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Investigation of Effect of Phase
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Behavior of AISI 1010 Steel in
Laser Forming
In laser forming, phase transformations in the heat affected zone take place under steep
cooling rates and temperature gradients, and have a significant affect on the laser form-
ing process and final mechanical properties of products. In this work, phase transforma-
tions during laser forming of AISI 1010 steel are experimentally and numerically inves-
tigated and the transient volume fraction of each available phase is calculated by
coupling the thermal history from finite element analysis with a phase transformation
kinetic model. Consequently, the flow stresses of material are obtained from the consti-
tutive relationship of the phases, and the laser forming process is modeled considering
the effect of work hardening, recrystallization and phase transformation. A series of
carefully controlled experiments are also conducted to validate the theoretically predicted
results. �DOI: 10.1115/1.2162911�
Introduction
Laser forming is a flexible forming process, during which a

aser beam causes local thermal expansion, and deformation is
btained by non-uniform release of thermal stresses during cool-
ng. In the past decades, great progress has been made in under-
tanding the laser forming mechanisms �1,2� and in investigating
he effects of important process parameters on the deformed shape
nd mechanical properties of the formed parts �3–6�. In particular,
onsiderable research has been carried out on computer modeling
f the laser forming process. However, the application of numeri-
al modeling is limited by the lack of precise data of the tempera-
ure and strain rate dependent flow stresses of materials. In the
ast, the flow stress data were generally obtained by experiments,
hich were cumbersome, time consuming and whose methodol-
gy was case specific for different materials. More recently, sev-
ral semi-empirical material models have been developed based
n the knowledge of physical metallurgy of steel. For example,
auskar and Shivpuri �7� provided the constitutive equations of
n steel for flow stresses during hot rolling in which the effect of
etallurgical phenomena such as strain hardening, dynamic re-

overy and recrystallization on flow stresses was considered, but
he influence of phase transformation was neglected.

With very fast heating and cooling, laser forming is signifi-
antly different from other hot working processes. During laser
orming, steep temperature gradients and thermal cycles cause
evere microstructural changes in the heat affected zone �HAZ�,
nd fairly high strain and strain rate are also involved; however,
elting has to be avoided. Cheng and Yao �8� introduced the
ethodology of numerical modeling during normal hot working

rocesses such as hot rolling into laser forming of AISI 1012 steel,
nd the flow behavior of material under steep thermal cycles was
odeled considering strain hardening, dynamic recrystallization

nd phase transformations. The contribution of each phase to flow
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stresses under different stages, recovery or recrystallization, was
calculated. The numerical results agreed very well with the ex-
perimental results. However, due to the complexity of the laser
forming process and a lack of key material data, the phase trans-
formations and the grain structural evolution occurring during the
laser forming process were not fully investigated. Instead, some
approximations were made. For example, the phase constitution
during �→� phase transformation was simplified to be a linear
relationship from A1ne temperature to A3ne temperature.

With recent developments in computer simulation of phase
transformations and grain structural evolutions based on the fun-
damental kinetic and thermodynamic theories, it is possible to
introduce these techniques to describe the particular laser forming
process. In the present research, by combination of experiments
and modeling, we seek to quantitatively understand the kinetics of
phase transformation and grain structural evolution during laser
forming of AISI 1010 steel and their influence on flow behavior
and deformation �in particular, the �→� phase transformation
during rapid heating, the decomposition of � phase during rapid
cooling, and the recrystallization�. During rapid heating, the
�→� phase transformation process can be modeled by a modified
Johnson–Mehl–Avrami �JMA� equation for non-isothermal pro-
cess. During cooling, the phase transformations are more compli-
cated and involve not only the first order phase transformation but
also displacive transformation. In this way, the JMA equation
would not work to predict the phase transformation during cool-
ing. The decomposition of � phase during cooling in the welding
process has been examined by Bhadeshia et al. �9–11�. Given the
cooling rate, their model can provide a real time quantitative de-
scription of phase constitution in the heat affected zone. In our
current research, Bhadeshia’s phase transformation model �9–11�
was applied to predict the phase transformation during cooling
considering the similarity of thermal cycles in the HAZ caused by
laser forming and welding. Then, using the same methodology
provided by Cheng and Yao �8�, the flow stress can be obtained in
real time based on the phase constitution information, and the
deformation can be predicted with an extensively tested thermal-

mechanical finite element model �3,5,6,8�.

2007 by ASME Transactions of the ASME



t
m
t
p

2

t
u
r
t
e
s

w
f
s
t

e
m

w
g
w
a
p

T

w
g
5
c
f

h
a
a
t
1

w
t
t
g
f
t

w
d
a
u
t

J

The objective of this work is to present a sequentially coupled
hermal-microstructural—mechanical model to predict the defor-

ation during complex laser forming processes. To validate the
heoretically predicted results, a series of carefully controlled ex-
eriments are also conducted.

Mathematical Modeling

2.1 Flow Stress Modeling. During laser forming, phase
ransformations take place in the HAZ and each present phase also
ndergoes work hardening and softening of dynamic recovery and
ecrystallization. Therefore, the strategy to model flow behavior is
o calculate the flow stress of each single phase, which is influ-
nced by the dynamic recovery and recrystallization, and then
um up the contribution of each phase by the rule of mixtures

�total = �
j=1

N

Xj� j �1�

here �total is the total flow stress, and Xj and � j are the volume
raction and the flow stress of the jth phase of the material, re-
pectively. The volume fraction Xj was determined by the phase
ransformation model, which will be introduced later.

When strain is less than the critical strain �c, only work hard-
ning and dynamic recovery exist. The classical approach to
odel flow stress in the regime uses the following expression �12�

�rec = ��ss
�2 + ��0

2 − �ss
�2�e−���0.5 �2�

here �rec represents the flow stress in the dynamic recovery re-
ime, �0 is the initial stress, �ss

� is the imagined steady state stress
hen strain is infinite, � represents the ease of dynamic recovery

nd � is the strain. The values of all the parameters for different
hases and �c are adopted from the earlier paper �8�.

The recrystallization takes place if the strain is larger than �c.
he flow stress is calculated by the equation �8�

� = �rec − ��ss
�2 − �ss

rex��1 − exp�− Kd� � − �c

�0.5 − �c
�n1�	 �3�

here �ss
rex is the steady state stress after recrystallization has pro-

ressed through the material, �0.5 is the strain corresponding to
0% softening due to dynamic recystallization, and Kd and n1 are
onstants. Similarly, the values of those parameters are obtained
rom Ref. �8�.

2.2 Phase Transformation Modeling

2.2.1 �→� Transformation During Heating. In the rapid
eating during laser forming, the �→� transformation in low
lloy steels involves the nucleation of � phase from the � matrix
nd the growth of � phase by diffusion. Therefore, the JMA equa-
ion is applicable to describe the �→� transformation in AISI
010 steel. This equation is expressed as �13�

f�t� = 1 − exp�− �kt�n� = 1 − exp�− 
k�
i=1

�ti�n	 �4�

here f stands for the transformed volume fraction of � phase, t is
he time, the JMA time exponent n is a constant independent of
emperature and its value is determined by the nucleation and
rowth mechanism, �ti is time step of step i, and k is the rate
actor and a function of temperature which can be calculated by
he Arrhenius equation

k = k0 exp�−
Q

RT
� �5�

here Q is the activation energy of the transformation, which
oes not change significantly with the variation of carbon and
lloy concentrations, k0 is the pre-exponential constant, R is the
niversal gas constant, and T is the absolute temperature. The

emperature field and thermal cycles are calculated from the ex-

ournal of Manufacturing Science and Engineering
tensively tested FEM thermal modeling of laser forming. The val-
ues of constants Q, n, and k0 have been used as 117.07 KJ mol−1,
1.9, and 1.33�105, respectively, in the welding of AISI 1005 steel
�14�. Considering the similarity of the material composition be-
tween AISI 1010 steel and 1005 steel as well as the insensitive-
ness to temperature of those parameters, these values were used in
the present investigation.

2.2.2 � Phase Decomposition During Cooling. The � phase
decomposition during cooling was modeled by the phase transfor-
mation model provided by Bhadeshia �9–11�. In the model, the
time-temperature-transformation �TTT� and continuous cooling
transformation �CCT� diagrams were first calculated based on
thermodynamics and phase transformation kinetics. Based on the
calculated cooling rate, the produced phases and their volume
fractions were then determined. The model can predict the phase
transformations of not only Widmanstatten ferrite and allotriomor-
phic ferrite, but also pearlite, bainite, and martensite. The model’s
details �9–11,15,16�, assumptions, salient features, and recent ap-
plications �14,17� are available in the literature.

Due to very high cooling rates in the involved cases, martensite
may be the dominant phase after laser scanning. In Bhadeshia’s
model �9–11�, the amount of martensite V�� is calculated by an
empirical formula �18�

V�� = �1 − VM��1 − exp�− 0.011�Ms − T�
� �6�

where Ms is the martensite start temperature and VM is the volume
fraction of microphases, which can be estimated as in Bhadeshia
et al. �9,10�.

3 Simulation and Experiments

3.1 Modeling Procedure. To systematically predict the laser
forming process based on the coupled thermal-microstructural-
mechanical modeling, the mathematical models described in the
previous three sections need to be rationally arranged. Figure 1
shows the flow chart of the integration of these models.

The heating and deformation during laser forming are both
symmetrical about the laser scanning path; therefore only half of
the plate �80�40�0.89 mm3� is modeled in the current research.
More details about the sequentially coupled thermal-mechanical
modeling of laser forming can be found in Refs. �3–6�, in which
the temperature dependent flow stress data came from experi-
ments. The temperature field and thermal cycle are calculated
from the 3D thermal finite element method �FEM� modeling, and
then the calculated temperature is input into the phase transforma-
tion model to get the volume fraction of each phase at a given
time step. Because the phase transformation model and grain evo-
lution model require very fine grids to assure enough accuracy, all
phase transformation and grain evolution simulations are only car-

Fig. 1 Flow chart of the coupled thermal-microstructural-
mechanical modeling approach
ried out on a cross section perpendicular to the scanning path of

FEBRUARY 2007, Vol. 129 / 111
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he plate. This is reasonable considering that all points along the
canning direction undergo similar thermal cycles and deforma-
ions. The flow stresses are calculated based on the phase volume
ractions from phase transformation modeling. Finally, the tem-
erature field and flow stresses are input into the mechanical
odel to calculate the thermal strain and predict the deformation.
Two cases were run in the current research: P=800 W and V

50 mm/s, and P=400 W and V=25 mm/s, where P represents
ower and V is scanning velocity. In both cases, the laser beam
pot size is 4 mm in diameter.

3.2 Experiment. To validate the theoretical models, a series
f carefully controlled experiments were conducted. AISI 1010
teel plates of 80�80�0.89 mm3 were laser scanned straight
long the center line under different conditions: 800 W and
0 mm/s and 400 W and 25 mm/s, maintaining spot size 4 mm
iameter �Fig. 2�. To enhance laser absorption by the plates, a
raphite coating was applied to the surface exposed to the laser.
he laser system used was a PRC 1.5 kW CO2 laser with trans-
ission electron microscopy TEM00 mode. After scanning, the

ending angles of the formed plates were measured by a
oordinate-measuring machine �CMM�. The plates were cross
ectioned perpendicular to the scanning path, polished and etched.
he changes of macro and microstructures in the HAZ were ob-
erved under scanning electron microscopy �SEM�. Finally, the
ickers microhardness was measured at points along the thickness
f the HAZ on the scanning path.

Results and Analysis

4.1 Macro- and Microstructures From Experiments. Fig. 3
hows the SEM images of the laser formed cross section perpen-
icular to the scanning path. A distinctly darkened region is ob-
erved. The darkened subregion immediately below the top sur-
ace is the heat affected zone �HAZ�, where phase transformation
ook place but no melting was involved. Because the HAZ expe-
ienced high temperature and deformation, significant recrystalli-
ation took place. Both recrystallization and phase transformation
aused refined grains in the HAZ. In addition, different from most
hermomechanical processes, the typical thermal cycle experi-
nced during the laser forming was very steep, which meant that
he time for grain growth was severely limited. As a result, the
rains in the HAZ were visibly refined. Although the input line
nergy �P /V� was same for the two cases, the time for heat dis-
ipation was longer with the faster scanning velocity. Thus, the
ase with the higher power and faster velocity �800 W and
0 mm/s� achieved a higher peak temperature and a larger HAZ.

Figure 4 shows the boundary of the HAZ under the conditions
f 400 W and 25 mm/s. The boundary of the HAZ is clearly
bserved and the refined grains �around 10 �m� in the HAZ are
uch smaller than those �average 25 �m� in the base material. In

ig. 2 Schematic of straight-line laser bending of AISI1010
teel sheet: s0 is sheet thickness, W sheet width, L sheet

ength, and d laser spot diameter
he case of 800 W and 50 mm/s, the SEM imagines show similar

12 / Vol. 129, FEBRUARY 2007
results.
The phase morphology in the HAZ under the conditions of

400 W and 25 mm/s is shown by SEM imagines in Fig. 5. In Fig.
5�a�, a large amount of different oriented packets with relatively
parallel laths within them are observed, and the microstructure is
considered as martensite Clearly, martensite is the dominant phase
at the top of the HAZ, where the material experienced a very high
cooling rate. Figure 5�b� shows that the martensite structure is still
observed in the middle of the HAZ, but there exists a phase in the
form of a small plate, different from retained austenite and mar-
tensite, remaining between lath martensite. This phase is thought
to be the remained ferrite after the �→� transformation during
heating. The observed area is in a zone with a mixture of marten-
site and retained ferrite. In Fig. 5�c�, the remained ferrite plates
become bigger and very little martensite in the form of small laths
is observed. From the observation, in the bottom of the HAZ, the

Fig. 3 The heat affected zone „HAZ… after laser scan, etched in
3% nital solution: „a… 400 W and 25 mm/s; „b… 800 W and
50 mm/s

Fig. 4 The boundary of the HAZ at 400 W and 25 mm/s. The

grain refinement in the HAZ can be observed.

Transactions of the ASME
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emained ferrite is the dominant phase. Based on the microstru-
ural observation at three typical locations in the HAZ, at the top,
he predominant phase is martensite because in this area the peak
emperature is above the nonequilibrium upper transformation
emperature A3ne, so the ferrite was completely transformed to
ustenite during heating, and then during cooling the austenite
as transformed into martensite due to a very high cooling rate. In

he middle of the HAZ, only part of ferrite was transformed into
ustenite during heating, so after cooling a mixture of remained
errite and martensite was obtained. At the bottom, only very little
f ferrite was transformed during heating, so the remained ferrite
as the main phase after cooling. The case of 800 W and
0 mm/s also shows the same trend of phase distribution within
he HAZ.

According to the experimental observation, the HAZ experi-

ig. 5 Microstructural observations at different locations in
he HAZ after laser scanning, 400 W and 25 mm/s: „a… top of
he HAZ; „b… middle of the HAZ, and „c… bottom of the HAZ.
tched in saturated picral solution.
nced significant recrystallization �the grain was evidently re-

ournal of Manufacturing Science and Engineering
fined�, and due to high cooling rate the martensite was substan-
tially formed in the HAZ and the transformed austenite during
heating was almost completely transformed to martensite after
cooling.

4.2 Predictions by Modeling

4.2.1 Thermal Cycles. The calculated thermal cycles at differ-
ent thickness depths on the scanning path are shown in Fig. 6. The
figure shows that the heating rate and the cooling rate are very
large, and the magnitude of heating rate is up to 1�105 K/s. The
very rapid heating and cooling would cause considerable super-
heating and undercooling during the laser forming. For example,
the melting temperature of AISI 1010 steel under equilibrium is
about 1789 K, and the peak temperature in the case of 800 W and
50 mm/s is almost 1800 K, but due to superheating, melting was
not observed from SEM imagines in this case. The final micro-
structure is also affected by the cooling rate within the austenite
decomposition temperature range. During low cooling rate, which
allows adequate time for the diffusion processes to occur, the
product is equiaxed ferrite. As the cooling rates are increased, the
austenite becomes inhomogeneous in composition, and then pearl-
ite appears and grows into the austenite. Eventually, when the
cooling rate become fast enough, bainite and martensite begin to
form and, if the sample can be cooled fast enough, all of the
diffusion-controlled transformations can be suppressed and only
the martensitic transformation occurs. The critical cooling rate to
form bainite is about 100 K/s for AISI 1010 steel �19�, and from
the thermal modeling, the transient cooling rate at the martensite
start temperature Ms �about 780 K� is above 300 K/s. Therefore,
almost all austenite is expected to form martensite during cooling,
and bainite or pearlite are not produced.

4.2.2 Phase Transformations. The phase transformation dur-
ing heating is relatively simple because no melting is involved and
only the �→� transformation is considered. The process can be
predicted by the JMA equation. When the heating process has just
finished and the cooling process is about to start, which is as-
sumed to be when the point at the top surface on the scanning path
reaches its peak temperature, the calculated volume fractions of
ferrite and transformed austenite are taken as the initial conditions
for phase transformation prediction during cooling. On slow heat-
ing, the dissolution of carbides and the formation of the � phase
take place at about 997 K for AISI 1010 steel, producing a mix-
ture of � and �. The � phase transforms completely to � at about
1120 K. There is a dual phase region from 997 to 1120 K. For the
laser forming process, the dual phase region still exists, but the

Fig. 6 The typical thermal cycles at different thickness depths
on the scanning path „X=20 mm, Y=0 mm… from FEM thermal
modeling of laser forming of AISI 1010 steel
temperature range will shift up a little due to superheating. The

FEBRUARY 2007, Vol. 129 / 113
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alculated austenite phase distributions at the end of the heating
rocess for both cases are shown in Fig. 7. The contours in Fig. 7
how that the HAZ region in the case of 800 W and 50 mm/s is
arger than that in the case of 400 W and 25 mm/s, the same
esult as that of the SEM imagines. The comparison between the
xperimentally obtained and the calculated HAZ size is also given
n Table 1. The comparison shows that the numerical result is in
greement with the experimentally obtained HAZ size.

To ensure that the values of the given material’s parameters
ould produce the correct shapes of the � fraction versus distance
lot, the calculated distribution of transformed austenite along the
hickness on the scan path was plotted in Fig. 8. The figure shows
he exact exponential relationship between the phase fraction and
he distance. Figure 8 also shows that the dual phase region in the
ase of 800 W and 50 mm/s is smaller than the 400 W and
5 mm/s case although the HAZ size is larger. In the case of
00 W and 50 mm/s, the time for heat dissipation is limited due
o the faster scanning velocity and higher temperature gradient
han in the case of 400 W and 25 mm/s. The larger temperature
radient also causes a smaller dual phase region in the case of
00 W and 50 mm/s.

The phase transformation during cooling is a process of the �

ig. 7 The volume fraction of transformed austenite at the end
f heating: „a… P=400 W, V=25 mm/s; and „b… P=800 W, V
50 mm/s

Table 1 Comparison of HAZ size betw

HAZ depth �m

Experimental

400 W and 25 mm/s 0.20
800 W and 50 mm/s 0.27
14 / Vol. 129, FEBRUARY 2007
phase decomposition, and the products are dependent on cooling
rate. To quantitatively predict the decomposition of the � phase in
the HAZ during cooling, the cooling rates calculated from the 3D
FEM thermal modeling were coupled with the Bhadeshia phase
transformation model �9–11�. The model was initially applied to
predict the phase transformation during welding of low carbon
steel. In the present research, it also worked well in the laser
forming having steeper thermal cycles than the welding process.
In the model, based on thermodynamics and phase transformation
kinetics, the TTT and CCT diagrams and the volume fractions of
the HAZ microstructures can be calculated using the given ther-
mal history. The calculated phase distribution after laser forming
in the conditions of 400 W and 25 mm/s is given in Fig. 9. From
Fig. 9, almost all austenite was transformed to martensite under
the very high cooling rate, and after heating the remained ferrite in
the dual phase region is still there. The rest is the small amount of
retained austenite �up to 3%�. As we know, the martensitic trans-
formation can never be complete; that is, a small amount of aus-
tenite is always retained. When the carbon content of steel is high
and the Ms temperature is low, a larger volume fraction of retained
austenite is obtained. For AISI 1010 steel, due to its very low
carbon content, only films of inter-lath austenite are retained at
room temperature. The quantity of retained austenite for low car-
bon steel is below 4%. The calculated phase distribution after
cooling shows a similar trend to the experimental observation: at
the top of the HAZ, martensite is predominant; in the middle, the
mixture of martensite, remained ferrite and very little retained
austenite �which cannot be observed from SEM images� is ob-
tained; and at the bottom, the main phase is the remained ferrite.
Similar numerical results are obtained in the case of 800 W and
50 mm/s. Figure 10 shows the measured Vickers microhardness
at various thickness depths on the scanning path. From Fig. 10,
the microhardness gradually decreases down from the top of the
HAZ, and there is a steep drop at the bottom of the HAZ. Hard-
ness in the HAZ was influenced by both phase constitution and
work hardening. Martensite is the phase with very high hardness,
and because the volume fraction of martensite drops quickly to
zero in the dual phase region, an evident drop of microhardness at

n experimental and numerical results

HAZ half width �mm�

merical Experimental Numerical

0.19 0.78 0.74
0.25 0.95 1.02

Fig. 8 The transformed austenite distribution at the end of
heating along the thickness on the scan path „Y=0 mm…
ee

m�

Nu
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he bottom of the HAZ �the dual phase region� was observed.
bove the dual phase region, martensite is the dominant phase,
ut the region closer to the top surface experienced higher peak
emperature and larger plastic deformation, and thus, has a higher
ardness due to work hardening. This also provides experimental
vidence for the simulated phase distribution after cooling.

4.2.3 Deformations. After the real time phase constitutive in-
ormation is obtained by the phase transformation modeling, the
ow behavior can be calculated by the rule of mixtures �Eq. �1��.

ig. 9 The phase constitution after cooling, P=400 W, V
25 mm/s: „a… martensite and „b… ferrite

ig. 10 The measured Vickers microhardness along thickness
n the scanning path „Y=0 mm…: test load=25 g and duration
ime=10 s. An evident hardness drop is in the bottom of the
AZ, where the volume fraction of martensite drops quickly to

ero.

ournal of Manufacturing Science and Engineering
Based on the calculated transient flow stress and the FEM me-
chanical modeling of laser forming, the bending angles of the
plates can be predicted. Figure 11 shows that both the experimen-
tal and the numerical results of the bending angle along the scan-
ning path agree with each other very well. It can be seen that,
from the entering end of the scanning path �X=0 mm�, the bend-
ing angle first drops a little and then increases to a greater angle at
the exiting end. This phenomenon is called the edge effect and
was already investigated in detail in an earlier research �4�. The
drop of the bending angle after the laser enters the plate is caused
by the stronger surrounding constraint in the middle of the plate.
The bending edge curvature is dependent on the bending mecha-
nism, constraint by the surrounding material and preheating. In
the 400 W and 25 mm/s case, due to its slower scanning velocity,
the exiting end was preheated to a fuller extent. Therefore, when
the heat source moved from the entering end to the exiting end,
the increase of the peak temperature and the thermal expansion
was larger. As a result, the increase of the bending angle in the
exiting end was larger than that of the 800 W and 50 mm/s case.
Also, the bending edge curvature in the case of 400 W and
25 mm/s was larger.

Figure 12 shows the simulated history of the Y component of
the plastic strain at different points along the thickness on the
scanning path. As seen, the plastic strain is severely compressive
at the top surface of the plate and slightly compressive on the

Fig. 11 The comparison between numerically predicted bend-
ing angles and experimentally obtained bending angles at vari-
ous locations along scanning path „Y=0 mm…

Fig. 12 Y-component of plastic strain along thickness on the
scanning path „X=20 mm and Y=0 mm… from FEM mechanical

modeling of laser forming of AISI 1010 steel

FEBRUARY 2007, Vol. 129 / 115
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ower surface. These results are easily understood. During heating,
oth the top and bottom of the plate tended to thermally expand,
ut the thermal expansion was restricted by the surrounding ma-
erial, which led to the compressive plastic strain at the stage of
ooling. The top was heated to a higher temperature, and had a
tronger tendency to expand; therefore, more compressive plastic
train was produced due to the restriction from the surrounding
aterial, which makes the plate bend towards the laser.

Conclusions
A coupled thermal-microstructural-mechanical model has been

eveloped for the laser forming process. The model considers the
ffect of phase transformation, work hardening, dynamic recovery
nd recrystallization on the deformation occurring during the laser
orming process. The phase transformation of AISI 1010 steel
uring heating was modeled by the modified JMA equation, and
he austenite decomposition during cooling was predicted by the
hadeshia’s phase transformation model, which was initially ap-
lied in the welding process. All the numerical results agree well
ith the experimental results.
The simulation and direct observations of the microstructure

nd deformation lead to the following conclusions:
�1� Under typical thin plate laser forming, a substantial amount

f martensite is formed due to the extremely high cooling rate
resent after the laser scan.

�2� Due to phase transformation and significant recrystallization
aused by high temperature and deformation in the HAZ, the
rain is distinctly refined.

�3� According to comparison of the HAZ macrostructure, phase
onstitution and bending angle between the experimental and nu-
erical results, the proposed coupled model is able to predict the
icrostructure evolution and the deformation caused through laser

orming.
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