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ABSTRACT

Laser-assisted robotic roller forming (LRRF) apparatus and process were developed to bend
a plate to form a straight channel for ultrahigh strength steel MS1300. Since the thermal
processing during the roller forming impacts the microstructure and mechanical behavior
of the steel, an integrated thermo-metallurgical-mechanical finite element simulation
considering the heat source, phase transformation and material constitutive models was
established. A rectangular laser source was devised to homogenize the temperature
around the bending corner and a new surface heat source model was proposed and vali-
dated. The phase transformation model accounting for the austenitization process,
austenite decomposition and tempering was embedded in the finite element model
through self-developed user subroutines. The predicted microstructure evolution and the
phase distribution were consistent with experimental microstructure characterization.
More specifically, it is found that tempering dominates at the inner layer of the bend,
resulting in two different phases, i.e., the original and tempered martensitic phases after
the LRRF process. The outer layer of the bend, however, goes through austenitization,
quenching, and tempering processes, resulting in a combination of fresh martensite, a
small amount of tempered martensite and retained austenite phases.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Laser-assisted forming process has drawn increased attention
due to its high flexibility and efficiency. The coupling of

* Corresponding author.

temperature, microstructure and deformation confounds the
ability to understand the intrinsic mechanisms of the process
through experiments. The combination of numerical
modeling and experimental observation has become an
effective and preferable approach to identify the complex
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behavior of materials at elevated temperatures. There are
numerous works on thermo-mechanical modeling of laser-
assisted forming process. For example, Kant et al. [1] utilized
a 3D nonlinear thermo-mechanical model to understand the
bending mechanism and forming characteristics, e.g. distor-
tions and springback in laser-assisted bending of M1A alloy;
Guo et al. [2] analyzed the strain changes in laser-assisted
four-point bending of aluminum alloy by FEA; Gisario et al.
[3] adopted FE simulation to calculate the temperature and
displacement in laser-assisted bending of titanium alloy and
concluded that small bending radii could be obtained with
higher laser power and more forming passes. The above work
studied deformation behavior of materials at elevated tem-
perature; however, the microstructure evolution was gener-
ally neglected. Thermo-metallurgical-mechanical modeling of
laser-assisted forming processes was rarely reported albeit
being studied for hot stamping and laser welding. For
instance, Bok et al. [4] developed a thermo-metallurgical-
mechanical model to account for the effect of boron addition
and austenite deformation on transformation behavior during
hot stamping of a boron steel and found that the final strength
and residual stress distribution were significantly influenced
by the austenite deformation. Krishna et al. [5] analyzed the
residual stresses induced by phase transformation during
laser beam welding of a low alloy steel through comparison of
a thermo-mechanical model and a thermo-metallurgical-
mechanical model. Tan et al. [6] declared that the tensile
stresses were decreased and compressive residual stresses
were increased when considering the solid-state phase
transformation in modeling selective laser melting of tita-
nium alloy. Most of the studies on thermo-metallurgical-
mechanical modeling were performed to predict residual
stresses after stamping or welding. However, extensions to
the analysis of phase transformation or microstructure dis-
tribution in laser-assisted forming processes with more
complicated thermal passes are seldom discussed, although
this is of great significance to understand the mechanical
properties of final formed components.
Thermo-metallurgical-mechanical FEA includes three key
modeling elements, i.e., the heat transfer, phase trans-
formation and mechanistic behavior of materials. The heat
source model is the first key element since the thermal input
has a significant influence on the phase transformation as
well as deformation. Various heat source models have been
put forward to better describe power density distribution
during laser-based manufacturing. The most commonly used
heat source model is the double ellipsoid volumetric heat
source proposed by Goldak et al. [7], which has been proved to
be very effective for predicting temperature fields in welding
simulation [8]. In addition, many other heat source models
have been put forward to better describe the heat flux distri-
bution for specific applications. For example, the double-
ellipsoidal heat source was extended to a double-ellipsoidal-
conical heat source to simulate the temperature field in elec-
tron beam welding, narrow groove gas-tungsten-arc welding
[9] and hybrid laser-arc welding [10]. Yadaiah and Bag [11]
used an egg-configuration heat source in gas tungsten arc
welding and diode laser welding simulation and found the
maximum deviation between the experimental weld pool size
and that from FE simulation was within 10%. Rong et al. [12]

proposed a peak index increment-double cone heat source
model to represent the heat flux in laser penetration welding,
based on the experimental weld geometry. Li et al. [13] com-
bined Gaussian distributed disc heat source with an expo-
nential volume heat source to describe the energy input
associated with the extreme high-speed laser material depo-
sition. Overall, the above-mentioned heat source models are
volumetric heat source; however, surface heat source models
are generally preferred in laser forming or laser-assisted
forming since melting is avoided in these processes and the
heat applied in the thickness direction of the sheet can be
neglected. Although there are some commonly used surface
heat source models, such as Gaussian surface heat source, the
accurate prediction of temperature field in laser forming or
laser-assisted forming is still limited due to the lack of
appropriate heat source model for some particular laser
heating situations. In addition to the heat source, the phase
transformation behavior is also extremely important for pre-
dicting the microstructure distribution. At present, different
phase transformation kinetics for calculating the phase frac-
tions are implanted into finite element based software, among
which, the Johnson—Mehl-Avrami—Kolmogorov (JMAK)
equation [14—16] and the Koistinen—Marburger (KM) rela-
tionship [17] are the most frequently-used transition models
for diffusional phase transformation and non-diffusional
phase transformation, respectively. Some modified transi-
tion kinetics are also adopted in welding simulation. For
instance, the JMAK model was used to calculate the
isothermal phase transformation and the Leblond model with
an incremental function was applied to predict the phase
transformation with an arbitrary thermal history [18]. The
reaction kinetics proposed by Kirkaldy and Venugopalan and
its modification was adopted by Sun et al. [19] and Chen et al.
[20] to predict austenite decomposition during electron beam
welding and submerged arc welding, respectively. Xia and Jin
[21] also used the Leblond model to predict the solid-state
transformation in welding simulation and the effect of ther-
mal cycle and cooling rate were analyzed through the thermo-
metallurgical FE model. The above researches in the field of
welding mainly focus on the austenite decomposition
behavior, i.e. from austenite to ferrite, pearlite, bainite and
martensite; however, the peak temperature for laser-assisted
forming is normally below the melting temperature, some-
times even below the austenitization temperature. Materials
with an initial microstructure of fully martensite (e.g.
martensitic steel) or partial martensite (e.g. dual-phase steel,
quenching and portioning steel) may suffer from tempering
within this temperature range. Therefore, accurate charac-
terization of tempering effect is vital for predicting micro-
structure evolution, whereas, the research considering the
tempering effect in the thermo-metallurgical-mechanical
model is still deficient. Mukherjee et al. [22] proposed an
analytical method to calculate the hardness of tempered
martensite at non-isothermal tempering conditions. Zhou
et al. [23] performed experimental and analytical in-
vestigations on the tempering kinetics of a hot-worked die
steel and the relationship between the tempering parameters
and hardness of steels was established. Sun et al. [24] found
that martensite, which was produced during the first welding
pass, was tempered during multi-pass welding; a JMAK type
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equation was then applied to describe the tempering kinetics
in the FE model and the results showed that the microstruc-
ture and microhardness were consistent with the experi-
ments. The mechanical part of the thermo-metallurgical-
mechanical analysis of welding focused on the effects of
thermal expansion, volume change due to phase trans-
formation and transformation induced plasticity behavior, etc
... on the residual stress of the welded joints [25]. While for
laser-assisted forming, the plastic deformation due to the
direct contact between metal sheet and tools plays a major
role in the levels of stress and strain. Furthermore, the plastic
deformation has an impact on the heat flux distribution and
as a consequence, the microstructure distribution after laser-
assisted forming is also affected.

Laser-assisted robotic roller forming (LRRF) is a new
approach to bend high strength steel sheets without fracture
that overcomes issues common to conventional roll forming
and laser-assisted forming. Previous research conducted by
the authors has proved that LRRF process has the ability to
form ultrahigh strength steels to a near 90° channels with
sharp bending radius and springback angle smaller than 1°
[26]. A thermo-mechanical FE model was established to
reconstruct the temperature field during LRRF, which was
further applied to analyze the microstructure distribution at
the cross-section of the bend. However, the former thermo-
mechanical model was not capable of predicting microstruc-
ture evolution during LRRF process directly. In this research, a
new heat source model and the phase transformation kinetics
were imported into the Abaqus software by means of user
subroutines. Afterwards a thermo-metallurgical-mechanical
FE model was established and solved by Abaqus to predict
the temperature, microstructure and deformation in LRRF
process. The FE model was further validated through the
temperature field captured by thermal camera. The micro-
structure and microhardness distribution and the micro-
structure evolution during LRRF are finally discussed based on
the thermo-metallurgical-mechanical model.

2. Laser-assisted robotic roller forming

MS1300 steel sheets, with a thickness of 1.0 mm, were bent on
a lab-scaled LRRF platform. The schematic of LRRF process is
illustrated in Fig. 1 and the lab-scaled LRRF platform can be
found from a previous publication [27]. The steel sheets with a
dimension of 250 mm x 60 mm were clamped on the fixture

Laser Head

& . Roller

Fixture
Laser beam

Metal Sheet

Ist pass  2nd pass  3rd pass

Fig. 1 — An illustration of LRRF process.

and then bent through three-passes sequential flanging by the
combination of laser heating and roller contact. The laser
head and roller were driven synchronously at a translational
velocity of 0.03 m/s by an industrial robot (Kuka KR600),
controlled by numerical programing. The laser beam preceded
the roller at an offset of 25 mm to realize preheating prior to
plastic deformation. A continuous wave fiber laser with a laser
power of 1000W was applied. A rectangular laser source was
adopted to ensure a more uniform temperature distribution at
the bending corner since a laser beam with the commonly
used small spot size would have too great a focused power
density and thus degrade the sheet metal surface. The spot
size of the laser beam was 4 mm x 2 mm. It should be noted
that the laser spot size on the metal sheet varies with the
inclination angle, which is detailed in Sec. 3.1. The cylindrical
roller having a diameter of 50 mm and a height of 25 mm was
fabricated from tool steel.

3. Thermo-metallurgical-mechanical model

A coupled thermo-metallurgical-mechanical model was
established and solved in Abaqus Standard to account for the
temperature field, microstructure evolution and plastic
deformation during the simulated LRRF process. The tem-
perature field has a significant influence on both the micro-
structure field and stress/strain field. The major factors, i.e.
temperature induced transformation and thermal expansion
are considered in the thermo-metallurgical-mechanical
model. In addition to the temperature history, the plastic
deformation also has an influence on the phase transition
from retained austenite to martensite; whereas, the strain-
induced martensitic transformation effect is not considered
in this model based on the fact that the retained austenite
fraction is negligible in martensitic steel. The modeling pro-
cedure and framework considering the coupled thermo-
metallurgical-mechanical behavior during LRRF process is
summarized in Fig. 2. The general settings, e.g. geometrical
model, mesh, constraints, material constitutive model, are
firstly built by Abaqus CAE. A new surface heat source model
is established to describe the heat flux distribution of the laser
beam and to reconstruct the temperature field during LRRF,
and the heat source model is implemented into Abaqus by
user subroutine DFLUX. The phase transformation model,
accounting for the austenitizing behavior, austenite decom-
position, and tempering effect is linked to the FE model
through user subroutine USDFLD. Note that some parameters,
such as phase fraction, microhardness value, are not variables
in Abaqus's default outputs; therefore, these parameters are
termed as solution dependent variables (SDVs). As a result,
microstructure and microhardness distribution can be
exported at each increment to the Abaqus output database file
as field outputs and history outputs. These SDVs can be called
in the subsequent increments. The user subroutine SDVINI is
applied to define the initial value of the SDVs, which is only
called by Abaqus at the first solving increment.

The geometrical dimension, as presented in Fig. 3, is
simplified according to the experiments mentioned in Sec. 2;
the lengths of the metal sheet and the fixture are 100 mm
which is 250 mm in the experiments and the width of the
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Fig. 2 — Framework of the coupled thermo-metallurgical-mechanical model using Abaqus software.

metal sheet in the FE model is 40 mm; the simplification is
adopted for the purpose of reducing computation time. The
fixture and the formingroller are defined as rigid bodies with a
rigid body reference point. The translational and rotational
motion of the rigid body can be defined on the reference point,
which is normally the centroid of the rigid body. The fixture is
restricted by six degrees of freedom. The fixture and roller are
meshed with 4-node shell elements and the mesh sizeis 1 mm
except that the corner of the fixture is refined with 5 elements.
The metal sheet is meshed with 8-node hexahedron solid el-
ements. The length of the metal sheet is meshed with a uni-
form element size of 0.5 mm and four elements are assigned
through the thickness direction. Inhomogeneous mesh sizes
are used along the width direction; the mesh sizes at the
clamping area and the flange vary from 4 mm to 0.5 mm, and
the bending corner has a refined mesh size of 0.2 mm. As a
result, the smallest mesh size at the laser heating zone and
also the bending corner is 0.5 mm x 0.2 mm x 0.25 mm. There
are a total of 40,400 elements in the FE model.

The thermophysical properties for the MS1300 steel,
including density (p), thermal conductivity (k), specific heat (c),
thermal expansion coefficient (), are calculated using JMatPro
software according to the chemical composition (refer to

Fixture

Fig. 3 — Assembly and mesh of LRRF.

Table 1) from Liu et al. [28] and the results are presented in
Fig. 4.

The heat transfer analysis during LRRF process contains
thermal conduction, thermal convection and thermal radia-
tion. The heat transfers due to thermal convection (qen) and
thermal radiation (qr4q) between the high-temperature metal
sheet and the surroundings follow Newton's law of cooling
and the Stefan-Boltzmann law, respectively:

qeon =h (T —To) (1a)

Qpaa =0+ (T* ~ T) (1)

here h is the convection heat transfer coefficient, and a con-
stant value of 5 W/(m?-K) is assumed for natural convection. T
is the instantaneous temperature of the metal sheet. Ty is the
ambient temperature (set to 25 °C). ¢ is the Stefan-Boltzmann
constant (5.67 x 1078 W-m~2-K™%) and ¢ is the emissivity.

The time intervals between the first forming pass and
second forming pass and that of the second forming pass and
third forming pass are 26 s and 31 s, respectively, which are
identical to the experiments. And an additional 600 s is
adopted after the last forming pass so that the blank can be
cooled to room temperature.

3.1. Heat source model

In the field of laser-based manufacturing, for example, laser
welding, laser cutting, etc., the laser beam energy is generally
assumed to follow a Gaussian distribution. However,
centralized laser energy is sometimes unwanted to avoid
melting or even vaporization in some situations, such as
laser-assisted forming and laser surface heat treatment. Thus,
in this study an integrating mirror is used for homogenization
of the focus intensity. A combined Gaussian-uniform heat
source model is proposed in this work based on the experi-
mental temperature distribution of the rectangular laser spot
as illustrated in Fig. 5. A local Cartesian coordinates is intro-
duced at the center of the rectangular laser spot having the
dimension of a x b; the laser irradiated surface is defined as
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Table 1 — The chemical composition of as-received MS1300 steels (wt%).

C Mn Si Cr Mo B

Al Ti Cu Nb P Fe

0.21 1.5 0.75 0.375 0.375 0.0075

0.0075 0.056 0.15 0.056 0.015 Bal.

the xy-plane and the laser scanning direction is defined as the
x-axis; the laser energy along the y-axis is uniform to guar-
antee larger heating area and the laser energy along the x-axis
still follows Gaussian distribution. Therefore, the governing
equation of the power intensity can be written as:
x? . b b

X,y)=qo -exp| —— | while —- <y <~ 2a
a(x,y) = o p( 252> 7SY<5 (22)
where qp is power intensity at the center of the rectangular
laser spot, ¢ is the standard deviation of the Gaussian func-
tion. Note that the total laser heat input follows:

b/Z +o0
[ [ axyxty—na (2b)
“b/2 e

here Q is the laser power and 7 is the laser absorption rate of
the workpiece. The standard deviation of the Gaussian func-
tion is set as Eq. (2c) which indicates that 99.74% of the laser
energy is applied on the rectangular laser spot.

a
3d=- 2

: (2

Combining Egs. (2a)—(2c), The combined Gaussian-uniform

heat source is eventually expressed as follows:

_ e
V2mab

The laser spot size is relevant to the focused spot size,
defocusing distance as well as the inclination angle between
laser beam and metal sheet. The focused spot size is deter-
mined according to the laser head and there is no defocusing
distance in this study to guarantee maximum heating effi-
ciency. The inclination angle varies by different bending
passes, as schematically presented in Fig. 6; therefore, the
proposed heat source model is modified to Eq. (4) to account
for the effect of inclination angle of the laser beam and
bending angle of the flange:

a(x,y)

18x2 . b b
xp<7 a2>wh11e7§§y§§ (3)

=N
T

Specific heat
[/(gK)]

—_
[\S)
T

Density
[10g/cm?]

Z \

_mxpansion Thermal conductivity

.\fu‘ [102W/(m-K)]

0 . . . . . .
0 200 400 600 800 1000 1200
Temperature[°C]

N
~

Thermophysical properties
(=1
(o9

Fig. 4 — Thermophysical properties of MS1300 steel
according to JMatPro.

18 2 2
a0 y) = 61Q cos « cos 7~exp< 18 cosy> while

V2mab a2 2cos a
<y<0 (4a)
61Q cos(a — B)cos 18x2cos? .
q(x,y) = nQ \/(%mb) Y. <_ —— | while0 <y
b cos B
— 2cos(a—B)

(4b)

where o, B denote the inclination angle between the laser
beam and xz-plane and yz-plane, respectively, and v indicates
the bending angle of the metal sheet. Model parameters such
as inclination angle, laser power, bend angle in this new heat
source model are explicit according to the experimental setup.
Therefore, the only unclear parameter, i.e. laser absorption
rate of the metal sheet, can be easily calibrated by the peak
temperature of the laser heating and consequently a value of
0.39 is obtained in this study.

3.2 Phase transformation model

The MS1300 steel metal sheet undergoes austenitizing,
austenite decomposition and tempering during the LRRF
process. Microstructure evolution is highly dependent on the
instantaneous temperature, holding time at a specific tem-
perature range and sometimes the cooling rate. The phase
fractions are updated by each time increment in LRRF simu-
lation following the procedure in Fig. 7, till the end of the last
forming pass. In addition to the superheating or supercooling
to activate the corresponding phase transitions, some other
preconditions are also necessary for austenite decomposition.
For instance, austenite is transformed to ferrite, pearlite and
bainite only when the cooling rate is below the critical cooling
rate (CCR) for martensite transformation.

The austenite transformation kinetics upon heating can be
simplified to a linear relationship [29,30]. In this study, a
modified equation is used to account for the austenite trans-
formation from ferrite, pearlite, bainite, martensite and
tempered martensite:

T—Aa

4
== hileAc; <T <A
AC3 — ACl X ka wnile Acy < < Acs (5)

k=1

fa

fe denotes the fraction of different microstructure, namely,
k = 1,2,3,4 for ferrite and pearlite, bainite, martensite, and
tempered martensite, respectively. T is instantaneous tem-
perature; Ac; and Acs are austenite start and finish tempera-
tures, which are estimated to be 732 °C and 842 °C [31],
respectively, for the given steel grade.

On cooling, the JMAK equation is adopted to describe the
diffusional phase transformation from austenite to ferrite,
pearlite, and bainite:
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Fig. 5 — Schematic of the combined Gaussian-uniform heat
source.

fi=fa(1-e*") ©)

a and @ are material parameters, which can be obtained
from the time-temperature-transformation (TTT) diagram
using the following equation [32]:

In(0.99)

T to.or” va)
In 0.99

8= In In 0.01 (7b)

- t
1n oot
to.99

here, too1 and tpg9 denote the transformation start time and
finish time, respectively, as can be seen in Fig. 8. Note that the
phase fractions of 0.01 and 0.99 are regarded as the start and
finish of ferrite, pearlite and bainite transformation in this
study.

It should be noted that Eq. (6) is based on isothermal
transformation. To account for the influence of critical cooling
rate for the start of transformation in a situation of contin-
uous cooling, the rule of additivity proposed by Lusk and Jou
[33] is applied. The transformation is assumed to occur when
the following equation is fulfilled:

z
Laser beam with

rectangle laser spot

Fig. 6 — Laser spot varies by bending angle (y) and
inclination angle between laser and xz-plane (a)/yz-plane

(8)-

e ®)
i=1

where At is the time increment and t; is the transformation
start time on isothermal transformation at the temperature of
the ith time increment.

In this study, ferrite and pearlite are simplified to one
phase because of the low carbon content in MS1300 steel,
namely, the phase transformation from austenite to ferrite
and pearlite at the temperature range from Ac; to bainite start
temperature (Bs), and phase transformation from austenite to
bainite from Bs to martensite start temperature (Ms) are
considered. Bs and Mg are 544 °C and 392 °C, respectively,
according to the empirical equation [34] relating to the
composition of the steel.

Bs(°C) =637 — 58C — 35Mn — 34Cr — 15Ni — 41Mo (9a)

Ms(°C) =539 — 423C — 30.4Mn — 12.1Cr — 17.7Ni — 7.5Mo + 10Co
~7.55i
(9b)

The parameters of diffusional phase formation are calcu-
lated according to the TTT diagram from JMatPro. Specifically,
the parameter 3 is a constant: 8 = 3.5 for ferrite and pearlite
transformation, and 8 = 2 for bainite transformation.

The transformation from austenite to martensite is regar-
ded as non-diffusional phase transformation, which is deter-
mined by the K-M relationship:

fu=fa-[1-e™ D] whileT < Ms (10)

where ¢ is the empirical coefficient, and a value of 0.011 is
suggested for carbon steel and low alloy steel according to
Krauss [35].

Tempering can be generally categorized into three stages
[36]: The first stage involves the precipitation of very fine
transition carbides in martensite crystals at temperatures
between 100 °C and 200 °C. Transformation of retained
austenite to ferrite and cementite occurs during the second
stage, in the temperature range of 200 °C—300 °C. The third
stage takes place between 300 °C and the A¢; temperature; in
this stage, transition carbides and segregated carbon trans-
form into cementite; recovery or recrystallization by the
nucleation and growth of new grains takes place; and for
highly alloyed steels, alloy carbide precipitation and second-
ary hardening takes effect.

The Vickers hardness of martensitic steel during
tempering (Hs) can be quantified by the fraction of tempered
martensite (fry) as follows:

Hs = frm-Hru + (1 —frm) -Hu (11a)
 Hy —Hs
Jrm ~“Hy —Huy (11b)

where Hy and Hpy are the Vickers hardness of initial
martensite and fully tempered martensite.

Tempering can be considered as a phase transformation
controlled by diffusion; therefore, the tempering kinetics are
also represented by the JMAK equation as Eq. (12):
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fru=fu-(1-e™") (12)

where t is tempering time and m is the Avrami exponent. D is
related to temperature, which can be described as Eq. (13),
accordian to the Arrhenius equation:
D=Dye ¥ (13)
where Dy is the pre-exponential constant, Q is the activation
energy for tempering, and R is the universal gas constant
(equal to 8.314]-mol~1-K1).

Eq. (12) and Eq. (13) can be expressed in the natural loga-
rithmic form:

fu

lnlnfM — =mlnt+InD (14a)
_ Q

InD=InD, — RT (14b)

The slope and y-intercept of the plots of Inln % vs. In t

fu—frm

can be used to determine the value of m and In D at different
temperatures. Similarly, the values of Q and D, can be ob-
tained according to the plots of In D and 1/T.

In this study, the third tempering stage is considered due to
the dramatic microstructure changes within this stage [36].
The Vickers hardness from JMatPro is introduced into Eq. (11b)
to calculate the tempering ratio. The parameters of the
tempering kinetics, summarized in Table 2, are subsequently
obtained based upon Egs. (14a) and (14b).

The microhardness of final microstructure is calculated by
the rule of mixtures as follows:

H=fa-Ha + frop-Hrip + fz-Hp + fu-Hu + fom-Hrm (15)

here f and H denote fraction and hardness, respectively and
the subscript letters indicate the specific microstructure:
austenite (A), ferrite and pearlite (F + P), bainite (B), martensite
(M) and tempered martensite (TM).

The microhardness of initial martensite is 439.5 HV, which
is a mean value of five experimental indentations measured
by a hardness tester. The microhardness of the others is
calculated by empirical formula according to Doane [37], in
which the hardness of ferrite and pearlite, bainite, martensite
can be calculated based on the chemical composition and
cooling rate at 700 °C. The cooling rate at 700 °C after laser
heatingis ~1000 °C/s according to experiments and as a result,
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the microhardness values of ferrite and pearlite, bainite,
martensite are calculated to be 171.1 HV, 316.5 HV and 506.7
HV, respectively. The microhardness of fully tempered
martensite microstructure is set to be equivalent to that of
ferrite and pearlite, and the microhardness of austenite is not
considered given the relatively small amount and thus, the
relatively small contribution to the total microhardness
values compared with the other microstructures.

3.3. MS1300 constitutive models

An isotropic hardening constitutive model for the MS1300
steel sheet was used for mechanical simulation with Abaqus.
Quasi-static uniaxial tensile tests with the aid of digital image
correlation (DIC) system [38], refer to Fig. 9(a), were performed
with a MTS universal tensile testing machine to obtain the
flow curve of MS1300 steel at the following temperatures:
25 °C, 200 °C, 400 °C, 600 °C and 800 °C. Three samples were
repeated at each temperature and the temperature-
dependent Young's modulus and true stress vs. plastic strain
curves are given in Fig. 9(b) and (c), respectively. It is found
that the elongation is improved at elevated temperature,
especially when the temperature exceeds 600 °C. Work hard-
ening dominates in the temperature range of 25 °C—200 °C
while softening is quite obvious at temperatures above 400 °C;
the tensile testing results also provide inspiration for regu-
lating the deformation temperature in LRRF.

4. Results and discussion
4.1. Temperature field
A dedicated platform was built to calibrate and validate the

new surface heat source as presented in Fig. 10, since accu-
rate temperature data during LRRF was difficult to capture

experimentally. Laser irradiation with a laser power of
1000 W was imposed on a flat metal sheet and an inclination
angle between the metal sheet and the laser beam was set to
~53°. Two thermal cameras were used to capture the spatio-
temporal temperature fields of the irradiated surface and
non-irradiated surface of the metal sheet during laser heat-
ing. Because an obvious temperature gradient exists between
the irradiated surface and non-irradiated surface [28], two
different thermal cameras were used. The top camera (Optris
PI 08 M, #1 in Fig. 10) measured the temperature between
575 °C and 1900 °C while the bottom position camera (Optris
PI 400, #2 in Fig. 10) had a temperature range of
—20 °C—900 °C; both thermal cameras have a frame rate of
80 Hz to accurately record the temperature history. The
emissivity value of the metal sheet during thermal imaging
was calibrated with temperature measurements via
thermocouples.

The new surface heat source model was compared with
three other commonly used surface heat source models, i.e.
the uniform heat source model, the Gaussian heat source
model and the elliptical heat source model. The heat flux
density of the above heat source models follows Egs.
(16a)—(16c). These four heat source models were imported into
Abaqus to construct the temperature field and the parameters
of these heat source models were calibrated by using experi-
mentally measured peak temperatures. The isotherm profiles
from experiments and FE model according to different heat
source models are presented and compared in Fig. 11. It is
obvious that the isotherm profiles based on the new heat
source model proposed in this work exhibit a high degree of
correlation with those captured by IR camera.

_nQ . a a b b
q(x.y) =7~ while —Z <x<7,—<y<3 (16a)
mQ 2(x* +y%)
q(x,y) ZW'QXP< T (16Db)
)12 e (B gV (169
1Y) ="Zap P\ ~7q2 )¥P\ 2

Temperature data along the transversal direction, namely
perpendicular to the laser scanning direction, were extracted
on the irradiated and non-irradiated surface, refer to Fig. 12(a).
It is found that the temperature on the irradiated surface
agrees well with the experimental data, though minor errors
exist between the predicted and experimental values on the
non-irradiated surface (refer to Fig. 12(b)). Despite some small
deviations, the FE model is quite reliable to predict the tem-
perature distribution. The temperature history was also
extracted from four points in Fig. 12(a) and the predicted
temperature vs. time curves match well with the experiments,
refer to Fig. 12(c), which also proves the accuracy of the
thermal boundary conditions.

Table 2 — Parameters of tempering kinetics.

T (°C) 300 350 400 450 500 550 600 650 700
m 0.38 0.33 0.27 0.22 0.19 0.17 0.15 0.14 0.14
Q (kJ/mol) 49.38 Do (s7%) 530.86
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Temperature fields at the irradiated surface and along the
thickness direction during LRRF process are collected from the
thermo-metallurgical-mechanical model, as presented in
Fig. 13. It can be found that the temperature field, or the laser
power density applied to the metal sheet is quite different for
each pass although the same laser parameters are adopted,
specifically, the temperature field during the first and third
forming passes are almost symmetrical on the clamping and
flange side while quite asymmetrical during the second
forming pass. The metal sheet is not deformed or deformed
slightly as the laser beam impinges on the sheet during the
first forming pass. It should be noted that the inclination angle
between the laser beam and both the clamping side and the
flange are nearly identical resulting in a symmetrical tem-
perature field during the first forming pass. However, the laser
power density imposed on the clamping side and flange dur-
ing the second forming pass is obviously different because of
the deformed steel sheet, refer to Fig. 6, which leads to an
asymmetrical temperature field. Although the laser inclina-
tion angle difference between the clamping side and flange
still exists during the third forming pass, the laser beam is

Tlfer‘mal tamera (#1)

3 U o

Laser head

Fig. 10 — Experimental setup for calibration and validation
of the heat source model.

almost parallel to the clamping side, thus there is rarely laser
power imposed on the clamping side, and the temperature
field seems to be symmetrical because of heat conduction.

Temperature history of two sampling points at the center
of the bending corner (see Fig. 14(a)) are also extracted from
both the irradiated surface and the non-irradiated surface. As
can be observed in Fig. 14(b), temperature differences of
615 °C, 610 °C, and 697 °C exist between the irradiated surface
and the non-irradiated surface for three continuous forming
passes. Furthermore, it is also observed that these two sam-
pling points undergoes various temperature cycles; the peak
temperature on the irradiated surface is above austenitization
temperature, while the peak temperature on the non-
irradiated surface is always below the austenitization tem-
perature. The asymmetrical temperature field between the
clamping side and flange, the temperature difference between
the irradiated and non-irradiated surfaces and repeated
heating and cooling would all influence the microstructure
evolution and distribution.

4.2. Microstructure evolution

FE simulation results predict no presence of ferrite, pearlite or
bainite after LRRF processing, which is quite reasonable since
the cooling rates in LRRF are much larger than the critical
cooling rate for martensitic transformation. The predicted
fractions of martensite, tempered martensite and retained
austenite are depicted in Fig. 15. Note the sum of the fractions
of martensite, tempered martensite and retained austenite is
equal to 1. Obvious microstructure gradients can be observed
around the heating area, and the asymmetric microstructural
distribution is still notable due to the asymmetric laser power
energy imposed on the clamping side and deformed flange. A
small amount of retained austenite (2.6%) and tempered
martensite (1.9%) appear at the outer layer of the bend and the
remainder is martensite (95.5%). The retained austenite is
beneficial to the toughness of the bend [39]. The microstruc-
ture at the inner layer of the bend after forming consists of
~67.8% martensite and ~32.2% tempered martensite. It is also
interesting to note that the middle layer has a larger amount
of tempered martensite (~41.8%) than the outer and inner
layers, as the temperature at the middle layer is lower than
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the austenitization temperature and its tempering effect is
more pronounced than that of the inner layer. The tempered
martensite is also conducive to improving the ductility and
toughness of the bend [40].

The bending corner suffers from the most severe heat
input, therefore, metallographic samples around the bending
corner were prepared by cutting, mounting, grinding, polish-
ing and etching. Metallographic images were then captured
from four positions identified in Fig. 16(a), i.e. the base metal,
the outer, middle and inner layers of the bend, by scanning
electron microscope (SEM) at magnifications of 2000x and
5000x. The as-received material was a fully martensitic steel,
according to Fig. 16(b). The outer layer of the bend exhibits a
refined martensitic microstructure in contrast to the original
martensite, indicating the formation of fresh martensite, refer
to Fig. 16(c). A martensitic structure can be still observed
within the middle layer, refer to Fig. 16(d), whereas a large
amount of blocky microstructure composed of ferrite and
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carbide precipitates (tiny white particles at a magnification of
5000x) also appear in the grains, which suggests that
tempered martensite was formed. It is worth mentioning that
carbide precipitations can be rarely found since the steel has a
low carbon contents (0.21%) and the material is just partially
tempered with a relatively short duration of a few seconds.
The inner layer (refer to Fig. 16(e)) also consists of martensite
and tempered martensite. The experimental microstructure
distribution is consistent with the numerically predicted re-
sults presented in Fig. 15.

Microhardness gradients are also noted as a result of the
microstructure differences, as can be observed in Fig. 17(a).
The predicted microhardness values were extracted from the
outer, middle and inner layers. The microhardness values
around the outer, middle and inner section of the sample were
measured with an interval of 0.32 mm to validate the fraction
of different phases, as can be observed in Fig. 17(b). The
experimental microhardness values are generally consistent
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Fig. 12 — Validation of the heat source model: (a) the cross-section and position from which temperature data were
extracted; (b) temperature distribution along the transversal direction; (c) temperature history of the four points in Fig. 12(a).
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the thickness direction.

with the predicted profiles, although some discrepancies still
exist. In addition to the phase compositions, the experimental
microhardness at the bending corner can be also influenced
by the work hardening effects due to plastic deformation, as
well as the grain sizes changes due to recrystallization, while
these two factors are not considered in the present model, and
this is possibly responsible for the deviation between experi-
ments and prediction. The microhardness at the outer layer
follows a W-shaped profile while the microhardness profiles
at the inner and middle layers are U-shaped. Both the simu-
lated and experimental results indicate the obvious hardening
zone at the outer layer of the bending corner, and softening
zones at the middle and inner layers of the bending corner, as
well as softening zone at the region very close to the laser-
irradiated position of the outer layer. Although both the
outer layer of the bending corner and the base metal are
mainly composed of fully martensite, as shown in Figs. 15 and
16, the microhardness of the outer layer of the bending corner
is larger than that of the base metal, and this can be explained
by the fact that the hardness of the martensite is related to not
only the chemical composition, but also the cooling rate of
quenching. The higher cooling rate during LRRF, in contrast to
conventional quenching approach, results in greater hardness
values in the outer layer of the bend in comparison to the base
metal. The simulation results also emphasize the significance
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Non-irradiated
surface

Samplin

(a)

of considering the tempering effect in modeling of laser-
assisted forming. As the martensitic transformation leads to
the hardening effect at the outer layer of the bending corner
and there are no other softening phases, i.e. ferrite, pearlite
and bainite due to fast cooling, the tempering effect is
responsible for the softening zones at the bending corner.
The microstructure evolution of the two sampling points at
the outer and inner layers of the bend as depicted in Fig. 14(a),
are given in Fig. 18. Note that only the first forming pass is
exemplarily provided here since the temperature history is
similar for each forming pass. It can be found that the outer
layer passed through austenitization, quenching and
tempering in the first forming pass, while only tempering
takes place at the inner layer of the bend. The outer layer is
therefore composed of fresh martensite, tempered martensite
and retained austenite after LRRF and the inner layer consists
of original martensite and tempered martensite. It is also
interesting to note that tempering occurred with two stages at
the outer layer. Original martensite was firstly tempered
during the heating stage and the newly-generated tempered
martensite transformed into austenite shortly thereafter
since the peak temperature exceeded the austenitization
temperature. Afterwards, the fresh martensite was also
tempered to a certain extent during the cooling stage. The
tempering of original martensite is much more remarkable
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Fig. 14 — (a) Temperature gradients during LRRF, (b) temperature history of two sampling points from the irradiated surface

and non-irradiated surface.
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than that of fresh martensite due to various martensite frac-
tions at two stages. The initial fully martensitic structure is
responsible for the more significant tempering effect at the
first tempering stage. Whereas fresh martensite is formed
gradually from reverted austenite with the decrease of tem-
perature, and the fraction of fresh martensite is relatively low
at higher temperatures at which tempering is prone to take
place, and tempering is less likely to occur at lower tempera-
tures in spite of higher martensite fraction, leading to a very
small amount of tempered martensite at the second
tempering stage. The original martensite at the inner layer
suffered from continuous tempering effect during both heat-
ing and cooling stages. The longer duration at the tempering
temperature range results in a larger amount of tempered
martensite at the inner layer. Unlike the tempered martensite
transformed from fresh martensite at the outer layer, the
tempered martensite at the inner layer results from the
tempering effect of original martensite.

5. Conclusions

In this work, the LRRF process is developed using an advan-
tageous rectangle shaped laser source. An integrated nu-
merical model is successfully established through a newly-
developed thermo-metallurgical-mechanical FE procedure
to simulate the LRRF process. The FE simulation is validated
in terms of temperature field, microstructure and micro-
hardness profiles. The main conclusions are summarized as
follows:

(1) The newly-proposed combined Gaussian-uniform sur-
face heat source model considering the inclination
angle of laser and bend profile successfully reproduces
the temperature field of laser-assisted forming.

(2) Hardening effect at the outer layer due to the formation
of fresh martensite and the softening effect with the
transformation from martensite to tempered
martensite are well predicted by the coupled thermo-
metallurgical-mechanical model.

(3) The FEM indicates that the outer layer of a 1.0 mm thick
MS1300 steel goes through tempering, austenitization
and quenching during LRRF while the inner layer
mainly undergoes tempering. The outer layer is thus

composed of 95.5% fresh martensite, 2.6% retained
austenite and 1.9% tempered martensite while the inner
layer consists of 67.8% initial martensite and 32.2%
tempered martensite.

The integrated thermo-metallurgical-mechanical finite
element simulation procedure is expected to be further
adaptable to other materials (such as DP and Q&P steels, or
titanium alloys) and different manufacturing processes (such
as welding and 3D printing). The extension to the more
detailed mechanical analysis in laser-assisted forming is also
expected with the advanced constitutive models to describe
the complicated deformation behavior (e.g. ref. [41]), which is
the scope of further research.
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