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Laser forming of steel is a hot forming process with high heating and cooling rate, during

Department of Mechanical Enginesring, which strain hardening, dynamic recrystallization, and phase transformation take place.
Columbia University, Numerical models considering strain rate and temperature effects only usually give un-
New York, NY 10027 satisfactory results when applied to multiscan laser forming operations. This is mainly

due to the inadequate constitutive models employed to describe the hot flow behavior. In
this work, this limitation is overcome by considering the effects of microstructure change

on the flow stress in laser forming processes of low carbon steel. The incorporation of

such flow stress models with thermal mechanical FEM simulation increases numerical

model accuracy in predicting geometry change and mechanical properties.
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1 Introduction of material behavior in plastomechanical simulations of hot-

Laser forming is a hot working process, during which therm%fgmlng processes. The developed model was validated to in-

) - : ease the accuracy in terms of structural description and flow
d_|st0r_t|0n induced by a laser beam Is made use (.)f to shape Maftess determination. Pauskar and Shivpisi considered recov-
rial without hard tooling or external forces. Numerical and experg,. .

. i . A and dynamic recrystallization in the flow stress model for hot
mental investigations of laser forming processes were carried T{Hﬁing

to better understand process r_nechamsms an(_j the effec'gs of Vaser forming differs from other hot working processes in that
process parameters on dimension and mechanical properties ofst%

; (ﬁificantly higher heating and cooling rate is involved. This is
fprmed part_s{1,2,3]. Temper_ature and strain-rate erendent matge nerally true for processes using a laser beam but laser forming
rial properties were compiled and considered in the numeric

dels develoned f d tube | formi 0 involves fairly high strain and strain rate. Ashby and Easter-
MOCEIS developed for concave, convex, and tube laser-formiy [16] investigated the transformation of steel surface treatment
processes, and nonlinear relationships including appropriate flg\|aser heams. They presented a kinetic model that considers the
rule and ylelq criterion were specified for plastic deformatloEa id heating and cooling rate effects on metallurgy of steel. They
[4,5,6. Experimental observations, however, have shown that t Spmbined the solutions to the heat flow and the kinetic models to

laser forming processes of metals are often accompanied by g€ ict the near surface structure and hardness after laser treat-
covery, recrysta_lllzatlon and phase tra_ns_formalﬁars_,g,lq_ T_O . ment. But the deformation involved is small. Chen et BL7]
enhance modeling accuracy and prediction capability, variatiopgnsigered the austenitization temperature change due to the su-
in material properties, such as in flow stress, caused by miCigsiheating during laser surface hardening. They applied the trans-
structure change_s need to be considered in numerical simulatighnation temperature change to FEM simulation, and the results
of the laser forming process. _ _ showed that considering microstructure dependent physical prop-
Itis important to consider the microstructure changes in Modyties are important. In this paper, the effects of microstructure
eling the laser forming process because, first of all, for the higlhange on the flow stress in laser forming processes of steels are
temperature experienced in the process, flow stress is more $igamined in the context of higher heating and cooling rate. Ap-
nificantly influenced by the microstructure changes. Secondly, lgropriate models of microstructure changes are incorporated into
ser forming like other hot working processes, is characterized Byermal-mechanical FEM simulation in order to better predict the

work hardening simultaneously relieved by dynamic softeningiechanical properties and geometry change of the formed parts.
processes. Apart from recovery, dynamic recrystallization is the

primary softening mechanism determining the stress-strain rela- i
tionship of a material and, hence its flow behavior. This is espé- Microstructure Dependent Flow Stress Modeling for
cially true for metals such as steels, which exhibit relatively loaser Forming

tacking fault o ticular, the simult hardeni . . .
stacking fault energy. ' paricurar, e simuraneous nar enml%_Z.l Modeling scheme. A typical laser forming process of

and softening process repeats and its effects accumulate in m b teel d the st listed in Table 1. wh
scan laser forming, during which repeated heating and deformiffy/ ¢aroon sSteels undergoes the stages listed in 1able L, where
gne IS the nonequilibrium lower transformatiqaustenitization

take place to achieve the magnitude of deformation required L -
practical 3-D laser forming temperatureAs,,. the nonequilibrium upper transformation tem-
The fundamental of physical metallurgy of hot working of stedperature, and 700. Kis approximately the starting temperature for
martensite formation of low carbon steels. Table 1 was obtained

is well established. Various research grolip$,12,13 have de- . >
veloped material models for the mathematical description of rBY comparison of FEM analys{0] and Fe-carbon equilibrium
r|1ase diagram taking into account non-equilibrium effect. The

covery and recrystallization behavior based on semi-empiri TS P :
equations. The incorporation of such models with finite elemef{Etemination of the nonequilibrium transformation temperature
method (FEM) based simulation to predict local microstructur uehto superrllleatlngt] will .be tdlsgussclad in Sectl(;)nls 24and4.1. /
has led to more accurate results. For instance, Karhausen and''€ Overall strategy 1s lo develop a module on recovery.

Ko 14] presented a model offering improved implementatio crystallization _and a ”?0‘?'“'9 on phase transform_ation, and to
pp[14] p gmp P f]r?terface them with an existing FEM thermal/mechanical model of

Contributed by the Manufacturing Engineering Division for publication in the,!aser forming(Fig. 1). The FEM model, which has been reported
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Table 1 Microstructure change in typical laser forming processes of

low carbon steel sheets

300K~ | Ajetemp ~ | Ajzn.temp ~ | peak temp. ~ N
Temp. (®) | 4 temp | Asmetemp | peak temp. | 700K 700K ~ 300K
time ~50ms ~10ms ~20ms ~20ms ~200ms
plastic 154 5504 ~5% 20-30% | 30~40% 10-20%
deformation
yes but less | yes but less .
recovery yes yes significant | _significant less likely
recrystallizationjless likely likely yes yes yes
phase . ferrite . s austenite-->
transformation ferrite -->austenite austenite avstenite martensite/others
FEM simulation output:
4T, &, &
compute &( &, T)
determine work hardening/ determine recrystallization/
dynamic recovery kinetics recovery kinetics
l compute flow stress o ; | compute flow stress o;
volume fracﬁo;
< input X; from »
Figure 1(b) \
compute
(@
heating FEM simulation output; cooling
t, T, AT/AL;
h 4
- CCT curve
determine .
addiffusional | diffusional
v transformation| transformatio
adjuhzt edaI brium) compute volume| | determine volume m
phase diagram fraction X; from fraction X; from transformation
v K- M model CCT curve
determine
volume fraction X;
output data to
Figure 1(a)
(b)
Fig. 1 Algorithm for (&) recovery /recrystallization, and (b) phase

transformation constitutive modeling
phase)
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Table 2 Values of the coefficients A, a, Q er and n [20]

Value n a m’ MN*! Ind Quer kJ.mol”!
maximum (o), ) | 6.8912 0.0079304 38.355 412
. steady (o3*) 6.6422 0.0076101 36.547 387
austenite T
initial stress (o,) | 8.0278 0.01086 49.75 514.8
maximum (o) | 5-76 0.099 34.97 396
. steady (o) | 5455 | 0.0994 33.295 374
ferrite I itial stress (@) | 6.835 0.0135 43871 474.47

phase transformation module determines volume fractignef Work hardening and dynamic recovey<e.). The classical

different phases depending on whether it is heating or coolingpproach to modeling the flow stress in this regime consists of the

The austenitization temperature will change due to the high hefdfowing expressior22], which considers work hardening and

ing rate in laser forming. For a heating stage, an equilibrium phadgnamic recovery.

diagram is adjusted for the high heating rate involved as follows rec 2 2 %2 005

and is used to determin¥;. An experimental method is em- o"**=loss +(op—0oss)e )

pI_oyed to decide t_he adjL_Jstment in austeni_tization temperature, gs. .o rec

will t_)e discussed in _Sectlon 4.1. _For a cooling stage, a Cont'ngorlé%overy was the only softening mechanism, is the initial

cooling _transformation(CCT) diagram together with semi- stressoa, is the imaged steady state stress when strain is infinite

empirical models is used to determing (Fig. 1(b)). With all Tss 9 y i A . '

these as inputs, the recovery and recrystallization module balangB§(? represents the ease of dynamic recovegy. o'ss, and{l in

between work hardening and the softening processes of dynafi (2) need to be determined:, and o3 are determined by the

recovery and dynamic recrystallization, and subsequently detgtodified hyperbolic sine layl3] given T and  values from the

mines the flow stress by the additive principléEq. (1)) of multi  FEM model:

phaseqFig. 1(a)). Appropriate constitutive relationships used in

these modules will be described below. E=A exp{ i(m)sinr(oa)“ 3)
Isotropic material is considered. It is assumed that no texture RT

will be formed in laser forming induced microstructure change. !X/hereA, a, Qqe andn are material dependent coefficients and are
is assumed the stress induced by volume change accompanyilth /mined as followg20]. A series of hot forming processes was

phase transformatlon_s is small and thereforg _negllglble. Grain s| Snducted under different strain ratend temperature to obtain
effect on flow stress is assumed to be negligible under the congi-

. : "
tions used. This assumption is base on the previous observati I stress/strain Cfrve% and o Were_measured from these
Shigenobu et al[18], and Semuna et a[19], found that peak Ccurves. All o (or o5 values along withe and T values were
strain &, of a low carbon steel in torsion can be successfulljubstituted into Eq(3) to determined?, «, Qqes andn in a two-
predicted without considering grain size and its change. SorfiP process similar to regressienandn were first obtained by
other studies have removed the grain size tE26j in low carbon Plotting logo(o) versus logg(£) assuming high temperature and
steel material models. It is assumed that the material concernedd versus logy(s) assuming low temperature. The values/of
an aggregated structure of several phases and the contribution8fst Quer Were then be found by plotting la(sinh@o) "] versus
each phase are independent of each other. Therefore, the prop8r- For AISI 1012 steel used in this paper, values of these coef-
ties of the multiphase alloy will be a weighted average of thécients reported by Anderson and Ev4as] are listed in Table 2.
individual phases. In this paper, it is assumed that the phases Ageseen, they were determined for two temperature regions, that
subject to equal strain and the material stress is obtained from thethe high one corresponding to austenite and low one corre-
weighted average of phase stresses. sponding to ferrite region. In each region, the coefficients were
determined foloy, ando, (to be used in Eq2)) andoge (to be
N used in Eq.(6) below).
It should be pointed out that, while the temperature and strain
‘7:; (Xj-07) (1) rate obtained from the FEM model are transient, using By.
assumes quasi-steady state and leads to a level of approximation.
Laser forming is a transient process but strain and strain rate in-
whereo is the total stres¥; and o} are the volume fraction and volved are less than that in other forming processes. In addition,
stress of thejth phase of the material, respectively. It is alsahe time step in the FEM model automatically adapts to tempera-
assumed that deformation and microstructure induced heat is nege and strain rates and gradients. As a result, it is reasonable to
ligible. The temperature dependence of the material propertigderate the quasi-steady state assumption associated wit8)Eq.
such as the modulus of elasticity, thermal expansion coefficiers to the level of approximation, few literatures have reported its
thermal conductivity, and specific heat follow Bao & YE®) and estimate. Blunj23] studied modeling of steady state and transient
Li & Yao [5]. deformation under elevated temperature. He suggested that the
form of Eq. (3) is still valid for transient deformation but may
ge modified by a coefficierik;>1 to account for the transiency.
Q in Eq. (2) is expressed in form of

represents the flow stress in this regime when dynamic

2.2 Recoveryrecrystallization modeling. The algorithm
for recovery/recrystallization modeling is schematically illustrate
in Fig. 1(a). The relationship between the stress-strain curve con-
figuration and corresponding structural event is known from nu- o —
merous experimental studies covering a broad spectrum of metals. Q=K-gMd? ex;{ ﬁ) (4)
Following the approach of Laasraoui and Joh2s], the stress
strain curve is divided into two regions: the region before thehereK, n,, n,, andQ are material constants. Values of these
critical straine. where work hardening and dynamic recovery igonstants for AISI 1012 steel are adopted from Anderson and
the predominant mechanism, and the region after the critical stréimans [20] and they areK=32.5, n;=0.055, n,=0, and Q
where dynamic recovery and dynamic recrystallization act te=19,800 J/mol. Since the effect of grain size is assumed negli-
gether with recrystallization more dominant. gible, n, is taken to be zero.
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Recrystallization(e>¢.). The fraction of completeness of re-
crystallization is represented by
Bl

O_recio_ [
= 1*6X[{*Kd(
e

*x __rex
ss ss

e—¢g¢

Xg= (%)

€05 €¢
which is arranged to obtain flow stress

-

e—¢g;

R LS

€05 €c

whereo Ly

has progressed through the materi@ly* is determined in the
same manner as, ando s, using Eq.(3) and the value is listed in
Table 2. Equation$5) and (6) also incorporate work hardening
and recovery effects embeddeddff® and o%,. Ky is 0.693 for
most steels, andy is 2 for very low carbon steel®.11 percent to
0.17 percentaccording to Shigenobu et lL8]. &5 is the strain

represents the steady state stress after recrystallization

§0mm
t 4
0 Y
X
80mm :
: scanning path
ZA
0.89mni__| 1}
0 >Y

corresponding to 50 percent softening due to dynamic recrystalli- Fig. 2 Geometry of workpiece and coordinate system

zation and is determined in that same waygghrough Eq.(8).
Laasraoui and Jon#&1] derived the critical straim, and strain at
peak stress, as follows

£.=0.8%, @)
Q'

ep=B&%d? exp( RT) (®)

constant, which was experimentally determined to be 0.011/K for
steels[24]. The martensite of AISI 1012 steel is comparable to
Bainite and Widmanstatten ferrite because of its bo\w ratio. To
predict martensite hardness, the cooling rat®atfor the area of
interest calculated by the FEM model is compared with the
Jominy hardenability curvg®5]. This approach follows Mazum-

whereB, q;, g, and Q are material constants. As discusseder[26]. The Jominy hardenability curves consider composition,

early, the grain size term is neglected and hemcequals to zero.
The other constants are determined for AISI 1012 steel based
the experimental data by Anderson and Evg2@] by the least
square method. The values for all the coefficients to determi
0. is listed in Table 1. The coefficients used to calculajeare
B=1.2x10"3, q;=0.11,0,=0, andQ’ = 18,812 J/mol. The val-
ues of the coefficients to calculatg s are B=6.95<10°, q;

=0.035,q,=0, andQ’ =58,454 J/mol.

2.3 Phase Transformation Constitutive Modeling. Two

temperature, and cooling rate effects. The algorithm for phase
teemsformation constitutive modeling is schematically illustrated
in Fig. 1(b).
ne

2.4 Superheating. For rapid heating, as observed in laser

forming, it is important to consider the kinetics of transformation

in order to obtain more accurate simulation results. Stuii@$

have shown that, for nonequilibrium heating, an additional trans-
formation resistance, i.e., the thermal effect resistance, exists. This
resistance increases the transformation temperature so that this

kinds of phase transformation are considered in the model. Thdditional transformation resistance can be overcome, i.e., a
first is allotropic transformation of which the kinetics is controlled@rater transformation driving force has to be attained. For this
by nucleation and growth mechanisms. The second is diffusioP@Per, an experimental method is employed, as will be discussed

less transformations such as martensitic transformations that
considered to be independent of time.

iyeSection 4.1, to determine the nonequilibrium transformation
temperatures under different process conditions. For example, it

For allotropic transformation, the amount of transformed prod¥as found that the nonequilibrium lower transformatiausten-

uct (in terms of volume fractionis generally known to increase

exponentially with thek™ power of time, and the rate of increase
also relates to the diffusion coefficient of the material. An examp

is the Johnson-Mehi-Avrami equation. Bokhand the diffusion
coefficient are functions of temperature, and represent the nu

itization) temperature is about 1,033 K and 1,0884d& opposed
o the equilibrium value of 1,000 Kunder the two conditions
fxamined (Laser powerP=400W and scanning velocity/
=25 mm/s, andP=400 W andV =25 mm/s, respectively Un-

dier both conditions, the heating rate is in the order dfHGs as

ation and growth rates, conditions of nucleation and the geomeff§termined in the FEM model. These transformation temperature
of the growing phase. They need to be experimentally determin¥g/ues are adopted in the simulation.
for a given material and thermal history. In this paper, an approach

involving the use of continuous cooling transformati@cCT) dia-

grams is appliedSection 4.). The time history of cooling in laser
forming determined by the FEM simulation is superposed on
CCT diagram of the same material. The volume fraction is eval

ated by identifying the transformation start and finish times for th
various phases at different temperatures and using interpolat

ffu=
sionless transformations dominate due to the high cooling raé

for intermediate values. Section 4.1, however, shows that di

experienced in laser forming.
For diffusionless transformations, K-M modgt4] gives the
volume fraction of martensite as a function of temperature:

Xmartensite= parenl(to) . (1_ eXﬂ - KMl(Ms_ T))) (9)

3 Experiment and Simulation Conditions

The straight-line laser-forming scheme with natural cooling is
Hown in Fig. 2. The scanning path is along thaxis and the
irection perpendicular to the scanning path within the plate is
%fined agy-axis. To reduce the edge effd@], scanning is per-
rmed back and forth along theaxis. The material is low car-

n steel, AISI 1012, and 80 mm by 80 mm by 0.89 mm in size.
enhance laser absorption by the workpiece, graphite coating is
applied to the surface exposed to the laser. Most experiments use
either laser power of 400 W and scanning velocity of 25 mm/s or
800 W and 50 mm/s. One experiment involves velocity varying
between 25 and 80 mm/s, and other experiments involve power
varying between 400 and 800 W. There is no melting involved in

with Xparendto) the volume fraction of the parent phase at théaser forming under the conditions in this paper. The exact experi-
start of the martensitic transformation and is one for laser forrmental conditions are noted in the figures and their legends. The
ing; M4 the martensite start temperature, which depends on carb®tperiments were repeated at least three times and the standard
content and is about 748 K for AISI 1012 steKl;;, a material deviations of the measured values are indicated by means of error
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2000
40000 P=800W V=50mm/s
- 1183} =
1800 ¢ T o~ it
i £ 10008l 577 1 P=400W V=25mm/s
1600 &
o afeil 20000+
1400 ] i iy "
< ) >
@ 1200 "‘. Equilibrium austenitization 2 0 A
3 | temperature X=40mm Y=0mm 2
2 1000 — 7=0.89mm >
@ ] 17,3 : 2 . R
g ] i - - - -Z=0.667mm £ 20000
E so00 o 8
[ >
600 ] v ~40000 -
400 ] l
| - P=800W V=50mm/s -60000
200 7]
1' 2 3 4 0.5 1 2 3 4
Time (s) Time (s)

Fig. 3 Typical temperature history of points on the scanning Fig. 4 Typical heating and cooling rate on the top surface

path along the thickness direction from FEM results (AISI 1012 along the scanning path (X=40mm, and Y=0mm, and Z
steel) =0.89 mm) from FEM results. Note: positive value as cooling

rate, and negative values as heating rate

bars in figures. The laser system used is a 1500 W l@€er. The . .
laser beam diameter impinging on the workpiece is 4 mm. figher than the transformation temperatures while the one near the
coordinate-measuring machif€MM) is used to measure the bottom surfaceZ=0.0 mm) a much lower temperature.

bending angle of the formed parts. Scanning electron micrOSCOpySuperheating. Figure 4 shows typical heating and cooling

(SEM) is used to assist in the determination of the nonequilibrium . db . h : f th koI
transformation temperatures and to examine the resultant micf8l€s experienced by points near the top surface of the workpiece

structure changes. Tensile test samples are machined by CAleng the scanning path obtained from the FEM model. As seen,
along the scanning path and tensile tests are conducted on a Mif®. magnitude of heating rate reaches abouxa® K/s (repre-

A commercial FEM code, ABAQUS, is used to solve the heaented by a negative valueTo determine the nonequilibrium
transfer and structural problem similar to what has been reportgdnsformation temperatures, an experimental method with the aid
in Cheng and Ya¢10]. The modules on recovery/recrystallizationof the FEM model is used and explained as follows. Figure 5
and phase transformation were implemented through ABAQUWshows the SEM images of the cross section perpendicular to the
subroutines. Fig. 1 shows flowcharts of the microstructure depeseanning path after laser forming under two conditions. A distinc-
dent flow stress modeling. Since the heat transfer and deformatiively darkened region is observed below the top surface under
are symmetric about the vertical plane containing the scannibgth conditions. As it will be shown in Fig. 8, the darkened region
path, only half of the plate is modeled in the numerical simulatiorlearly underwent phase transformation during the laser forming
The symmetric plane is assumed to be adiabatic. The same mpsaitess. No melting was involved. The larger extent of the region
model is used for the heat transfer analysis and structural analysisder the condition o =800 W, V=50 mm/s is attributed to the
Two adjacent points in the middle of the symmetric plane aftigher temperature the material experienced than that under the
fixed in order to remove the rigid body motion. All other pointsother condition. Figure 6 shows the isothermal contours by the
within the symmetric plane are assumed to move only within tHeEM analysis under the same two conditions. Comparison of the
symmetric plane throughout the deformation process. In structufatation of the darkened region boundary shown in Fig. 5 and the
analysis, the twenty-node element has no shear locking, no howmperature contours at the corresponding location shown in Fig.
glass effect, and is thus suitable for a bending-deformatioB-leads to the determination of the nonequilibrium lower transfor-
dominated process such as laser forming. In order to remain comation temperaturd, . as 1,088 K and 1,032 Kndicated by the
patible with the structural analysis, the same twenty-node elemejuitted lines in Fig. for the two conditions, respectively. The
is used in heat transfer analysis. The boundary conditions usedre significant superheating under the conditiorPef 800 W,
include that the top surface is cooled by a weak gas flow. The=50 mm/s is obviously due to the higher heating rate involved
remaining surfaces are cooled through free convection with atm@ig. 4). These values are then used in the computer modeling of
sphere. Surface heat flux followgs=q(x,t), surface convection phase transformation by adjusting the austenitization point up
g=h(T—-T°, where h=h(x,t) is the film coefficient, andT® from equilibrium austenitization temperature to account for the
=T°(x,t) the surrounding temperature, and radiatiprs A((T  effect of superheating. The rationale of the approach is based on a
—T9)*—(T°-T?%), whereA is the radiation constant aricf the Simple fact that only points experienced temperature above the
absolute zero on the temperature scale used. A user-defined Féoreer transformation temperature during heating may experience
TRAN program was necessary to model the heat source ingftase transformation during subsequent cooling.

from the Gaussian laser beam. Undercooling. Figure 7 shows the superposition of cooling

curves of laser forming from FEM results on the continuous cool-
4 Results and Discussions ing transformatiofCCT) diagram of AISI 1012 steel. As seen, the

high cooling rates experienced by both the points near the top

4.1 Preparatory experiments and simulation. Figure 1 surface and the bottom surface precludes significant diffusion con-

shows laser-scanning path in relation to the workpiece and ttrelled phase transformations. The points near the top surface pri-
coordinate system. Figure 3 shows a typical time history of semarily transformed to martensite. This is also evident in F{g),8
eral points along the thickness direction during laser forming ol¢hich shows a magnified view of the darkened region shown in
tained from the FEM model. Part of the iron-carbon equilibriunfrig. 5b). The structure seen is in the form of lath martensite
phase diagram is also shown in the figure as an approximate guadasisting of parallel arrays or stacks of board- or lath-shaped
to transformation temperatures for AISI 1012. As seen, the poiatystals. This lath martensite produced by high cooling rate con-
on the top surfaceZ=0.89 mm) experiences temperature muckists of high densities of tangled dislocations, reflecting lattice
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Fig. 5 SEM micrographs of the cross section perpendicular to 0.00 ' 0.50 ' 1_60 1_:50 200 250 ' 3.00

the scanning path, showing the hardened (dark-colored, no . .
melting involved ) zone below the laser scanned top surface of (b) Y direction (mm)
AISI 1012 steel under the conditions of (a) P=400W, V
=25 mm/s and (b) P=800W, V=50 mm/s (grain refinement is Fig. 6 Isothermal temperature contours from FEM results on
seen in the region surrounded by dashed lines ) the cross section normal to the scanning direction when laser
is scanning under the conditions of (a) P=400W, V
=25 mm/s, and (b) P=800W, V=50 mm/s (half of the cross
section is simulated due to symmetry ). The dotted lines the
invariant deformation and volume accommodation effects durigg‘f_le_’?t of the darkened areas in Fig. 5 and are used as the non-
athermal transformation from high temperatures. The points ne m'\';glr\'/lg lower transformation temperature Ay . No melting
the bottom surface, although also experienced a high cooling ra?e, '
did not experience phase transformation since they were not
heated even above the equilibrium transformation temperature
(Fig. 7). Figure 8b) shows a magnified view of the boundary
between the darkened region and nondarkened region. As seen . . .
the darkened region consists mainly of martensite, while the ndfyliPerature rise and fall and the greatest plastic deformation as
darkened region mainly ferrite and a very small amount of pea}f€!l This also provides experimental evidences for the recrystal-
ite, which is typical maiden microstructure of low carbon steel ation modell_ng u§ed in simulation. For exampl_e, Shaxis ex-
like AISI 1012 used in this study. In summary, AISI 1012 stedfNt of the grain-refined zone on the top surface is about 0.98 mm
mainly underwent martensite transformation or no phase transf@r- 1.26 mm under the CO”d'“Of!S O*HOO. W, V= 25 mm/s and
mation in laser forming because the high cooling rate experienc 38.00 W, V=50 mm/s., respgctlvely. Thig-axis extent O.f 1'26.
by every points including the ones near the bottom surface pf@Mm iS drawn on the-axis plastic strain curve shown in Fig. 9, in

vents diffusion-controlled phase transformations from takinf"ich pealé tgmperzture e.xperlencteﬂ.ont_ the top surfalce II? also
place in a significant fashion. uperposed. Since dynamic recrystallization occurs only when a

critical strain is reached and when temperature is elevated, one
Dynamic Recrystallization Extent.As seen in Fig. 5, there is a can state based on Fig. 9 that when jhaxis plastic strain ex-
sub-region(surrounded by dashed lineenmediately below the ceeds approximately 1.33 percent and the temperature is approxi-
top surface within the darkened zone, where the grains are visilohately above 1,400 K, dynamic recrystallization is significant.
refined. This is indicative of the significant dynamic recrystallizaNote that this statement is valid becauseyaxis plastic strain is
tion that took place along with plastic deformation and phaggpically several orders of magnitude higher than the plastic
transformation because this sub-region experienced the highstsains along other directions as shown from the FEM model.
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Fig. 7 Superposition of cooling time history of laser forming
from FEM results on CCT curve of AISI 1012 steel [28]

4.2 Prediction of Geometry Change with Microstructure
Consideration e

4

Multiscan. Figure 10 shows the comparison of experimentally _f/xaﬁk
measured bending angles with simulation results based on mode . ‘/: 1
with and without microstructure consideration for a 10-scan lase’ 2+
forming process under two conditiot® =800 W, V=50 mm/s, ;
and P=400 W, V=25 mm/3. The scans were carried out along ¢
the same scanning path with alternate directions in order to redud 52
the edge effect. Enough time was allowed between scans in bof
experiments and simulation in order for material to cool down
near the room temperature. In practice, forced cooling is normally(b)
used to speed up the multiscan procgk3]. The model without
microstructure changes considers only the effects of temperaturig, 8 Detailed SEM micrographs of AISI 1012 steel after laser
strain rate and work hardening on flow stress, while the mod@fming under the condition of = P=800 W, and V=50 mm/s (a)
with microstructure change considers softening mechanisms Rynarily martensite structure within - the hardened zone
dynamic recovery and recrystallization, as well as the effect §f2200) and (b) microstructure around the boundary between

phase transformation on the flow stress, in addition to the eﬁeg@e,lQa(rff;;d((ﬁggrls(e?g;% )) and untransformed - (light colored )

already considered above. The details of the model with micro-
structure change are discussed in Section 2.

It is seen from Fig. 10 that there is not much difference between
the predicated angles by the two models for the first scan. How-
ever, with increasing number of scans, the difference widens. The_ ) o )
bending angle predicted by the model with microstructure consid-First Scans. The first two scans shown in Fig. 10 are magni-
eration matches experimental measurements better. The mdifd in Fig. 12 for more detailed analysis. It is seen that under the
without microstructure consideration underestimates the flog@ndition of P=800 W andV=50 mm/s, the hardening effect
stress and thus overestimates the bending angle. More revealingug to martensite transformation was not as significant as the soft-
that the softening effects due to recovery and recrystallization &8ing effect due to dynamic recovery and recrystallization in the
out-weighted by the hardening effects due to martensite transféifst scan but quickly surpassed the latter in the second scan. Con-
mation near the top surface. The net effect of microstructutéary to that, the net hardening effect under the conditiorPof
change in laser forming of steels, therefore, is hardening and thia¢00 W andV =25 mm/s accumulated in a more graduate fash-
increase of the flow stress. This is consistent with what will b@n. This is because that martensite did not exit at the beginning of
discussed in Section 4.3. Another observation is that the discréhe first scan but already exited at the beginning of the second and
ancy between the models with and without microstructure consigdbsequent scans. This made the softening effect due to dynamic
eration is larger under the condition d?=800W andV recovery/recrystallization more dominant in the first scan, espe-
=50 mm/s than that under the other condition. This is primarilgially under the condition oP=800 W andV =50 mm/s where
due to the much higher cooling rate experienced under the fornibe recrystallization zone was larger, the recrystallization more
condition (Fig. 4), which favors more martensite transformatiorcomplete, and the hardened zone larger(fig. 5b)). As a result,
and thus makes the net effect of hardening greater as compaitegl model without microstructure consideration even slightly un-
with that under the other condition. More detailed analysis followderestimated the bending angle in the first scan under this condi-
in the next paragraph in which the first two scans are closelipn. Under the condition oP =400 W andV =25 mm/s, both the
examined. The steady-state bending angle values predicted byhledened and recrystallization zones were sméfgy. 5a)), and
models with and without microstructure consideration shown ithus the absence of martensite at the beginning of the first scan did
Fig. 10 are extracted and compared with experimental resultsrint make the net hardening effect in the first scan much different
Fig. 11 for greater clarity. from that in the subsequent scans. As a result, the model without
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Fig. 12 Detailed view of the first two scans from Fig. 10 (MS-

microstructure consideration )

microstructure consideration slightly overestimated the bending
angle in the first scan under this condition and the overestimate
increased moderately in the second scan.

Parametric Sudies. Fig. 13 compares numerical results of the
two models with experimental measurements under a wide range
of conditions for a single scan. The experimental results agree
with the one with microstructure consideration better. As seen, the
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Fig. 13 Parametric studies of single scan bending angle (ex-

perimental and numerical results w / and w/o microstructure
consideration (MS)) (a) vs. scanning velocity, and  (b) vs. laser
power
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2000 model without microstructure consideration. Figure 15 compares
100+ J1s00 the yield stress measured from experiment with the prediction
from modeling result with and without microstructure consider-
ation. The details about tensile test specimen can be found in
1400 Cheng and Ya10]. The first sample was scanned twice and its

1600

= 1 Jwu/ . @ eemwmETEEEoocoC & N

§ 1200 8 hardness measured. The nédifferen) sample was scanned four

= P=B00W V=50mms 2 times and its hardness measured. The process repeated until the
@ i . i =
8 model wi MS 10 g last sample was scanned ten times and measured. The experimen
- - - - - model wio MS 1800 § tal results agree with the one with microstructure consideration

] better. This further demonstrates why the model with microstruc-

> 1004 0 N e top surface temperature 4o

ture consideration can predict the bending angle better.

—1400

Y I A 5 Conclusion

T A o A fundamentally based and empirically calibrated flow stress
Time () model for the Ia_ser fc_erlng process of a Iow_ carbon s;eel has be(_en
presented in this article. The effects of strain hardening, dynamic
Fig. 14 Comparison of numerical results of ~ Y-axis stress his- ~ fecovery and recrystallization, superheating, and phase transfor-
tory w/ and w/o microstructure consideration  (MS) mation have been considered. Application of the present model in
the prediction of geometry and mechanical properties in multiscan
laser forming has demonstrated significant improvement in accu-
racy over the model without microstructure considerations. Incor-
4g0|  P=800V=50mmis porated with FEM, the present model serves as an enabler for the
model w/ MS analysis and design of practical three-dimensional laser forming,

T where multiscan is necessary.
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