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Abstract

An integrated computational materials engineering (ICME)-based workflow was adopted for the study of microstructure and
property evolution at the heat-affected zone (HAZ) of gas metal arc-welded DP980 steel. The macroscale simulation of the
welding process was performed with finite element method (FEM) implemented in Simufact Welding® software and was
experimentally validated. The time—temperature profile at HAZ obtained from FEM simulation was physically simulated
using Gleeble 3800® thermo-mechanical simulator with a dilatometer attachment. The resulting phase transformations and
microstructure were studied experimentally. The austenite-to-ferrite and austenite-to-bainite transformations during cooling
at HAZ were simulated using the Johnson-Mehl-Avrami—Kolmogorov (JMAK) equation implemented in JMatPro® software
and with phase-field modeling implemented in Micress® software. The phase fractions and the phase transformation kinet-
ics simulated by phase-field method agreed well with experiments. A single scaling factor introduced in JMatPro® software
minimized the deviation between calculations and experiments. Asymptotic homogenization implemented in Homat® soft-
ware was used to calculate the effective macroscale thermo-elastic properties from the phase-field simulated microstructure.
FEM-based virtual uniaxial tensile test with Abaqus® software was used to calculate the effective macroscale flow curves
from the phase-field simulated microstructure. The flow curve from virtual test simulation showed good agreement with the
flow curve obtained with tensile test in Gleeble®. An ICME-based vertical integration workflow in two stages is proposed.
With this ICME workflow, effective properties at the macroscale could be obtained by taking microstructure morphology
and orientation into consideration.
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Introduction

Integrated computational materials engineering (ICME)
approach can help in reducing the cycle time for product
development. Usage of physically based simulation in such
an approach offers several interesting challenges such as
taking microstructure into consideration while performing
the macroscale simulation. Microstructure simulation is an
important aspect in the ICME approach [1-3]. Microstruc-
ture simulation in steel involves simulation of simultaneous
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phase transformation such as the simultaneous transforma-
tion of austenite to ferrite, bainite, and martensite. These
simulations are a major component of the vertical integra-
tion aspect of the ICME approach. Vertical integration aims
at integrating simulations at different length scales and can
help in consideration of microstructure information while
performing macroscale finite element (FE) simulation [4, 5].
The currently available commercial FE simulation tools such
as Simufact® and SYSWELD® use simplified approaches
based on semiempirical models and rule of mixtures to pre-
dict the microstructure and corresponding properties. Rahul
et al. [6] simulated welding in titanium alloy with finite ele-
ment method and used physical simulation in Gleeble 3800®
to simulate the heat-affected zone (HAZ) welding cycles. An
integrated two-stage workflow was also proposed for accel-
erating the design of new alloys for weldability.
Phase-field modeling [7-9] is a powerful tool that uses
diffuse interface approach [10] to simulate the various phase
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transformations in steels. Several studies have reported the
phase-field simulation of austenite to ferrite [11-17] and aus-
tenite to bainite [18-21] transformation in steels. Ramazani
et al. [22] studied the gas metal arc (GMA) welding in DP600
steel and also performed phase-field simulation of austenite-
to-bainite transformation at HAZ during cooling. Toloui and
Militzer [23] were the first to attempt the phase-field simu-
lation of simultaneous formation of ferrite and bainite from
austenite in steels.

Asymptotic homogenization [24, 25] is a powerful tech-
nique for the calculation of effective macroscale properties
from phase-field simulated microstructure. Laschet et al.
[26] simulated 3D microstructure of steels using phase-field
method and performed thermo-elastic homogenization on the
simulated microstructure. Laschet et al. [27] also simulated
the forming process in pipeline steel and performed multi-
scale homogenization to calculate the effective properties for a
representative volume element (RVE). Finite element method
(FEM)-based virtual testing could be used for calculation of
effective flow curve from an RVE [5]. Ramazani et al. [28]
used FEM-based virtual test on 2D and 3D RVE in dual-phase
(DP) steel to calculate the effective macroscale flow curve. A
correlation was also proposed between flow curves obtained
from 2D and 3D virtual test.

DP steels have gained importance in automotive industry
in terms of lightweight. Several grades are being developed
where the strength is increased while maintaining sufficient
ductility. DP steels are produced by carefully controlled heat
treatment [29, 30]. Hence, processing of DP steels is chal-
lenging as it involves phase transformations which affect the
microstructure and final properties [5]. DP98O0 steel is one
such grade that was chosen for this study. In the commercial
DP steels category, only DP600 grade has been studied using
phase-field simulations.

In the present work, the microstructure and property evo-
lution at HAZ of GMA welding in DP980 steel were studied
using an ICME-based methodology with an integrated usage
of simulation tools and experimental methods. An experi-
mentally validated FEM simulation of welding was used to
obtain the thermal profile at HAZ of GMA-welded DP980
steel. With the obtained thermal profile, thermo-mechanical
simulation was used for studying the microstructure at a point
in the HAZ of GMA-welded DP980 steel. An ICME workflow
in two stages is proposed. In the first stage of ICME workflow,
semiempirical models implemented in JMatPro® software
were used for microstructure and property calculations. Rule
of mixture was used for calculation of effective macroscale
properties from the calculated phase fractions and properties

of individual phases. In the second stage, phase-field simula-
tion was used for simulating the microstructure evolution at
HAZ of GMA-welded DP980 steel. The simultaneous trans-
formation of austenite to ferrite and austenite to bainite was
simulated. Asymptotic homogenization and FEM-based vir-
tual test were used for effective property calculation from the
phase-field simulated microstructure.

Materials and Methods
Material

The material used for the present work was DP 980 steel
with composition given in Table 1. The material was in the
form of sheets of thickness 1.5 mm. The initial microstruc-
ture of the material was characterized with optical microg-
raphy, after tint etching with LePera reagent [31]. Figure 1
shows the initial microstructure of the material with ferrite,
bainite, and martensite. On analysis of the microstructure, it
was found that the material contains 60+ 3% ferrite, 10+2%
bainite, and 30 + 3% martensite.

Experimental Methods
GMA Welding

A bead-on-plate GMA welding was performed on DP980
steel sheet with a Fronius TPS 4000® power source.
ER70S-6 electrode (AWS 5.18 standard) of 1.2 mm diameter
with chemical composition given in Table 2 was used at a
feed rate of 3.167 x 102 ms~'. A K-type (Cr—Al) thermo-
couple was attached to the sample at a distance of 5 mm and

B Ferrite
B Bainite
Martensite

5 nm

Fig.1 Optical micrograph of DP980 steel used obtained after tint
etching. Ferrite regions are indicated by blue color, bainite in brown,
and martensite in yellow (in grayscale version of the image, darkest
regions indicate ferrite, lightest regions indicate martensite, and the
remaining regions indicate bainite)

Table 1 Material composition C Mn Si Nb Al Cr Ti Ni p N S Fe
of DP 980 steel used for the
study (wt%) 0.085 3.08 0.186 0.048 0.032 0.019 0.015 0.013 0.02 0.006 0.001 Bal
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Table 2 Chemical composition C Mn Si Cu Cr Ni Mo P S v Fe
of ER70S-6 electrode used
(wt %) 0.15 1.85 1.15 0.5 0.15 0.15 0.15 0.025 0.035 0.03 Bal.

10 mm from weld center, for temperature measurement. An
Ar+CO, mixture was used as the shielding gas. The elec-
trode tip-to-work distance was set as § mm, and the welding
was carried out at a speed of 6.67 X 1073 ms~!. The welding
current and voltage were measured using an oscilloscope.
Microhardness measurements were performed on polished
sample by using a microhardness tester with a load of 500
gf and a dwell time of 10 s.

Physical Simulation of Thermal Profile at HAZ of DP980
GMA Weld

A thermal cycle simulation with Gleeble 3800® thermo-
mechanical simulator was used to study the microstructure
evolution during cooling part of the time—temperature profile
at HAZ of DP980 GMA weld. Austenitization was assumed
to be complete while heating at this point in HAZ. A stand-
ard geometry shown in Fig. 2 was used for dilatometry test
in Gleeble 3800® thermo-mechanical simulator. To ensure
full austenitization during the thermo-mechanical simula-
tion, the sample was heated to a temperature of 1193 K ata
heating rate of 20 Ks™! and was held at that temperature for
300 s. It was subsequently cooled to room temperature, fol-
lowing the time—temperature profile at HAZ obtained from
FEM simulation of welding. A control thermocouple was
attached to the geometric center of the sample. A dilatometer
was attached to the sample along the line where thermocou-
ple was attached, to measure the dimension changes in the
sample due to phase transformation during cooling.

Microstructure Characterization

The microstructure of material after thermal cycle simula-
tion was characterized with optical microscope and scanning
electron microscope (SEM). For characterization with SEM,
the sample was etched with a 2% nital solution for 10 s. For
optical micrography, the samples were etched with LePera
reagent comprising 4 g of picric acid mixed with 100 ml

Fig.2 Schematic diagram
showing the dimensions of the
sample used for thermal cycle
simulation in Gleeble 3800®
with dilatometer attachment (all
dimensions in mm)

of ethanol and 1 g of sodium bisulfide mixed with 100 ml
distilled water for 15-20 s. The phase fraction of micro-
structural components was analyzed using image analysis
in ImageJ® software [32]. The average grain size of ferrite
grains was measured with linear intercept method (ASTM
E 112 standard).

Tensile Test

A tensile test was performed on the material at room temper-
ature at 0.01 s™! strain rate, after heat treatment in Gleeble
3800® thermo-mechanical simulator. The sample was heated
to 1193 K at a heating rate of 20 Ks™' and was held at that
temperature for 300 s. It was subsequently cooled to the des-
ignated temperature for tensile test. The time—temperature
profile at HAZ of GMA-welded DP980 steel, obtained from
thermal cycle simulation, was followed while cooling. An
ASTM ES8 standard reduced dimension sample with a gauge
length of 25 mm [33] was used for the tensile test.

Simulation Methods
Finite Element Simulation of Welding

GMA welding in DP980 steel was simulated with FEM
implemented in commercial software Simufact Welding®
[34]. Local mesh refinement was applied in the weld area.
Tetrahedral mesh was used with a mesh size of 0.375 mm
up to a distance of 13 mm from the weld center line. Input
material properties were obtained from JMatPro® software,
assuming the material to be homogeneous. A Goldak dou-
ble-ellipsoidal heat source [35] was used for the simulation.
The simulation was performed for a current of 90 A and a
voltage of 16.23 V, which were measured from GMA weld-
ing experiment, using a digital oscilloscope. The simulation
took 3 h on 4 threads with an Intel Xeon® E5-2630 pro-
cessor. Table 3 shows the parameters used for the welding

25
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Table 3 Parameters used for FEM simulation of welding in Simufact
Welding® software

Parameter Value

Front length (af) 3.50 mm

Rear length (a,) 7.60 mm
Depth (d) 3.23 mm
Width (b) 3.17 mm
Gaussian parameter (M) 3

Efficiency (1) 0.95
Convective heat transfer coefficient (/) 20 Wm2K™!
Contact heat transfer coefficient (a) 1000 Wm2K~!
Emissivity (¢) 0.6

simulation. The heat source parameters were calibrated
based on the experimentally observed weld pool dimensions.

Phase Transformation Kinetics with JMAK Equation

JMatPro® software can provide a quick estimate of the phase
fractions in the material microstructure after heat treat-
ment, with a semiempirical approach. The JIMAK (John-
son—Mehl-Avrami—Kolmogorov) equation implemented
in IMatPro® software [36] was used for the simulation
of phase transformations during cooling cycle at HAZ of
GMA-welded DP980 steel. The experimentally measured
prior austenite grain size of 5.4 um after 300 s of holding
at the austenitization temperature of 1193 K was used as an
input for JMatPro® software.

Phase-Field Simulation

Multi phase-field method implemented in the commercial
software Micress® was used for performing the phase-field
simulations. The simultaneous transformation of austenite to
ferrite and austenite to bainite during cooling was simulated.
For the simulation of bainite formation, it was assumed that
bainite formation occurs completely by diffusion. The bainite
sheaves were considered as a single unit, without considera-
tion of carbides, as the consideration of carbides will make
the simulation computationally expensive. Concentration-
coupled 2D phase-field simulations were performed on a
domain size of 40 um x40 pm with a grid size of 0.1 um.
Fully austenite initial microstructure for the simulation was
generated with Voronoi Tessellation using the prior austenite
grain size of 5.4 um measured from experiments. A con-
stant composition was assumed in the initial microstructure.
Random orientation was assigned to the grains. The thermo-
dynamic data were obtained by live coupling with Thermo-
Calc® database TCFE9. For the simulation of austenite-to-
ferrite transformation, the diffusion data were obtained by
coupling with Thermo-Calc® MOBFE4 database. For the
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simulation of austenite-to-bainite transformation, the diffu-
sion coefficients were taken from the literature [18]. For the
phase-field simulations, the material was considered to be
a quaternary alloy with the components Fe, C, Mn, and Si.
Local equilibrium negligible partitioning (LENP) assump-
tion was used as the elemental redistribution criteria. Ferrite
phase was assumed to nucleate only at triple junctions and
grain boundaries of austenite phase. Bainite was assumed to
nucleate randomly at the grain boundaries and in the bulk
of austenite phase. Unlimited number of seeds were pro-
vided at the nucleation sites with shield distance and shield
time as the controlling parameters. Interface mobility was
considered as temperature dependent, according to Eq. 1,
where p, represents the pre-factor for interface mobility, Q
is the activation energy, R is the gas constant, and T is the
temperature in Kelvin. The pre-factor for interfacial mobility
was used as a tunable parameter.

U= %P@(%) (D

Interfacial energy and interface mobility for bainite were
considered to be anisotropic according to Eq. 2 and Eq. 3,
respectively, where 7 represents the interface normal vector
[34]. Anisotropy function for interfacial energy is given by
Eq. 4, and that for interfacial mobility is given by Eq. 5, n,,
ny, and n, represent the x, y, and z coordinates, ag ” is the
interfacial energy pre-factor, and ug " is the interfacial mobil-
ity pre-factor [37]. In phase-field simulation, the interfacial
mobility is kept as a tunable parameter to bring the capabil-
ity of simulating all types of phase transformation, including
the mixed-mode phase transformations. When the interfacial
mobility is considered as temperature-dependent, the inter-
facial mobility pre-factor is used as the tunable parameter
[13, 37]. The anisotropy factors 6%, 5‘17, and 5‘2’ were used
for tuning the bainite sheaf morphology. Periodic boundary
condition was applied in all directions.

B (ﬁ) = Ggya" (ﬁ) 2)
W% (i) = pg"a (i) 3)

a® () = 12457 (! + nd 4+ nt =075 )| (1 = 0 = 5302)
“

a (i) = [1 + 46f<ni + n‘y‘ +n! - O.75>] (1-n-6in?)
&)
For the concentration-coupled phase-field simulations in
Micress software, Virtual EDX was performed along differ-
ent lines in the simulated microstructure. The Virtual EDX

scan gives the distribution of concentration of alloying ele-
ments across the line along which scanning is performed.
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Table 4 shows some of the main parameters used for the
phase-field simulation. The simulation took about 15 min
using 8 threads on an Intel Xeon® E5-2630 CPU.

Virtual Tensile Test

Finite element-based virtual test was used to simulate the
macroscale effective flow curve from the phase-field simu-
lated microstructure. The remaining austenite was assumed
to completely transform to martensite upon reaching room
temperature. The phase-field simulated microstructure was
considered as the representative volume element (RVE)
and was meshed with 8-node brick element with reduced
integration (C3D8R) with a mesh size of 0.1 um. One ele-
ment thickness was considered in the third dimension. Peri-
odic boundary conditions were applied in all directions.
A uniaxial tensile test was performed on this microstruc-
ture with finite element method implemented in Abaqus®
software, at room temperature and a strain rate of 0.01 s7L
Mesh2Abaqus® [38] code was used for writing the input
files for Abaqus® software. The properties of microstructure
constituents, namely ferrite, bainite, and martensite, were
obtained from JMatPro® software for a prior austenite grain
size of 5.4 um, which was measured from experiments. The
simulation took over an hour using a single thread on an
Intel Xeon® E5-2630 CPU.

Asymptotic Homogenization
Asymptotic homogenization implemented in the commercial

software Homat® [38] was used for obtaining the effective
thermo-elastic properties from the phase-field simulated

microstructure. The phase-field simulated microstructure
was meshed using hexahedral brick element with one ele-
ment thickness in the third dimension. The material input
data for asymptotic homogenization were obtained from
JMatPro® software for a prior austenite grain size of 5.4 um,
which was measured from experiments.

Results and Discussion
FEM Simulation of Welding

The temperature distribution during welding was studied
using FEM simulation. The time—temperature profile meas-
ured from GMA welding experiments using thermocouple
was compared with the simulated time—temperature profile
at the corresponding point, at steady state. Figure 3a shows
the comparison of time—temperature profile between simula-
tion and experiment. ‘t1’ refers to thermocouple placed at a
distance of 5 mm from the weld center line, and ‘t2’ refers to
thermocouple that was placed at a distance of 10 mm from
the weld center line. The agreement between simulated and
experimental time—temperature profiles was satisfactory.
The simulated weld bead geometry was compared with
experimentally observed geometry with the help of weld
macro image. Figure 3b shows the comparison between
simulated and experimentally observed weld bead geometry.
The left-hand side of Fig. 3b shows simulated weld bead
where the color map refers to the temperature. The right-
hand side of Fig. 3b shows a macro image of weld bead after
bead-on-plate GMA welding in DP980 steel sheet. Figure 3c
shows the hardness variation across the welded sample. The

Table 4 Parameters used for
phase-field simulation

Parameter Value
Shield distance (ferrite nucleation at triple junction) 6 um
Shield distance (ferrite nucleation at grain boundary) 10 um
Shield distance (bainite nucleation at grain boundary) 1.8 um
Shield distance (bainite nucleation inside austenite grain) 3 um
Shield time for ferrite ls
Shield time for bainite 2s
Interfacial energy 0.5Jm™2

Ho (Austenite—ferrite)
Ho (Austenite-bainite)
51‘
o7
7
3

Diffusion coefficient (carbon in bainite)
Diffusion coefficient (manganese in bainite)

Diffusion coefficient (silicon in bainite)

Interface width

1x 1070 m*J~s!
3.50 x 1079 m*J 15!

0.5

0.1

0.5

0.05
5.84 x 1077 cm?s™!
3.58 x 10~ 2cm?s~!
1.19 x 10~2cm?s™!
3 cells
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weld regions were identified from the hardness variation.
Figure 3b shows the line along which the microhardness
measurements were taken.

Thermo-Mechanical Simulation of Thermal Profile
at HAZ of DP980 GMA Weld and Microstructure
Characterization

The time—temperature profile at HAZ of DP980 GMA weld
was obtained from FEM simulation of welding. The micro-
structure evolution in the material during this thermal cycle
was simulated in DP980 steel using physical simulation.
Figure 4a shows the comparison between the time—tempera-
ture profile obtained from FEM simulation at a distance of
4.4 mm from the weld center line and the time—tempera-
ture profile measured from the sample using thermocouple,
during the thermo-mechanical simulation. The time—tem-
perature profile obtained from the FEM simulation closely
followed those observed in the experiment. Figure 4b shows
the optical micrograph of the sample after tint etching. Blue
color indicates the ferrite region, dark brown represents
bainite, and yellow/white indicates martensite. (In grayscale
version of the image, darkest regions indicate ferrite, light-
est regions indicate martensite, and the remaining regions
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indicate bainite.) Figure 4c shows the SEM SE image of the
material microstructure after etching. The microstructure
components were qualitatively identified from the micro-
structure to be ferrite (F), bainite (B), and martensite (M).

Phase Transformation Simulation and Effective
Properties with JMatPro® Software

For the simulation of phase transformation at HAZ of GMA-
welded DP980 steel, the time—temperature profile shown in
Fig. 4a was used as an input to JMatPro® software. A scal-
ing factor was introduced for ferrite and bainite to account
for any deviation in the simulated result with experiments.
Table 5 shows the phase area % of ferrite, bainite and mar-
tensite at HAZ of GMA-welded DP980 steel, calculated with
IMatPro® software, with and without the use of scaling fac-
tor. Without any scaling factor, the simulated phase fraction
deviated from experiments. The scaling factor (ratio) used in
the current work was 0.4 for ferrite and 17 for bainite. These
scaling factors shifted the time—temperature—transformation
(TTT) curve of ferrite to the left and that of bainite to the
right of the TTT diagram. Once the scaling factors were cali-
brated, the simulated results agreed well with experiments
and could be used for parametric study.
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The properties of individual phases were obtained
from JMatPro® software using the built-in semiempirical
models. Rule of mixture was used to calculate the effec-
tive macroscale properties with the help of phase fraction

Fig.4 Thermo-mechanical
simulation of thermal profile at
HAZ: a. Comparison between
time—temperature profile
obtained at HAZ of DP980
GMA weld, from FEM simula-
tion and that followed by the
thermo-mechanical simula-
tion. b. Optical micrograph of
material microstructure after
thermo-mechanical simula-
tion, obtained after tint etching.
Blue color indicates the ferrite
region, dark brown represents
bainite, and yellow/white indi-
cates martensite. (In grayscale
version of the image, darkest
regions indicate ferrite, lightest
regions indicate martensite, and
the remaining regions indicate
bainite.) c. SEM SE image of
the material microstructure after
thermo-mechanical simula-
tion, obtained after etching the
sample with 2% nital solution
for 10 s. ‘F’ represents ferrite,
‘M’ represents martensite, and
‘B’ represents bainite
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obtained with scaling factor and properties of individual
phases. Table 6 shows the properties of ferrite, bainite,
and martensite and the effective macroscale properties
obtained using rule of mixtures.

Table 5 Comparison between phase area % obtained from JMatPro® software and phase area % quantified from tint-etched micrographs using
color-based threshold, for the microstructure at HAZ of GMA-welded DP980 steel

Case Ferrite (area %) Bainite (area %) Mar-
tensite
(area %)
Experiment (optical micrograph) 24 +4 44+6 32+5
Simulation (without scaling factor) 2.5 97.5 0
Simulation (with scaling factor) 28 46 26
Table 6. Effective macr9scale Property Ferrite Bainite Martensite Rule of mixtures
properties calculated with
rule of Fnixtlgrfes a}Pplli)e{i on o Elastic modulus 210 GPa 210 GPa 210 GPa 210 GPa
properties of ferrite, bainite, an S
martensite phases obtained from P01ss.on s ratio . 0.29 0.29 0.29 0.29
JMatPro® software Specific heat capacity 448Tkg™' K™' 449Jkg™'K™' 448JkgT'KT' 448JkgT' K
Thermal expansion coefficient  1.3x109K™! 13x10K™! 13x105K! 13x105K™!
Thermal conductivity 314Wm' K™ 337Wm'K™!' 314Wm'K! 3246 Wm™' K™!
Density 7818 kgm™> 7818 kgm™> 7808 kgm™> 7815 kgm™>
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Phase-Field Simulation of Microstructure Evolution
at HAZ of DP980 GMA Weld

Figure 5a shows the initial microstructure used for phase-
field simulation. The microstructure was generated syntheti-
cally using Voronoi Tessellation implemented in Micress®
software [38]. The microstructure was generated in such
a way that it represents experimentally measured average
austenite grain size of 5.4 um at austenitization tempera-
ture of 1193 K after holding at this temperature for 300 s.
The time—temperature profile shown in Fig. 4a was used as
an input to the software. Figure 5b shows the phase-field
simulated microstructure with austenite, ferrite, and bainite
at 673 K after the bainite transformation was completed.
The darkest colored regions represent austenite, and the
lightest colored regions represent bainite. The intermediate
colored regions represent ferrite. The remaining austenite
in this microstructure was assumed to have transformed to
martensite upon reaching room temperature. Table 7 shows

Fig.5 Phase-field simulation
of microstructure evolution at
HAZ of GMA-welded DP980
steel: a. Initial microstruc-

ture at 1193 K, containing

18 austenite grains. b. Final
microstructure after cooling to
673 K. Microstructure contains
ferrite, bainite, and austenite.
¢. Virtual EDX line scan show-
ing the elemental segregation
across bainite sheaves at 673 K.
d. Carbon concentration map

showing the distribution of
carbon in the microstructure

at 673 K and the line along
which Virtual EDX line scan
was taken. e. Comparison of
bainite phase fraction evolution
between phase-field simulation
and experiment. The phase frac-
tion evolution from experiment

I

Elemental concentration (wt%)
- N
| |

%

Table 7 Comparison between phase-field simulated phase area %
and phase area % quantified from tint-etched micrographs

Case Ferrite (area %) Bainite (area %) Mar-
tensite
(area %)
Experiment 24+4 44+6 32+5
(optical
micrograph)
Phase-field 26 49 25
simulation

the comparison of phase fraction of ferrite, bainite, and mar-
tensite between the phase-field simulation and experiment,
measured from optical micrograph. The ferrite and bainite
phase fraction in the simulated microstructure agreed well
with the experiments.

Figure 5d represents the carbon distribution map for the
phase-field simulated microstructure. The map shows the

B Austenite
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' Bainite

10 pm

btained with dilatomet i g —_
was o am.e w1 1latome ry. 0 [ — -
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o o
N w
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]
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distribution of carbon in the microstructure at 673 K. There
were some regions in the microstructure (such as between
the bainite sheaves) where higher carbon concentration was
present. This higher concentration of carbon occurred due to
the rejection of carbon from ferrite and bainite to surround-
ing austenite phase, during their growth. Regions with higher
density of bainite showed higher segregation of carbon. This
in turn could affect the mechanical property of martensite
that forms in this region [30]. A Virtual EDX line scan was
taken on the phase-field simulated microstructure to study
the elemental segregation of all the elements. Figure 5c
shows variation in elemental concentration in weight %
with distance along the Virtual EDX line scan for the ele-
ments Mn, Si, and C. Among the alloying elements, Si and
Mn—Mn showed higher segregation, whereas Si showed
only minor segregation between bainite and austenite. For
Mn, the segregation occurred mainly at the grain boundary.
Due to the segregation occurring at the grain boundary, Mn
concentration lowered within the bainite sheaf and increased
in the surrounding austenite. This was not observed in the
case of Si. This observation aligns closely with the literature,
where higher segregation was observed for Mn, compared
to that of Si in multi-component steel [39]. Figure Se shows
the comparison of bainite phase fraction evolution between
phase-field simulation and experiment. The phase fraction
evolution from experiment was obtained with dilatometry
test and microstructure analysis. The agreement between
simulated phase transformation kinetics and the experiments
is satisfactory. The average ferrite grain size at room tem-
perature was measured from experiments using linear inter-
cept method (ASTM Standard E 112) and was found to be
2.23 +£0.4 um. This agreed well with the simulated average
ferrite grain size which was measured to be 2.86 +0.3 pm.

Virtual Test Simulation and Experimental Validation
The phase-field simulated microstructure shown in Fig. 5b

was used as an input for the finite element-based virtual test
simulation at room temperature. The remaining austenite in

this microstructure was assumed to have completely trans-
formed to martensite. Figure 6a shows the von Mises stress
distribution in MPa, in the microstructure at 2% strain dur-
ing the virtual uniaxial tensile test. The ferrite and bainite
being relatively softer phases compared to martensite have
lesser stress values, compared to martensite. Figure 6b
shows the macroscale effective flow curve obtained from
the virtual test obtained by plotting the von Mises stress
against effective plastic strain, compared with that obtained
from experiments. There was a good agreement between the
simulated and experimental flow curves. Better agreement
with experimental data could be possible by performing a
3D simulation which would be computationally expensive.

Asymptotic Homogenization

The phase-field simulated microstructure shown in Fig. 5b
was meshed with hexahedral elements for performing
asymptotic homogenization. Table 8 shows the effective
macroscale thermo-elastic properties at room temperature,
obtained from phase-field simulated microstructure after
performing asymptotic homogenization. The random ori-
entation assigned to the grains during phase-field simula-
tion was used as a microstructure input for the asymptotic
homogenization. These effective properties can be used as

Table 8 Effective macroscale thermo-elastic properties at room tem-
perature, obtained from phase-field simulated microstructure with the
help of asymptotic homogenization

Property Value

Elastic modulus 210 GPa
Poisson’s ratio 0.29
Specific heat capacity 450 kg™ 'K
Thermal expansion coefficient 1.3 % 105K}
Thermal conductivity 332Wm'K™!
Density 7810kgm™>

Fig. 6 .Umaxlal teI'ISII? tes.t: a. S, Mises v 1000 —
von Mises stress distribution (in +1.134e4+03 [
MPa) in the simulated micro- +1.080e+03 b
structure, at 2% strain, during +1.026e+03 =
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b. Comparison of simulated +8.656e+02 £ [+ Experiment]
and experimental flow curves. +§-1§23+8§ 1 i 2 —Simulation
Var%ation qf true stress Wit.h true 17:3482102 g 400~
strain obtained from experiment +6.512e+02 & n
was plotted against the variation +5.975e+02 200 -
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an input for macroscale FEM simulation of processes like
welding.

ICME Methodology

Figure 7 shows the ICME methodology adopted in the cur-
rent work. Simulations were used to perform careful experi-
ments, and the obtained experimental data were used for
validation of simulations at various length scales. At the
macroscale, an experimentally validated FEM simulation of
welding was used to obtain the time—temperature profile at
a point in the HAZ of GMA-welded DP980 steel. Thermo-
mechanical simulation and microstructure characterization
were used to study the microstructure evolution at this point
in HAZ during cooling. The ICME workflow consists of
two stages. In the first stage, semiempirical models imple-
mented in JMatPro® software were used for the prediction
of microstructure phase fraction at a point in the HAZ after
cooling. The phase fractions were validated with the help
of experimental data, and a scaling factor was introduced to
account for the deviations. Linear rule of mixture was used
for obtaining the effective macroscale properties from the
phase fractions and properties of individual phases, obtained
from semiempirical models implemented in JMatPro® soft-
ware. In the second stage of the workflow, at the micro-
scale, phase-field simulations were used to simulate the

microstructure evolution for the obtained time—temperature
profile at HAZ of a DP980 steel GMA weld. Asymptotic
homogenization and virtual test were used for obtaining the
effective macroscale properties from the simulated micro-
structure. Unlike stage 1, the effective properties in stage 2
take into account the morphology and orientation informa-
tion of DP 980 steel microstructure. With the help of this
ICME workflow, the effective macroscale properties were
obtained for a point in the HAZ of GMA-welded DP980
steel. The dotted arrow line in Fig. 7 represents the work-
flow looping that could ultimately lead to a full dataset for
macroscale FEM simulation of welding by considering all
possible thermal cycles for the complete weld regions. Such
a dataset of effective properties has the capability of consid-
ering the effect of material microstructure while providing
effective material properties for macroscale FEM simulation
of welding process.

Conclusions

An ICME-based workflow in two stages with an integrated
utilization of simulation tools and experimental methods was
developed for studying the microstructure and property evo-
lution at a point in the HAZ of gas metal arc (GMA)-welded
DP980 steel. Simultaneous transformation of austenite to

Fig.7 ICME workflow used in
GMA welding of DP980 steel
for obtaining the effective mac-

Effective properties for macro-scale FEM simulation % =

roscale properties for a point
in the HAZ of GMA-welded
DP980 steel. Dotted arrow line ommm===
represents the possible looping
for repeating the workflow to
build a full dataset of effec-
tive macroscale for all possible
thermal cycles in the complete
weld regions
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ferrite and austenite to bainite occurring during cooling at
HAZ was simulated with phase-field modeling and with
semiempirical models implemented in JMatPro® software.
The bainite formation kinetics obtained from phase-field
simulation agreed well with experiments with a maximum
deviation of 4%. The flow curve obtained from virtual test
agreed well with experiments with a maximum deviation
of 110 MPa, which was due to the usage of 2D RVE for
the Virtual test. With the proposed ICME workflow, the
macroscale effective properties for a single point at HAZ of
GMA-welded DP980 steel were obtained. On looping the
workflow, a complete dataset of effective properties for the
complete weld regions with microstructure morphology and
orientation consideration could be obtained.
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