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• A multi-scale model for mechanical responses of Fe-Cr-Al alloys is proposed by coupling molecular
dynamics, phase field and finite element method.

• The interaction between the solute atoms and screw or edge dislocations are considered in the
MD-assisted solution strengthening models.

• The processing processes including rolling, recovery and recrystallization are simulated by the phase
field models.

• The multiscale model supports the Materials Genome Initiative in alloy design through artificial
neural network methods.

Copyright©2025 by the authors. Published by ELSP. This work is licensed under a Creative Commons
Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction
in any medium provided the original work is properly cited.

Liu Z, et al. AI Mater. 2025(2):0015



AI Mater. Article

Abstract: A multi-scale computational model is proposed to calculate the mechanical responses of
Fe-Cr-Al alloys with solid-solution and processing effects through a bidirectional coupling strategy.
Based on crystal plasticity (CP) theory, a temperature-dependent critical resolved shear stress (CRSS)
superposition model is constructed to couple with the molecular dynamics (MD), phase field model (PFM)
and finite element method (FEM). By calibrating with few experimental data, we established an
atom-informed solid solution strengthening model for multicomponent Fe-based alloys, thus successfully
reproducing the polycrystalline features and stress-strain responses under different processing processes.
Particularly, the multiscale model can provide high-precision yield strengths and reasonable tensile
strength ranges for different grades of FeCrAl alloys. Finally, we present a case study employing an
integration approach which starts from several experiment data, extends to hundreds of computational
data and finally makes full-range prediction from artificial neural network methods. This study provides
a viable and scalable scheme for the Materials Genome Initiative (MGI) design and optimization of
nuclear-grade FeCrAl alloys.

Keywords: FeCrAl; mechanical responses; multi-scale calculation; Materials Genome Initiative; crystal
plasticity; phase field; molecular dynamics; finite element method

1. Introduction

Owing to their excellent high-temperature corrosion resistance, FeCrAl alloys become one of the
candidates for accident tolerant fuel (ATF) cladding materials [1,2]. With the gradual refinement of
alloy grades, it is found that one of the bottlenecks restricting its application is the difficulty in precisely
controlling the mechanical properties, including yield strength (YS) and ultimate tensile strength (UTS),
which are of great significance for its resistance to swelling and burst in normal operation and
accident scenarios [3,4]. However, it is difficult to establish a complete structure-property-process
relationship by conventional experimental means. As the deformation mechanisms are revealed with
more details at different scales in iron-based alloys, actually, it is now possible to establish a multi-scale
model with a rational coupling strategy to directly calculate the properties under the framework
of Material Genome Initiative (MGI) [5]. Therefore, it has become a hot topic to establish an easily
calibrated and transferable multi-scale coupling algorithm for practical materials.

Crystal plasticity finite element model (CPFEM) [6,7] and visco-plastic self-consistent model (VPSC) [1]
are two widely adopted homogenization models to predict the macroscopic mechanical properties by
taking the microstructure and plastic deformation mechanism into account. Multiscale models with both
CPFEM and VPSC have been adopted by researchers to study the plasticity of materials [8,9]. In order
to better capture the physical mechanisms and make the parameters atomistically informed, CPFEM
has been combined with molecular dynamics to investigate the plasticity of α-Fe [10] and high entropy
alloys [11]. CPFEM and discrete dislocation dynamics (DDD) have been combined to investigate the
hardening behaviors of materials [12]. Groh et al. [13] developed an MD-DDD-CPFEM multiscale model
to capture the plasticity in aluminum. However, the microstructure evolution during processing such as
rolling and annealing cannot be captured by these models.

The phase field method shows remarkable capabilities in the recrystallization organization evolution
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and property prediction of alloys, providing a powerful tool for understanding and regulating the complex
relationship between alloy microstructure and mechanical properties [14,15]. Therefore, this coupled
model has a high potential to describe the microstructural evolution during the rolling and annealing of
FeCrAl alloys. Recently, the Fast Fourier Transform (FFT) algorithm has been coupled with PFM for
avoiding the mapping between finite element and finite difference grids, while preserving the high accuracy
of CP results [16]. Zhao et al. [17] reported that the coupled FFT-CP and PFM can simultaneously
describe the dynamic recrystallization in copper. Multiscale models combining PFM and CPFEM have
also been proposed to capture the macroscale properties and the mesostructure evolution like twinning [18]
and shear band [19]. An alternative approach is to couple kinetic Monte Carlo (kMC) with CPFEM [4].
However, new studies are also needed to combine atomic simulations with these multiscale models.

A multi-scale framework, covering the atomic scale to continuum level by first principles (FP), MD,
PFM and FEM, has been proposed by Liu et al. [5] to calculate the thermo-mechanical properties of
FeCrAl alloys. The framework provides a good idea on the multi-scale modeling by bottom-up method.
However, due to the heavy computation in small length scale and parameter gap between models at
different scales, no atomistic-based multi-scale model has successfully been adopted to capture the
macroscale mechanical responses and microstructure evolution at the same time. A long-existing critical
problem lies in how to bridge the models in different length and time scales. Moreover, models at
intermediate scales often have many parameters that cannot be directly measured, making it difficult to
be uniquely determined. Therefore, an effective multiscale model requires a robust coupling framework
where all parameters can be determined using limited experimental data.

As a foundational theory with multi-scale capabilities, crystal plasticity is widely used to predict
macroscopic stress-strain behavior by modeling the microscale mechanism of dislocation motion.
Reflecting the microscopic mechanism of dislocation movements, in particular, the critical resolved shear
stress is the key parameter related to specific materials and often decomposed into multiple contributions
such as solid solution, grain boundary and work hardening [4,20]. Specifically, experimental test data of
FeCrAl alloys show that their yield strength changes in three stages (I, II and III) with temperature [21],
which is related to the changes in the dominant mechanisms of edge or screw dislocations at different
temperatures and the evolution of the microstructure at high temperatures [22]. The solid solution
contribution in alloys can often be obtained from the atomic scale, for instance, MD, by considering the
interaction of dislocations with solid solution atoms [23,24]. Thus a composition-dependent computational
model can be obtained [25,26]. The grain boundary and work-hardening contributions are very closely
related to the mesoscopic structure and are expected to be obtained with the micro-structural evolution
models, for instance, PFM [8]. Utilizing CRSS as a multi-scale bridge, it is possible to obtain the yield
strength by CPFEM taking into account the polycrystalline structure and the heterogeneous mechanical
field within the grains.

Consequently, we propose a practical multi-scale coupling model under the MD-PFM-FEM framework
to predict the mechanical response of FeCrAl alloys. This model is calibrated with minimal experimental
data and remains robust within a defined range, thereby providing reliable simulation data for the MGI design.
A schematic of the multi-scale framework is presented in Figure 1, and its workflow is outlined below:

(1) Input Key MGI Factors: The model takes critical MGI parameters as inputs, including alloy
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composition, test temperature and main parameters of processing conditions.
(2) Microscale Single-Crystal Plasticity: MD and solid solution models are employed to describe

single-crystal plasticity at the atomic and defect scales.
(3) Mesoscale Microstructure Evolution: PFM and FFT-CP algorithm are used to simulate

microstructure evolution and polycrystalline plasticity.
(4) Macroscale Mechanical Performance: CPFEM and homogenization techniques integrate the

microstructural information to predict macroscopic mechanical behavior.
(5) Cross-Scale Consistency: CP theory serves as a unified foundation across all scales, ensuring

self-consistency in modeling and parameter selection.
Furthermore, the UTS could be calculated by incorporating damage evolution models into the

CPFEM based on the continuum damage mechanics [27,4]. MD has also been combined with FEM to
investigate the fracture behavior of materials [28,29]. Following validation with experimental results from
different compositions, the multiscale model will be applied to MGI design of FeCrAl alloys through a
framework that integrates machine learning methods.

Figure 1. (Color online) Multi-scale coupling method for the calculation of yield strength and
ultimate tensile strength.

2. Multi-scale coupling models

2.1. Damage-effect-involved CP coupling model

According to the classical crystal plasticity model, the velocity gradient L(x) of the material point located
at x in a deformed configuration is given as:

L(x) =
Nα

∑
α=1

γ̇
α(x) [nα(x)⊗bα(x)] (1)

where α denotes a slip system and the sum runs over all Nα slip systems, nα is the normal vector of slip
plane, bα is the Burgers vector, and γ̇α is the shear rate for the slip system α . Specifically, γ̇α is written
as [4]:

γ̇
α = γ̇0

∣∣∣∣ τα

(1−d)τα
c

∣∣∣∣1/m

sgn(τα) (2)
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where γ̇0 is a constant shear rate for referencing, τα is the resolved shear stress, and m is the strain rate
sensitivity index. To obtain the ultimate tensile strength, in particular, a damping factor d is introduced to
reflect the damage accumulation in stress-strain curves, obtained according to a damage evolution model
and expressed as [4]:

d =

{
0 G ≤ Gi

1− exp(− G−Gi
Gc−Gi

) G > Gi
(3)

where G =
N
∑

α=1

∫ t
0

τα γ̇α

1−d dt is the effective plastic work, Gi is the initial plastic work, Gc is the plastic work

at fracture when d is approaching unity [4]. τα
c is the critical resolved shear stress, expressed as:

τ
α
c = τ

α
0 +

∫ Nβ

∑
β=1

hαβ |γ̇β |dt (4)

where τα
0 is the initial CRSS, the time-integral term is the cumulative work hardening stress, and hαβ is

the interaction strength between α and β slip systems, written as:

hαβ = qαβ h0

∣∣∣∣∣1− τβ

τs

∣∣∣∣∣
a

sgn

(
1− τβ

τs

)
,(no sum on β ) (5)

where qαβ represents an interaction coefficient between different slip systems, h0 is the initial hardening
rate, a is the softening exponent, and τα

0 is the saturation stress.
Particularly, a multi-factor superposition model for τα

0 is established by considering the contribution
from solid solution, grain boundary and work hardening effects for the FeCrAl alloys, so the expression
of τα

0 is proposed to be:

τ
α
0 (T,c, Ã,dg) = τ

α
sol(T,c)+ τ

α
HP(T,dg)+ τ

α
Ha(T, Ã) (6)

where T,c, Ã,dg refer to the temperature, atomic component, characterized work hardening coefficient
and average grain diameter, and τα

sol(T,c), τα
HP(T,c) and τα

Ha(T,c) denote the solute hardening, grain
boundary and work hardening contribution, respectively.

2.1.1. Solute solution hardening

It is assumed that three-stage expression of the CRSS solid solution term is controlled by thermally
activated screw dislocations in the low temperature stage, edge dislocations in the mid-temperature stage,
and the failure of the dislocation mechanism decreases rapidly at high temperatures due to dislocation
climbing and other reasons. The solute hardening term τα

sol is considered as the competition of screw/edge
migration mechanisms varying with temperature, expressed as:

τ
α
sol(T,c) =

µ(T )
µ(0)

max{τ
α
screw(T,c),τ

α
edge(T,c)} f (T ) (7)

where µ is the shear modulus and τα
screw(T,c) (or τα

edge(T,c)) denotes the solute strengthening strength
dominated by screw (or edge) dislocations. In this study, Argon’s model [25] and Maresca’s model [30]
are adopted to estimate τα

screw(T,c) and τα
edge(T,c), respectively. The detailed formula for these solute

hardening models are listed in Appendix A. f (T ) is a phenomenological attenuation function to describe
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the fast decay of τα
0 at high temperatures (Stage III), expressed as:

f (T ) =
1
2

(
1+ tanh

(
−T −Th

S0

))
(8)

where Th is the transition temperature and S0 is a characterized decaying range. The truncation function
of f (T ) has little effect on Stage I and II.

2.1.2. Grain boundary hardening and other hardening effects

The grain boundary hardening τα
HP is described by the Hall-Petch relation as:

τ
α
HP(T,dg) =

µ(T )
µ(0)

k̃GB ·dg
−0.5 f (T ) (9)

where k̃GB is the Hall-Petch coefficient, and should be obtained by experiment. The temperature dependency
of τα

HP is the same as those of the shear modulus [4]. f (T ) is also included in the model to consider the
break-down of Hall-Petch effect at high temperature. dg is average grain diameter, which depends on the
processing conditions and can be obtained by PFM.

The work hardening term τα
Ha(T, Ã) is generally considered to be of long-range and represented as:

τ
α
Ha(T, Ã) = Ãµ(T ) (10)

where Ã denotes a work hardening coefficient and is closely related to heat treatment conditions with
different mechanisms of microstructural evolution. For instance, Ã can be very high during the rolling
process and become zero when the complete recrystallization is achieved. Note that Ã does not change with
temperature, which plays as a key factor for the hardening term to convert between different temperatures.
For this term, PFM should be combined with CP and recovery models to reproduce the changes in Ã with
various thermo-mechanical processing, which is detailed in Appendix B.

2.1.3. Other parameters

Also, the temperature dependency of h0 and τα
s in Equation (5) are taken into account in our model. h0 is

regarded to vary with temperature as shear modulus does, namely:

h0(T ) = λ µ(T ) (11)

where λ is a constant coefficient. Taking τα
0 as a reference, the expression of saturation CRSS τα

s is
written as:

τ
α
s (T,c,dg) = τ

α
sol(T,c)+ τ

α
HP(T,dg)+ τ

α
sh(T ) (12)

where τα
sh represents the saturation CRSS induced by the dislocation interactions, assumed to be

proportional to shear modulus at low temperatures (T ≤ 0.3Tm, Tm represents the melting temperature
in K) and decrease quickly at high temperatures [31], expressed as:

τ
α
sh =

 χµ(c,T ) T ≤ 0.3Tm

τs0

[
ε̇0
A exp

(
Q

RT

)]ns
T > 0.3Tm

(13)
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where A is a pre-exponential factor, Q is the activation energy, ns is the strain rate sensitivity parameter,
τs0 is the reference saturation CRSS, χ is a correction constant, and R is the gas constant and ε̇ is the
loading rate.

In addition, a complete expression for Gi and Gc in the damage evolution model needs to consider the
function of the plastic work within each grain as a function of factors such as composition, temperature,
and processing. In this study, their relationships with composition-dependent plastic work Gi0(c) in single
crystals are expressed as:

Gi = fi(Ãharden,T ) ·Gi0(c)

Gc = fc(Ãharden,T ) ·Gi0(c)
(14)

where Gi0(c) can be obtained from MD simulation, fi(Ãharden,T ) and fc(Ãharden,T ) represent the
correction factors depending on the test temperature and work hardening coefficient determined by
processing conditions. The damage model is also adopted in CPFEM to obtain the stress-strain curves, as
detailed in Appendix C.

2.2. Coupling strategy for the multi-scale simulations

In order to achieve as seamless connection of cross-scale parameters as possible, we divided the
coupling parameters into three types. The first is the directly transferred parameters that consider simple
mechanisms such as elastic constants, grain boundary energy, and poly-crystalline structure, the second is
the CRSS parameters involving multiple physical mechanisms, and the third is the phenomenological
coupling parameters of ambiguous mechanisms, such as fracture energy Gc and Gi. Figure 2 shows the
relationship of the three types of coupling models and the transport paths of coupling parameters.

Figure 2. Multi-scale coupling strategy for multiscale simulations by MD-PF-FEM considering the
temperature, component and rolling-annealing effects.

First, MD is used to construct the atomic structures of various defects, such as single crystal, solutes,
screw/edge dislocations[32,33] and symmetric tilt grain boundaries[34], to estimate their properties as a
function of components and temperature via the open-source software LAMMPS. The most challenge work
of MD is to calculate the solute-dislocation interaction energies, which determine the solute strengthening
ability of various elements. The energy calculations are organized at 0K with molecular statics method
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and the conjugate gradient (CG) algorithm are used for energy minimization. The temperature dependent
parameters, such as the grain boundary energy γGB(T ) and Gi0, are measured with the NPT ensemble for
sufficient relaxation. Considering the effects of solute randomness, the MD simulations are repeated at
least 10 times to obtain the average value and error limit. The MD results will be used to construct solid
solution strengthening models and partly parameterize the phase field and finite element methods, etc.

Second, the solution of the phase field method coupled with crystal plasticity is conducted by the
home-made program PHAFIS [35]. For the rolling process, FFT-CP algorithm is applied to numerically
simulate the accumulation of plastic strain and increments of τα

0 , consistent with the reference [36]. The
recovery and phase-field equations are solved by Euler forward integration methods. Additionally, the
efficient algorithm proposed by Kim et al. [37] is employed to accelerate the numerical PFM simulations.
The initial 3D polycrystalline structure is constructed by the Voronoi algorithm with periodic boundary
conditions in all three dimensions. In terms of parameter determination, the interface energy, Debye
frequency, and elastic constants are obtained directly from MD simulations. A few parameters left that
are difficult to calculate, such as high temperature saturation stress and recovery activation volume, etc.,
which are determined by parameter identification according to some specific experiments. The phase field
output results include 3D polycrystalline structure data (orientation, centroid, grain size of each grain),
work hardening coefficient, etc., which are transmitted to FEM in the form of files.

In CPFEM, third, the models are implemented in the finite element software Abaqus/Explicit. Based
on the numerical implementation algorithm detailed in our previous research [4], a user-defined VUMAT
subroutine in Fortran is written to describe the constitutive model in each integration point using the CRSS
model and damage model. Periodic boundary conditions and velocity boundary conditions are applied on
the representative volume element (RVE). In the transfer of microstructure, as the mesh number in FEM
may be different from that in PFM, the grain morphology and orientations in PFM could not be directly
transferred to FEM. According to the coordinates of each integration point in FEM, the corresponding
grid element in PFM can be obtained and they have the same grain orientation. After the calculation
of Abaqus, a python script is programmed to obtain the homogenized stress-strain curve automatically
together with the yield strength and ultimate tensile strength.

3. Results

In order to obtain the mechanical properties consistent with the experimental results, the model and transfer
parameters of each method need to be determined comprehensively. Firstly, with the available related
data for similar iron base alloy from literature, it is necessary to determine the sensitivity of parameters to
components, temperature and processing conditions, then obtain the reasonable value range. Secondly, the
atomic scale simulations are applied to obtain the physical properties of microscale defects (solute substitution
defects, dislocations, grain boundaries), which are helpful to understand the microscale mechanisms and
their relationship with macroscale properties, providing bottom-up information for model verification.
Furthermore, a few customized experiments are organized to provide necessary top-down reference for
determining the phenomenological parameters for the intermediate scale models. Finally, with the input alloy
composition, processing and testing conditions, multi-scale coupling calculation is automatically realized by
programming and outputting the stress-strain curve, yield strength and UTS for the poly-crystalline alloys.
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3.1. Parameters calibration with experimental data (CPFEM top down)

In order to verify the multi-scale coupling model, experimental data for Fe-13Cr-5Al-2Mo-0.2Si-0.05Y
(in nominally component of wt.%) alloys with the same preprocessing of melting and rolling
but different annealing treatments are adopted [4], denoted as Sample I, II, and III. Sample I
was directly cooled to room temperature without annealing, and Sample II and Sample III were
annealed at 600 °C and 800 °C for 1 hour, respectively. The three samples all shows BCC crystal
structure according to the X-ray diffraction (XRD) results, and their average grain diameters are
43.7 ± 10.9 µm (Sample I), 45.2 ± 11.4 µm (Sample II) and 32.0 ± 14 µm (Sample III), respectively.
Considering the grains in Sample III are obviously refined and equiaxed, it is assumed that complete
recrystallization occurs. Compared to Sample I, the grain size of Sample II is slightly larger, but the grain
morphology is more irregular, indicating recovery mechanism might be dominant at this time [4].

Figure 3 shows the schematic evolution of τα
0 with processing conditions. During the rolling at

800 °C, τα
0 gradually increases and eventually approaches a saturation value, as shown by the AB segment

in the figure. After cooling to room temperature, τα
0 is expected to increase rapidly, as shown by the

BC segment. For 800 °C annealing, the recrystallization process causes τα
0 to reach a lower value at

room temperature, as shown by the BE segment. For the 600 °C annealing process, τα
0 is between the

other two CRSS at room temperature. Ideally, the three samples contain exactly the same solid solution
strengthening fraction (component controlled), with the main difference being that Sample III has a zero
work-hardening fraction and Sample II has a smaller work-hardening contribution than Sample I.

Figure 3. Effects of processing conditions on the evolution of initial CRSS.

CPFEM alone is firstly performed to fit the three stress-strain curves of the above mentioned FeCrAl
samples to provide a reference for the parameters in the models at the lower scale, and the details can
be found in our previous work [4]. The calibrated parameters are shown in Table 1. 48 slip systems
belonging to {110}⟨111⟩, {112}⟨111⟩ and {123}⟨111⟩ are considered. The elastic constants as a function
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of temperature are fitted based on the experimental data of the elastic modulus of FeCrAl alloys, as shown
in Supplementary Material S1. The initial CRSS τα

0 , and parameters for plastic work (Gi and Gc) vary
with processing conditions. Based on the CPFEM results of Sample III, the relation between yield strength
σY S(MPa) and τα

0 (MPa) is fitted as σY S = 2.4τα
0 +19.5, where 2.4 is the Taylor factor. According to the

CRSS model and Hall-Petch coefficient k̃GB (i.e., k̃GB ·µ(300 K) = 215.52 MPa ·µm0.5), τα
sol of the three

samples is calculated as 147 MPa, acting as a reference for the parameter identification in the following
solution strengthening models.

Table 1. Model parameter calibrated by CPFEM at room temperature.

Symbol Definition Value Source

γ̇0 (s−1) Reference shear strain rates 0.001 [4]

m Strain rate sensitivity coefficient 0.012 [4]

qαβ interaction parameter between slip system α and β 1.0 if α = β ; 1.4 for other cases [4]

a Softening coefficient 2.25 [4]

τs (MPa) Saturation CRSS 900 Fit to Experiment

h0 (MPa) Initial hardening rate 300 Fit to Experiment

kHP (MPa·µm1/2) Hall-Petch coefficient for CRSS 215.2 Fit to Experiment

τ0 (MPa) Initial CRSS for FEM SI: 282 SII: 240 SIII: 185 Fit to Experiment

Gi (106 J/m3) Plastic work initiating damage SI: 40 SII: 55 SIII: 60 Fit to Experiment

Gc (106 J/m3) Plastic work at fracture SI: 230 SII: 230 SIII: 680 Fit to Experiment

Note: SI: Sample I; SII: Sample II; SIII: Sample III.

3.2. Solute effects on plasticity and fracture in single crystals (MD bottom-up)

The MD method studies the impact of defects such as solute atoms on micro-mechanical properties
through atomic-level simulations, thereby providing component correlation parameters from a bottom-up
perspective. In the Argon’s screw dislocation hardening model, the characteristic energy is the solute-kink
interaction energy ∆UX

screw. Figure 4a shows the double-kink structure optimized by MD and energy
barriers for Cr, Al in left or right kinks are shown in Figure 4b. As a result, MD calculated ∆UX

screw

for Cr and Al are 0.050 and 0.049 eV, respectively. On the other hand, the corresponding ∆UX
screw

deduced from experimental data [3] are 0.038 and 0.055 eV. These results show that the ∆UX
screw from

MD double-kink structures are in the same magnitude with the experiment deduced value for Argon’s
model. However, it is still difficult to quantitatively calculate ∆UX

screw by MD or DFT directly [38] and
misfit coefficient models may be a potential solution [39]. According to the slope of yield strength
or CRSS from experiment [3,40,41], ∆UX

screw for Cr, Al, Mo, Si are taken as 0.038, 0.055, 0.075 and
0.075 eV, respectively. However, with the current component Fe-13Cr-5Al-2Mo-0.2Si wt%, the CRSS at
300 K is higher than the top-down value 147 MPa. Therefore, the alloy component is artificially adjusted
to be Fe-12.68Cr-4.7Al-1.92Mo-0.2Si wt%, which enables a higher degree of integration between the
theoretical model and experimental results and continues to be used in subsequent analyses.

In the Maresca’s edge dislocation hardening model, the characteristic energies ∆ẼX
p are estimated

based on the solute-dislocation binding energy UX
dis(r) near the edge dislocation core. Since for edge

dislocations the volumetric term makes the main contribution to UX
dis(r) and the chemical term is
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neglectable [30], alternatively, the volumetric misfit approximation (VMA) model [42] is proposed
to reduce the dependency on interatomic potentials. Figure 4c shows the edge core structure constructed
by MD and the comparison of MD and VMA model calculated ∆ẼX

p (w
crit
e ) is shown in Figure 4d. The

VMA estimated ∆ẼX
p (w

crit
e ) is a little lower than the MD results, which indicates VMA model is a

feasible model instead of MD simulations. Most importantly, the VMA model can combine the size
misfit parameter εX

a from other reliable sources, despite the drawbacks of Fe-X binary potentials such
as inaccuracy and absence. Utilizing the experiment measured εX

a for Cr, Al, Mo and Si [43], the
corresponding ∆ẼX

p (w
crit
e ) from the VMA model are 0.283, 0.856, 1.777 and 0.332 eV, respectively. The

fitted parameters in the solute hardening models are listed in Table 2 and the CRSS curve considering
the solute hardening and grain-boundary hardening effects is shown in Figure 4e. The predicted CRSS
curve is closely fitted to the experimental measured results, which provides the basic input for simulations
at the higher scale, and also provides the expansion possibility for temperature and composition in the
multi-scale model.

In addition, the MD calculated microscale fracture energies and grain boundary energies are in the
same magnitude with macroscale values. The details of MD simulations are listed in Supplementary
Material S2.

Figure 4. Determination of parameters in solute hardening models by MD simulations. (a) Atomic
structure of 1/2<111> screw kink-pair; (b) Energy barrier for kink migration over single
substitutional defects; (c) 1/2<111>{110} edge dislocation core structure and the volumetric
strain distributions; (d) ∆ẼX

p (w
crit
e ) curves calculated by MD and VMA models; (e) Three-stage

CRSS curves compared with the experiment data for C35M alloy [44].
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Table 2. The determined parameters for CRSS solution hardening models. The experimental results
are from [44].

Symbol Definition Value Source

b Burgers vector length 2.46 Å [25]

ws Substitution-screw dislocation interaction range 2.31 Å [25]

τath
screw,Fe Athermal lattice resistance stress for pure iron 21 MPa [25]

ln(ε̇0/ε̇) Strain rate coefficient 20 [26]

λs Peierls valley distance 2.31 Å [38]

wk kink-pair twist width 20 b [38]

Γe Edge dislocation Line Tension 1.6 eV/Å Fit to Experiment

τ̂e(0) Edge dislocation Peierls stress 40 MPa Fit to Experiment

Th Transition temperature 1000 K Fit to Experiment

S0 Characterized decaying range 100 K Fit to Experiment

∆UCr
screw Screw migration energy barrier with single Cr substitution 0.038 eV Fit to Experiment

∆UAl
screw Screw migration energy barrier with single Al substitution 0.055 eV Fit to Experiment

∆UMo
screw, ∆USi

screw Screw migration energy barrier with single Mo or Si substitution 0.075 eV Fit to Experiment

∆ẼCr
p (wcrit

e ) Characteristic energy for Cr pinning effect on edge 0.283 eV VMA evaluated

∆ẼAl
p (wcrit

e ) Characteristic energy for Al pinning effect on edge 0.856 eV VMA evaluated

∆ẼMo
p (wcrit

e ) Characteristic energy for Mo pinning effect on edge 1.777 eV VMA evaluated

∆ẼSi
p (w

crit
e ) Characteristic energy for Si pinning effect on edge 0.332 eV VMA evaluated

wcrit
e Substitution-edge dislocation interaction range 9.9 Å MD calculated

Gi0 Microscale plastic work 1.65 × 108 J/m3 MD calculated

γGB(T ) Grain boundary energy See Supplementary Material S2.1 MD calculated

3.3. Polycrystalline structure after rolling-annealing processes (PFM connect)

In order to obtain the polycrystalline structure after different processing techniques, some assumptions are
necessary to be made as follows. The rolling process modeled by the FFT-CP model for the three samples
is exactly the same, and the difference between them comes from the subsequent annealing process.
During the rolling modelling, only the accumulation of the stress-strain field is considered, ignoring
the microstructure changes such as grain boundary migration. Directly cooled to room temperature
without annealing, the CRSS of Sample I increases with the decrease of temperature according to
Equation (7), while the structure remains unchanged (the average grain size is always 43.7 µm). Based on
the polycrystalline structure after rolling, the recovery simulation is carried out to describe the evolution
of CRSS in Sample II by Equation (B.2) in Appendix B. On the other hand, Sample III requires PFM to
simulate static recrystallization with the plastic strain field from FFT-CP as the driving force.

The model parameters of room temperature CPFEM are inherited as much as possible into the
simulation of high temperature rolling at 800 °C. The initial polycrystalline structure is shown in Figure 5a.
The only unknown parameter is the saturation CRSS τs, which can be constrained by Ãrolling

harden given by the
CRSS superposition model and the expected Ãrolling

harden is approximately 80 MPa at 800 °C. First, the total
CRSS and solid solution strengthening at room temperature give h = 1.3×10−3, leading to χ = 0.009043
in Equation (13). Next, Equation (6) yielded the target CRSS for rolling, τ̄roll

α = 80 MPa. Finally, we
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iteratively adjusted τs in FFT-CP simulations until achieving this target. Figure 5b displays the strain
distribution at 60% deformation, which corresponds to the identified saturation stress of τs = 88.7 MPa.

For Sample II after annealing at 600 °C, it mainly involves the identification of recovery activation
parameters. Generally, iron-based alloys play a dominant role in vacancy diffusion during recovery, and
the recovery activation energy is about 2.9 eV, so the recovery activation volume is the only undetermined
parameter. Similar with the above case, after some attempts, we got the result that when v = 26.2b3

(denoted as v0) the average CRSS after one hour is exactly 112 MPa. Figure 5c shows that average CRSS
is dependent on the activation volume parameters. Martinez et al. [45] pointed out that the activation
volume of Fe-3% is 30–36b3 based on the self-diffusion mechanism. More recently, avrikakis et al. [46]
fixed the activation volume as 12b3 to fit the activation energy, which is found to be between 2.5–3.0 eV
for Fe-3% doped with Sn. Considering that Fe-Cr-Al and Fe-Si share the same BCC structure and the
similarity of the vacancy diffusion mechanism at high temperatures, the activation parameters obtained
are within a reasonable parameter range.

For the recrystallization simulation, the microstructure after recrystallization nucleation is shown in
the Figure 5d. The grain boundary energy can be obtained directly from the results of the MD fitting, and
the width is set to 5∆x. Figure 5e,f show the polycrystalline morphology just after recrystallization and
with 1 hour’s grain growth. Specifically, 5% of stored energy is adopted to drive the annealing process in
the following simulations, resulting in the average stored energy being on the scale of 1 MPa, which is
reasonable for iron-based alloys [47]. By identifying the grain boundary mobility to be 1.34 × 10−13 m4/Js,
an average grain size of 32 ± 13 µm is obtained after 1 hour’s annealing. Based on the limited experimental
data, CPFEM fitting results, and solid solution effect parameters, all the parameters related to the phase
field-crystal plasticity model are calibrated, are shown in Table 3.

Figure 5. Polycrystalline morphology and plastic responses at the mesoscopic scale. (a) Initial
polycrystalline structure, (b) average deviatoric stress, average CRSS and equivalent hardening
factor as well as Taylor factor varying with von Mises strain; (c) Variation of average CRSS with
time with different activation volume parameters; Snapshots of (d) recrystallization nucleation,
(e) polycrystalline morphology just after recrystallization is completed; (f) Polycrystalline
morphology with 1 hour’s grain growth.
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Table 3. Parameters determination for PFM.

Symbol Definition Value Source

h0 Initial hardening coefficient 199 MPa CPFEM Top down
a Softening coefficient 2.25 CPFEM Top down
n Strain sensitivity index 83 CPFEM Top down
γ Grain boundary energy 0.90 J/m2(1073 K) MD Bottom up
b Magnitude of Burgers vector in FeCrAl 0.245 nm MD Bottom up
ω Debye frequency 8.57e12 s−1 MD Bottom up
U0 Activation energy for recovery 2.9 eV MD Bottom up
τs Saturation stress 88.7 MPa Fit to Experiment
v Activation volume for recovery 26.2b3 Fit to Experiment
M Grain boundary mobility 1.34e-13 m4/Js Fit to Experiment
λ Excess free energy scaling factor 5% Fit to Experiment

3.4. MD-PFM-FEM coupled calculation

A set of multi-scale model parameters for FeCrAl alloys have already been obtained, and each of them has
been validated to some extent or at least within reasonable ranges. Using the complete coupling strategy
in Figure 2, the mechanical responses of three FeCrAl samples are obtained in a hierarchical way by
MD-PFM-FEM coupled calculation. Table 4 shows the input parameters of the multiscale calculation,
and the parameters are passed into MD, PFM or FEM. As FEM relates the properties of single crystal and
mesostructure to macroscale properties, we further display its input and outputs, as shown in Figure 6.
The polycrystalline morphology is simulated by PFM and passed into FEM, as displayed in Figure 6a,b.
Although the mesh number in FEM is less than that in PFM, the macroscale mechanical responses
including convergent stress-strain curves can be well captured. It is noted that the grain morphology
of Sample II is duplicated from that of Sample I, but the average grain size is uniformly enlarged to
45.2 µm. There are no significant textures and the associated texture strengthening, from the pole figures
shown in Figure 6c,d. More importantly, the two samples show clear discrepancies with respect to
the initial CRSS (τα

0 ), indicated by the distribution of work hardening coefficient (Ãharden), as shown
in Figure 6e. As expected, the values of Ãharden in Sample II are lowered due to the recovery process,
than that of Sample I. Compared with the results of Samples I and II, there is stronger grain boundary
hardening with smaller grain diameter in Sample III, but no work hardening effects are involved because
of the occurrence of full recrystallization therein.

Table 4. Input parameters for the multiscale coupling model.

Parameter Value Model

Alloy component Fe-12.68Cr-4.7Al-1.92Mo-0.2Si (wt%) MD
Initial microstructure Grain size 43.7 ± 10.9 µm and random orientation PFM
Thermal treatment Sample I: warm-rolling at 1073 K with 60% thickness reduction PFM

Sample II: warm-rolling at 1073 K with 60% thickness reduction, annealing at 873 K for 1 h
Sample III: warm-rolling at 1073 K with 60% thickness reduction, annealing at 1073 K for 1 h

Test condition Tensile rate 0.001 s−1 at 300 K FEM
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Figure 6. The input structures for FEM model. (a,b) Polycrystalline morphology constructed by
FEM for Sample I and Sample III; (c,d) Pole figure of the initial orientations of Sample I and
Sample III; (e) Distributions of the work hardening coefficient (Ãharden) passed from PFM to the
coupled transfer model.

The results of multiscale simulations are compared with experimental data, as displayed in Figure 7.
The homogenized stress-strain curves for the three samples agree very well with the experimental data. By
comprehensively considering the effects of solid solution hardening, grain boundary hardening, working
hardening, strain hardening, and strain softening, therefore, our multiscale framework shows its capability
to model the mechanical response of FeCrAl alloys with different processing conditions. The multiscale
model is further validated by comparing the predicted yield strength with experimental data of similar
Fe-13Cr-5Al alloys at different temperatures, as shown in Figure 7b. The C35M alloys by [1] have the
same alloy compositions and mesostructure as those of Sample III. The parameters for the C35M-2
alloy by [44] are the same as those of Sample III except the alloy compositions and grain size. For the
T35Y2 (Fe-13.15Cr-4.44Al-0.12Y wt.%) alloy by [44], it is assumed that complete recrystallization
occurs according to the fact that the alloy was hot-extruded at 1050 °C and annealed at 700 °C for 1 h. An
average grain diameter of 65 µm is adopted. It is found that the yield strength predicted by multi-scale
simulations agrees well with the experimental data at different temperatures in Stage I, II and III, which
proves the effectiveness of the temperature-dependent CRSS model and current multi-scale model. The
simulation results also show that the Taylor factor is about 2.4 at all the considered temperatures, which
agrees with the value obtained by FEM in Section 3.1. Therefore, it is reasonable to use this value to
estimate the yield strength when determining the parameters of solid solution hardening.
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Figure 7. Comparisons of multiscale simulation results with experimental data: (a) stress-strain
curves at room temperature of the samples after different processing conditions; (b) Yield strength
of C35M [1], C35M-2 [44] and T35Y2 [44] alloys at different temperatures.

4. Applications

4.1. Validation with other experiments

In order to test the scalability of this model, the experimental data of FeCrAl alloys from [44,48] are
adopted to validate the model. Since all the samples have undergone rolling and annealing above 700 °C,
which can be considered to be in a fully recrystallized state with different grain sizes, the parameters for
Sample III are adopted for these samples while the components and grain size are varied according to
the experiments. The comparisons of the predicted YS and UTS with the experimental data are shown
in Figure 8. It can be seen that the YS and UTS of the smaller grain samples are greater than those
of the larger grain specimens, correctly reflecting the phenomenon of fine grain strengthening. One
of the most striking results is that the difference between the predicted and experimental values of YS
at room temperature is only 13.1%, regardless of grain size or component variation (11-15Cr, 2-6Al),
indicating that our model correctly reflects the pattern of component and grain size effects on YS at room
temperature. At 550 K, the limited data indicate that the yield strength is underpredicted by up to 27.8%
for the large-grain samples from [44], whereas the underprediction is up to 11.1% for the small-grain
Alkrothal-14 alloy.

Figure 8. Comparisons of predicted properties with experimental data of different alloys and
temperatures. (a) Yield strength and (b) Ultimate tensile strength. The large grain and small grain
samples from [44] are denoted as LG-X and SG-X, respectively, where X means the specific alloy.
The other experimental data are from [48].
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At room temperature, all the predicted UTS are higher than the experimental data and the relative
errors of the small grain samples are up to 14.1% which is lower than those of the large grain samples. At
elevated temperature, small relative errors of the predicted UTS of small grain samples than the larger
grain samples are also observed. Compared to the large grain samples, more uniform distribution of
dislocation proliferation and better fracture toughness are shown in small grain samples during fracture.
Based on the uniform elongation data, it is true that large grains are less ductile than small grains, which
means that the values of Gi need to be adjusted for grain size, for example, the larger the grain size, the
smaller the value of Gi. Overall, the accuracy of our proposed model is higher for small grain samples
than for large grain ones, and covers different temperatures and multiple Cr and Al composition ranges.

To further improve the prediction accuracy of this model, more physical mechanisms could be
considered such as intergranular fracture theory, which can establish the correlation between grain size
and fracture behavior. In particular, a variety of classical simple phenomenological models are used in the
multi-scale strategy in this study, and the number of parameters that need to be fitted are minimized. As
more experimental data are accumulated, a comprehensive set of parameter candidate libraries will be
gradually established from the perspective of top-down. At the same time, a more complete microscopic
mechanism and the relationship between phenomenological parameters could be established by continuous
refinement of the bottom-up model, especially by introducing machine learning interatomic potentials.

4.2. Application on MGI design

The input and output parameters of this multiscale coupling model meet the requirements of MGI
design, enabling rapid prediction of alloy properties and genetic optimization in combination with
machine learning techniques. Taking the Sample II recovery-FeCrAl alloy (annealing at 600 °C) as an
example, the relationship between material genome inputs (composition and processing parameters) and
key performance (YS) has been established. The selected material genome inputs include Cr content
cwt

Cr (11.0, 12.0, 13.0, 14.0, 15 wt%), Al content cwt
Al (3.0, 3.5, 4.0, 4.5, 5.0 wt%), thickness reduction

during rolling εroll (10, 20, 30, 40, 50, 60%), and annealing time during recovery trecov (10, 20, 30, 40,
50, 60 min). This resulted in a total of 5×5×6×6 = 900 material genome input sets, brought into the
multiscale model to obtain the computational dataset.

Based on this computational dataset, an artificial neural network (ANN) model is used to establish the
mapping as YS = f (cwt

Cr,c
wt
Al ,εroll,trecov). The prediction performance is illustrated in Figure 9a. The stability

of the multiscale model results directly influences the agreement with ANN predictions. In the current
multiscale model, the composition-related formula are deterministic, while randomness is only introduced
during the grain structure initialization during the PFM simulations. This randomness leads to an error
in YS of less than 1.5%, contributing to an excellent linear fit in the ANN predictions, with a correlation
coefficient R = 0.999. Figure 9b,c show the influence of composition and processing parameters on the
YS of the recovery FeCrAl alloy. The YS increases with cwt

Cr, cwt
Al and εroll, but decreases with trecov. This

example demonstrates that the multiscale model serves as a critical bridge between experimentation and
Materials Genome Initiative. It enables a scalable data strategy—transitioning from several experimental
data to extensive computational data, and finally to comprehensive predictive data—thereby achieving rapid
performance prediction and facilitating material genome optimization of the nuclear-grade FeCrAl alloys.
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Figure 9. Prediction of yield strength using artificial neural network based on computational data.
(a) Fitting analysis of the ANN training; (b) Effect of Cr and Al components with a fixed thickness
reduction rate of 0.35 and annealing time of 35 minutes; (c) Influence of thickness reduction and
annealing time on the YS of the cold-worked FeCrAl alloy, with a fixed weight composition of
Fe-14Cr-4Al-1.92Mo-0.4Si. The hollow circles in (b) and (c) indicate the location of computational
data from multiscale model.

5. Conclusions

This study establishes a feasible multi-scale model for calculating the mechanical properties of Fe-Cr-Al
alloys, incorporating the effects of composition and processing. The model effectively integrates Molecular
Dynamics, Phase-Field Method, and Finite Element Method across different scales within the framework
of Crystal Plasticity theory. The main contributions are summarized as follows:

(1) A temperature-dependent Critical Resolved Shear Stress model is developed, capturing key
plastic deformation mechanisms in Fe-Cr-Al alloys, such as dislocation-solute atom interactions,
fracture of doped single crystals, and microstructural evolution during rolling and annealing.

(2) A bidirectional calibration strategy is implemented, which involves top-down parameter fitting
from CPFEM, refinement of MD and solution strengthening models, and bottom-up calibration
of PFM-related parameters.

(3) A robust, atomistically-informed solid solution hardening model for multi-component systems is
proposed and validated.

(4) The model successfully predicts the polycrystalline structure and its corresponding mechanical
response, which also elucidats the underlying microstructural evolution mechanisms.
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(5) The multiscale coupling model serves as a bridge between experiment and Materials Genome
Initiative, transforming limited experimental results into computational dataset of thousands,
thereby enabling the creation of a database for machine learning and facilitating the prediction
and optimization for MGI design.

Supplementary data

The authors confirm that the supplementary data are available within this article.
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Appendix A. MD-assisted solution strengthening models

Based on the screw dislocation kink pair nucleation and migration mechanisms, Argon [25] has provided
the formula for τscrew

ss (superscript α in Section 2.1 has been dropped) in order to separately consider the
influence of concentration c and temperature T , written as

τscrew(T,c) = τ̂
km
s (c)

(
1−
(

kBT
∆Ekm

s (c)
ln
(

ε̇0

ε̇

))2/3
)
+τ

ath
s (c) (A.1)
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where ε̇0 is the reference strain rate, ε̇ is the loading strain rate, kB is the Boltzmann constant, ∆Ekm
s (c) is

the kink migration energy barrier, τ̂km
s (c) is the resistance due to the kink migration process at 0 K and

τath
s (c) denotes the athermal resistance stress. It is worth noted that all the parameters in Argon’s model

are considered to be temperature independent and take values at 0 K. τath
s (c), ∆Ekm

s (c) and τath
s (c) are

respectively expressed as [25]

∆Ekm
s (c) =

(
∑

X=Cr,Al,...

(
mX

0 (cX)∆UX
screw

)2

)1/2

τ̂km
s (c) = 0.572

(
∆Ekm

s (c)
bλswk

)
τath

s (c) = ∑
X=Cr,Al,...

0.858∆UX
screw

ws2b c+ τath
s,Fe

(A.2)

where cX is the atomic concentration for solute element X (such as Cr, Al, etc.), b is the magnitude of
Burgers vector b, wk is the average kink-pair twist width, mX

0 (cX) is the average number of solution atoms
contained in a screw dislocation segment, λs is the nearest distance of Peierls valley of screw dislocations,
ws is the interaction range between screw dislocations with solute atoms, and τath

s,Fe is the non-thermal
lattice resistance stress for pure iron. Here, mX

0 (cX) is taken as 25
√

cX , which is estimated for Fe-based
alloy with a mobile dislocation density of 1012/m2 [49]. ∆UX

screw is the energy barrier for screw-kink
migration over single substitutional defect, simply estimated as the maximum energy difference as

∆UX
screw =

N
max

i
{UX

screw(ri +nsb)−UX
screw(ri)} (A.3)

where N denotes the representative number of atomic sites involved in the kink migration process, ns is a
positive integer to estimate the migration distance and b is the Burgers vector. Notably, UX

screw(ri) is the
binding energy of screw dislocation and solute element X at atomic site ri, defined as

UX
dis(ri) = EX

dis(ri)−EX , re f
dis (A.4)

where EX
dis(ri) refers to the total energy for X substitution defect at atomic site ri near the dislocation core

and EX , re f
dis is the reference total energy for X substitution defect far away from dislocation core.

As for the solution strengthening effect associated with edge dislocations, since the annealing
temperature is also included, the Leyson developed Labusch model for high temperature [50,51,26] is
applied to describe τ

edge
ss as

τedge(T,c) =τ̂e(c)exp
(
− 1

0.55
kBT

∆Ee(c)
ln
(

ε̇0

ε̇

))
(A.5)

where τ̂e(c) and ∆Ee(c) are the flow stress and energy barrier for edge dislocation migration and have the
following relationship

τ̂e(c) =
π∆Ee(c)

2bwcrit
e ζ crit

e (wcrit
e )

(A.6)

Here wcrit
e and ζ crit

e (wcrit
e ) are the critical amplitude and length of the wave shaped edge dislocation

segment. According to Maresca’s model [30] for BCC alloys, the relationship between wcrit
e and

ζ crit
e (wcrit

e ) is
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ζ
crit
e (wcrit

e ) = 1.73

(
Γe

2wcrit
e

4b

∆Ẽp(c,wcrit
e )2

)1/3

(A.7)

where Γe is the edge dislocation line tension and ∆Ẽp(c,wcrit
e ) is the energy increment caused by the

wavy edge dislocation interaction with the random solute defects. Assuming that wcrit
e is related to the

edge dislocation core structure and independent on the solute element, ∆Ẽp(c,wcrit
e ) in the multi solute

elements system can be calculated as accumulation from single solute systems, expressed as

∆Ẽp(c,wcrit
e ) =

[
∑
X

cX ∆ẼX
p (w

crit
e )

2
]1/2

(A.8)

where ∆ẼX
p (w

crit
e ) is the characteristic energy to evaluate the pinning effects of solute element X . ∆ẼX

p (we)

is calculated as the statistical energy for the edge dislocation segment with the unit length 2
√

2b gliding
towards with the distance of wave amplitude we, expressed as

∆ẼX
p (we)=

[
N

∑
i

(
UX

edge(ri +
we

b
b)−UX

edge(ri)
)2
]1/2

(A.9)

where N denotes the representative number of atomic sites near the edge dislocation core and UX
edge(ri) is

the binding energy of edge dislocation and solute element X , as defined in Equation (A.1). The critical
wave amplitude wcrit

e is determined by minimizing ∆Ẽtot(we) (the total energy of wavy edge dislocation
segment for unit length), which is calculated as

∆Ẽtot(we) =−0.274

(
∆ẼX

p (we)
4

b2weΓe

)1/3

(A.10)

wcrit
e is taken as the average value from all the Fe-X single solute systems.

For theedgedislocationmigrationenergybarrier,∆Ee(c) iscalculatedas∆Ee(c)= 1.11
(

∆Ẽp(c,wcrit
e )

2
Γew

crit
e

2
/

b
)1/3

in original Maresca’s model and the energy barrier and flow stress for pure edge dislocation (c = 0) are
ignored, thus ∆Ee(0) = 0, τ̂e(0) = 0. However, the Peierls stress τ̂e(c) for BCC iron is nonnegligible
(the theoretical and simulated value is around 60–65 MPa [39]). Therefore, the formula for ∆Ee(c) is
modified at c = 0 to ensure the value of τ̂e(0) follows

∆Ee(c) =
2bwcrit

e ζ c
e

π
τ̂e(0)+1.11

(
∆Ẽp(c,wcrit

e )
2
Γewcrit

e
2

b

)1/3

(A.11)

Furthermore, since the volumetric term dominates UX
dis(r) for edge dislocations while the chemical

term is negligible [30], the volumetric misfit approximation model—simplified from Yasi’s model [42]—is
employed. This model reduces the dependency on interatomic potentials and is used here in place of
Equation (A.6). Specifically, the VMA for UX

edge(r) is calculated as

UX
edge(r) =−3BV0∆V (r)εX

a (A.12)

where B is bulk modulus, V0 is the atomic volume in bulk, ∆V (r)=(V (r)−V0)
/

V0 is the volumetric
difference of the atomic sites near dislocation core, and εX

a is the size misfit parameter in the bulk and
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calculated as εX
a =

(
1
/

a×da
/

dcX
)

cX=0 with the lattice parameter a.

Appendix B. CP-PFM coupled models for rolling-annealing processes

First, FFT-CP model [36] is used to simulate the rolling process, the basic framework of which is
similar to the previous CP model, except that it is solved by the FFT method under periodic boundary
conditions. The FFT-CP used in this article is briefly described as follows. An average velocity gradient
Vi, j is imposed in the simulation block and decomposed into two parts as (1) an average strain-rate
Ėi j = (Vi, j +Vj,i)/2 and (2) average rotation-rate Ω̇i j = (Vi, j −Vj,i)/2. The local strain-rate field ε̇i j(x)
is split into its average Ėi j and a fluctuation term˜̇εi j, i.e., ε̇i j = Ėi j +˜̇εi j. The local constitutive relation
for each material point between the strain-rate ε̇i j and the deviatoric stress σ ′(x) is given by the classic
incompressible rate-dependent crystal plasticity equation [36]:

ε̇i j(x) =
Nα

∑
α=1

mα
i j(x)γ̇

α(x) (B.1)

where mα = (nα(x)⊗bα(x)+bα(x)⊗nα(x))/2 is the symmetric Schmid tensor, and the shear strain
rate γ̇α(x) can be calculated by Eq.(1) with τα = mα(x) : σ ′(x). The non-linear hardening model adopted
in FFT-CP is exactly the same as equations in Section 2.1, like Equation (1). Although FFT-CP does
not model the changes in grain morphology involved, it can give accumulated plastic strain and τα

c

during rolling process, which is vital for the subsequent simulation of recovery and recrystallization
during annealing.

To simulate the process of recovery, second, Verdier’s model with respect to CRSS changing rate τ̇α
c

is adopted as [52]

τ̇
α
c (x) =−Eρ(x)b2υD

M(x)
exp
(
− U0

kBT

)
sinh

(
τα

c ν

kBT

)
(B.2)

where E is the Young’s modulus, υD is the Debye frequency. Furthermore, ρ(x) = ∑
Nα
α (τα

c (x)/M(x)Gb)2

is employed to estimate the dislocation density, where M(X) is the Taylor factor which can be calculated
according to the results of FFT-CP. U0 and ν are respectively the activation energy and volume for
dislocation motion during recovery process, which should be determined according to the dominate
mechanism responsible for the recovery process, for instance, self-diffusion.

Third, the Multi-Phase-Field (MPF) model considering plastic energy is used for the simulation of
recrystallization with the free energy functional written as [16]

F =
∫

V

[
Ng

∑
i=1

Ng

∑
j=i+1

(
−

a2
i j

2
∇φi ·∇φ j +Wi jφiφ j

)
+ fvp

]
dV (B.3)

where ai j is the gradient coefficient, Wi j is the height of the energy barrier between grains i and j, fvp is
the plastic energy in a polycrystalline system containing Ng grains. The i-th grain can be indicated by
phase field φi which initially takes a value of 1 inside the i-th grain, 0 in the other grains and 0 <φi < 1 at
the grain boundary. φi should satisfy the condition as ∑

Ng
i=1 φi = 1. The governing equation of the phase

field φi is expressed as
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∂φi

∂ t
=−

n

∑
j=1

2Mφ

i j

n

(
δF
δφi

− δF
δφ j

)
(B.4)

where δ () denotes variational derivative, n represents the number of involved grains at interfaces which
can be calculated as n = ∑

Ng
i=1 ηi with ηi = 1 when 0 < φi ≤ 1 and 0 otherwise, Mφ

i j is the phase field
mobility. Normally, the biggest component of phase field is called the principal one. In the numerical
implementation, up to 8 phase field components (n ≤ 8) are employed to fully simulate the process of
grain growth with the approach proposed by [37] to lower the computational expense. Based on the
asymptotic analysis of multiphase field model, these parameters can be related to the interface properties
of materials. The coefficients αi j, Wi j and Mφ

i j in the equation can be connected with grain boundary
properties, including the thickness δi j, energy γi j and mobility Mi j, respectively, written as

ai j =
2
π

√
2δi j, Wi j =

4γi j

δi j
, Mφ

i j =
π2

8δi j
Mi j (B.5)

Specifically, γi j is evaluated by the MD simulation at the atomic scale. According to the classical CP
theory, plastic energy is uniquely determined by τα

c (x, t) and shear strain γα(x, t). If the deformation is
assumed to be small and the linear hardening model is considered, based on the work of [16], the plastic
energy can be expressed as

fChen
vp =

∫ Nα

∑
α=1

τα(x, t)∆γα(x, t)dt = τα
c,0(x,0)M(x)εvM(x)+HM2(x)[εvM(x)]2/2 (B.6)

where M(x) is calculated at time t through accumulated shear strain ∆γ(x, t) and the von Mises strain
∆εvM(x, t), i.e., ∆γ(x, t)/∆εvM(x, t), and vM is short for von Mises. εvM(x) is the synthesized von Mises
strain by combining φi and an effective von Mises εi,vM(x), i.e., εvM(x) = ∑i (−2φ 3

i +3φ 2
i )εi,vM(x). As

the critical parameter connecting the FFT-CP results and the phase field model, εi,vM(x) is calculated
following the work of [16], that is, the principal component is taken directly as εvM(x) from FFT-CP,
while the other components use the average strain in the corresponding grains, and more details can be
found in [16]. The linear expression in Equation (B.6) makes it desirable to get analytical expressions
of the relationship between order parameters and plastic strain. Since a non-linear hardening model is
adopted for actual materials, the calculation of plastic energy has to be modified accordingly. At this
moment, an effective linear hardening coefficient H̄ is introduced to describe the stress-strain relationship
after the plastic working process, estimated as

H̄ =
1

NgNα

Ng

∑
i

Nα

∑
α

(∆τ
α
vM/γ

α
vM) (B.7)

where ∆τα
vM is the actual stress increment during the whole plastic deformation process, γα

vM denotes
the shear strain at the end of the deformation, at each slip system. Besides, an energy dissipation factor
λ is introduced to represent the significant energy dissipation which should not be ignored when the
deformation is large. Therefore, the newly established fvp can be written as

fvp = λ

(
τ

α
c,0(x,0)M(x)εvM(x)+

1
2

H̄M2(x)[εvM(x)]2
)

(B.8)
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When recrystallization occurs, the new grains will be directly assigned a strain of 0, they will
gain much driving force to migrate, resulting in the changing of strain distribution and finally the
implementation of recrystallization in polycrystalline system.

Appendix C. CPFEM-based polycrystal mechanical model

The models in our previous work [4] are adopted to conduct the CPFEM, and they are briefly summarized
here. The constitutive model for each material point in each grain is expressed as

σ̂ = (1−d) Ĉ0 : (ε̂ − ε̂ p)

ε̂ =
∫ ( ˆ̄R

T
·D · ˆ̄R

)
dt

ε̂ p =
∫ ( Nα

∑
α=1

γ̇(α)P̂(α)

)
dt

ˆ̄R = R̄ ·R0

P̂(α) = RT
0 · sym(n(α)

0 ⊗b(α)
0 ) ·R0

(C.1)

where σ̂ is the co-rotational Cauchy stress, d is the damage factor same as that in Equation (2), Ĉ0 is
the fourth-order co-rotational elastic tensor, ε̂ is the co-rotational total strain, ε̂ p is the plastic strain
tensor, R̄ represents rigid body motion, D is the rate-of-deformation, γ̇(α) is the shear strain rate and is
obtained according to Equation (1), R0 depicts the initial orientation of the grain, “sym” denotes the
symmetrical part of a tensor, b(α)

0 is the slip direction and n(α)
0 is the normal direction the slip plane in

initial configuration.
After the simulation by CPFEM, the homogenized true stress is obtained by volume-averaged Cauchy

stress, σ̄ , that is [4]

< σ >=
1
V

∫
V

σ dV =
1
V

∫
V

(
ˆ̄R · σ̂ · ˆ̄R

T
)

dV (C.2)

where V is the volume of the RVE in current configuration. The homogenized engineering strain is
obtained by using the nodal displacement of the RVE [4]. Then the true stresses are converted to
engineering stresses. The macroscopic effective elastic modulus is the slope of the stress-strain curve in
the elastic deformation stage. The yield strength is obtained by using the stress when the plastic strain is
0.2%, and the UTS is determined as the maximum engineering stress.
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