conclusion, the proposed KWC phase-field model and the CPFE model including physical
length and time scales, provide versatile tools for simulating the microstructural evolution
during recrystallization. The quasi-in-situ EBSD results achieved in the experimental work are
in a good agreement with the simulated texture development, grain size distribution and its
evolution. The validated model also provides insight on the incubation time and nucleation
conditions. The results presented here indicate that the phase-field and CPFE models form a
good basis for the prediction of material behaviour following thermomechanical treatment.
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