Analysis and Prediction of Edge
Effects in Laser Bending

Laser forming of sheet metal offers the advantages of requiring no hard tooling and thus
reduced cost and increased flexibility. It also enables forming of some materials and
shapes that are not possible now. In single-axis laser bending of plates, the bending edge
is found to be somewhat curved and the bending angle varies along the laser-scanning
path. These phenomena are termed edge effects, which adversely affect the accuracy of
the bending and result in undue residual stress. Numerical investigations are carried out
to study the process transiency and the mechanism of the edge effects. Temperature
dependency of material properties and strain-rate dependency of flow stress are consid-
ered in the numerical simulation to improve prediction accuracy. Numerical results are
validated in experiments. Patterns of edge effects and resultant residual stress distribu-
tions are examined under a wide range of conditions. A more complete explanation for
the mechanism of the edge effects is givéDOI: 10.1115/1.1345729
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1 Introduction straight-line laser bending. A simple beam model was proposed
N . . based on the TGM assumption and an energy approach to the
Laser forming involves heating sheet metal workpiece along

certain path with a defocused laser beam directed normal to tﬁmperature field was used in Vollertsen’s two layer maglin
P fms of agreement with experimental results, this model is a great

surface, and with or without a jet stream of cold gas or watel

emuI_S|on coolln_g the path after t_he t_)eam passes. DL_mng_ le?% er, it assumed that all input energy is used for plastic deforma-
forming, a transient temperature field is caused by the |rrad|atlﬂgn’ and ignores the energy dissipation due to reversed straining
and traveling of a laser beam. Consequently, thermal expansigiing cooling. Mucha et a[3] modeled the TGM and provided
and contraction take place, which give rise to deformation of th&, tions, by assuming different shaped plastic zones. This model
work_plece. Laser forming has' its roots in a traditional she_et mefglined determine the critical conditions for the TGM, but it can
forming method—flame bending, where the sheet metal is heaigly he used to calculate the final bending angle, without insight
and deformed by an oxy-acetylene torch. _into the transiency of the forming process, which is of great inter-
Laser forming has the following advantages over the traditiongk for understanding the underlying mechanism and realizing pro-
metal forming technologies. It requires no tools or external forcggss control. By assuming a complete plastic zone in the area near
in the process. The cost of the forming process is greatly reduge@ center of the beam, and a complete elastic zone in remote
compared with the traditional mechanical forming when smaljreas, Vollertsen et dl4] established an analytical model for the
batch production and prototyping of sheet metal components &g1. This model is valid only for high ratio of thermal conductiv-
concerned. With the flexibility of the laser beam delivering angly to thickness, i.e., the heat conduction is basically 2D. This is,
numerical control system, it is easier to incorporate laser formirbwever, not always the case, especially when temperature gradi-
into an automatic manufacturing system. Material degradation éht exists throughout the thickness direction.
laser forming is typically limited to a very tiny layer of the irra-  To overcome the limitations of the analytical approach and gen-
diated surface due to highly concentrated beam power and sheyite more prediction capabilities, efforts have been made in nu-
interaction time, and therefore laser forming may be used for marerical modeling. Alberti et a[5] carried out a numerical simu-
terials that are sensitive to high temperature. lation of the laser bending process by a coupled thermal
Efforts have been made to understand the mechanism underhechanical analysis. Temperature dependency of flow stress was
ing laser forming. Vollertseri1] suggested that three kinds oftaken into consideration. Hsiao et 6] simulated the bending
mechanism exist in laser forming, namely temperature gradigmbcess by taking into account the convection and radiation
mechanism(TGM), buckling mechanism(BM) and upsetting boundary conditions, and using extrapolation for mechanical
mechanism(UM). The TGM is dominant under conditions corre{properties at higher temperature. Work hardening was not consid-
sponding to a small Fourier numbéF,=a-t/s?, where « is ered in Hsiao’s model. Holzer et 4l/] modeled the bending pro-
thermal diffusivity,t characteristic time and sheet thicknegsor ~ cess under the BM. An eight-node element was used, which is
modified Fourier numbe(Fy=a-d/(s? v), whered is beam di- good for capturing the intensive temperature change, but not suit-
ameter at the workpiece surface andraveling velocity. The able for a bending-dominated deformation process such as laser
BM dominates for a high Fourier number. Two characteristics &nding. As temperature often rises very high in laser forming,
this mechanism are no steep temperature gradient along the sf@@perature dependency of material properties becomes very im-
thickness direction and the extension of heated area compared@tant to the simulation accuracy. Large deformation is desired in
the sheet thickness. The UM is based on the increase of the sH@ger forming, and consequently, it is necessary to consider strain
thickness and shortening of the sheet length. It is similar to th@rdening, especially in the case of multiple s@h In order to
BM while the dimension of the heated area is much larger th&®tain higher productivity, high traveling velocities are often em-
that in the BM. ployed in laser forming. In such cases, the strain rate could be
Most research work to date has been focused on straight-lijigh. Dependency of flow stress on the strain rate is much stron-
laser bendingFig. 1(a)), a simple form of laser forming. Analyti- 9€r at elevated temperatures.

cal models have been derived to predict the bending angle in th?€Spite the progress made to date, there still exist problems that
need to be addressed before laser forming becomes a practical
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rovement compared with previous analytical models. How-
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Bending
(a) (b) Edge

Fig. 1 Schematic of straight-line laser bending (a) showing no edge effects (b) showing edge
effects characterized by the curved bending edge and non-uniform bending angle varying
along the scanning path  a(x)

edge has been observed, as illustrated in ). IThe bending  Temperature dependency of material properties is considered,
edge is also somewhat curved. These two forms of inaccuraciesluding thermal conductivity, specific heat, Young’s modulus,
together are termed as edge effects in this paper. The edge eff@usson ratio, and flow stress. Elastic strains are assumed to be
are obviously undesirable since they cause the deviation from tmeich smaller than unity. The rate of deformation is the total strain
design intent(constant bending angle along the straight bendingte, i.e., the sum of the elastic strain rate and plastic strain rate.
edge, cause a certain warpage of the component, and may ca&rin hardening of the material is considered through the strain-
additional residual stresses. hardening coefficient, which is also temperature dependent. De-
Magee et al[9] showed that the extent of edge effects depeng®ndency of flow stress on strain rate is modeled by defining a
on the thermal diffusion from the laser beam into the entire platsiress ratidR(#6,¢), the ratio of the flow stress at a certain strain
and the geometrical constraint of the workpiece as it varies withte to the static flow stress, as a function of temperafuaad
distance from the end point of the scanning path. The actual psirain rates.
file of bending angle is dependent on the laser processing parambissipation of energy due to plastic deformation is negligible
eters employed, as well as the material properties. Materials witbmpared with the intensive energy involved. It is assumed that
very different thermal conductivity and expansion exhibited difno melting is involved in the forming process.

ferent variation patterns of the bending angle. Attempts have beerb 2 Basic Relationships. The effective laser beam diameter

made to reduce the edge effects by empirically varying the trav: . L ) ; .
eling velocity along the scanning path. Results showed that t the Gaussian distribution is defined as the diameter at which the

varying velocity profile could lead to a sizable reduction of th@OWer density decreases t@l/i.e., the power within the circular

edge effects. area given by thl_s diameter is 95 percent of the total power input.
Theoretical analysis by Mucha et £8] showed that thickness 1he basic equation of energy balance is

in the bending edge region increases due to thermal contraction

under the TGM, and the bending edge of the plate is visibly

Zurv_ed d_ue to thermal contraction in th(_a scanning _dlrectlon. prdV:J'qu+f rdv )
gain, this analytical model does not describe the transient stage, v s v

while understanding of the transient stage is useful in analyzing

the causes of the edge effects and realizing process control. Nu-

merical and experimental attempts have been made by Bao awsereV is the volume of a solid material with the surface aga

Yao[10] to study the edge effects. Preliminary investigation intg the density of the material) the material time rate of the

the causes of the edge effects has been carried out. No residhgdrnal energyg the heat flux per unit area of the body flowing

stress was considered and no multiple mechanisms are considejig@. the body, and the heat supplied externally into the body per
_This paper presents experimental and numerical investigatiafit volume. By neglecting the coupling between mechanical and

aimed at advancing the understanding of the causes of the eg¢g&mal problems, which is appropriate for laser bending where

effects in the straight-line laser bending process under a wiggformation does not change temperature in a significant way,

range of conditions. These conditions correspond to differeffternal energyU is related to temperaturé by specific heat

forming mechanisms. Experimental results provide more lasgfg)=du/de, whered is the temperature of the material, add

forming data under different conditions and are used to validagge internal energy of the material, which is dependent on the

the numerical results. Numerical results provide more insighigmperature only. Heat conduction is assumed to be governed by

into the causes of the edge effects, and help predict such effegig Fourier law, i.e., heat flux is proportional to the temperature

on final dimensional accuracy and residual stress. gradient, with thermal conductivity as the proportional constant.
Assuming isotropic linear elasticity for metallic materials, the
2  Numerical Simulation stressdo, can be expressed d&=Kdey,5;; +2Gde; , whereK

is the bulk modulus ant the shear modulus, which can be com-

ited readily from Young's modulugE and Poisson’s rati.

oth Young's modulusE and Poisson’s ratio are temperature
Yfependent, and so are bulk modulkisind shear modulus. Von
Mises criterion is used as the yield criterion, which is a pressure-

2.1 Assumptions. The following assumptions are made forindependent yield criterion. It takes the following form in isother-
the numerical modeling. mal state [(o;—0,)?+ (0~ 03)*+ (03— 01)%]/6=K? where

The power density distribution of the laser beam follows &1, o> and o3 are principal stresseX is determined by a
Gaussian function. The laser operates in CW mode. No coolingiaxial experimento§/3= K? whereo, is the yield stress in the
gas or water jet is employed. uniaxial tension experiment. For plastic deformation, the govern-

In this study, temperature and strain-rate dependency of m
rial properties is considered. Work hardening, though less signi
cant in single scanning, is also considered in order to impro
simulation and prediction accuracy.
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ing rule is the flow rule, which is given bye = d\ (df/do) where 1 INN 90
fis a function ofc that describes the yield criterion. With the Von At NNp(Uya— UpdV+ J’ o k- &dvf f NNrdV
Mises criterion, the above equation becomes: v v v

de

“do

3 1

de; 5717 5 Okk

_ N .
) LqN qdS=0 @)

. . P . . This nonlinear system is then solved by a Modified Newton
wheree is equivalent straing is equivalent stress. Strain harden-method
ing describes the increasing of yield stress with the accumulation '

of plastic deformation. In laser forming process, though every 2.4 Boundary Conditions. The laser beam is given as a
point of the workpiece experiences a thermal cycle, the mechapiescribed nonuniform surface heat flgeq(x,y,t) on the top

cal loading, however, as far as the plastic deformation is cosurface. On five of the six boundary surfa¢ezcept for the sym-
cerned, is essentially monotonic. Thus, the isotropic hardeningetric plang, free convection with air is consideredi=h(6

rule is adopted. With work hardening, the flow stress is related to,), whereh is the heat transfer coefficient, arfig= 6,(x,t)

strain by c=K-&", wheren is strain-hardening coefficient, andthe surrounding temperature. Radiation is also considered on these
can be found in literature. Strain-rate dependency of materiile surfacesg=A((6— 6,)*— (6,— 6,)*), whereA is the radia-
properties is also taken into consideration by assuming that tlien constant, and), the absolute zero on the temperature scale
flow stress is related with strain rate by the following equationsed. The symmetric plane is assumed to be adiabatic.

o=D-&™ wheremis strain rate coefficient, and determined em- Two adjacent points in the middle of the symmetric plane are
pirically [11]. For simplification, a ratio of yield stress to staticfixed in order to remove the rigid body motion. All other points
yield stressR(#0,¢), as a function of temperatugeand strain rate within the symmetric plane are assumed to move only within the
e, is defined as: symmetric plane throughout the deformation process.

R(6,&)=0lc° (3) 3 Experiment

The straight-line laser bending is schematically shown in Fig. 1.
Figure 1a) shows an ideal uniform bending anglealong the
scanning pathdefined asX-axis). The bending edge along the
X-axis is not curved. The direction perpendicular to the scanning
path and within the plate is defined #sxis. Figure 1b) shows a

d more realistic case where the scanning edge is curved and the

_f (pV~V/2+pU)dV=fV~tdS+ff‘VdV (4) bending anglex varies withx.

dt Jv s v The laser system used in the experiment is a PRC-1509 CO

) ) ) laser, with a maximum output power of 1500 W. A coordinate
where p is the current densityy the speed field vectol) the  measuring machineCMM) is used to measure the bending angle
internal energy per unit massthe surface traction vectof,the 4t different positions along the scanning path. Coordinates of dif-
body force vectorn the normal of boundar$, V the volume in  ferent points along the scanning edge are also measured, and the
study, andS the corresponding boundary surface. curvature of the scanning edge is subsequently calculated from

23 Numerical Schemes. Since the heat transfer and elasticﬁhese coordinates. The flatness of the unbent plates is measured

plastic deformation are symmetric about the vertical plane cof$iNd the CMM and the non-uniformity is smaller as compared
taining the scanning path, only half of the plate is modeled in t4th the final bending angle. A point clamp is used in the middle
numerical simulation. The same mesh model is used for the h@h©ne Side of a workpiecéFig. 1). Using the point clamp, one
transfer analysis and structural analysis. In order to capture higf" better_ focus on the mechanism of the edge effects internal to
gradients of temperature near the scanning path, a fine mes %workplece.

used in that region, while a coarse one is employed in remate he experiment conditions are shown in Table 1. Material is
areas. g Ploy (])OW carbon steel, AlISI1010. To enhance laser absorption by the

A commercial code, ABAQUS, is used for the thermal meWorkpiece, graphite coating is applied. _ )
e By holding the line energy constant, the input energy per unit

chanical simulation. In the structural analysis, the twenty-no X SR
element,C3D20, has no shear locking or hourglass effect, and [§N9th along the scanning direction is kept unchanged even
Qugh power and velocity change. Under conditions 1 to 3, the

thus suitable for a bending-deformation-dominated process s
g P \d_cking mechanisn{BM) is likely to dominate because of the

as laser forming. On the other hand, the eight-node element s ; ; . o
g d ge beam diameter to sheet thickness ratio. Under condition 5,

fers from “shear locking,” and is therefore not suitable for such %; di hani . likel
process. In order to keep compatible with the structural analysist§ témperature gradient mechani¢iGM) is more likely to

dominate because of the smaller beam-diameter to thickness ratio.

where is yield stress after considering strain rate, arftithe
static yield stress. The thermal straifl' is related to a tempera-
ture matrixT by a linear coefficient of thermal expansian The
energy balance model for deformation process follows:

twenty-node elementpC3D20, is used in the heat transfer

analysis. 4 Results and Discussion

By standard Galerkin approach, Ed) can be discretized in esults a SCUSSIo
space: Experimental and numerical results under conditions 1 to 3 ex-

N hibit very similar trends and therefore only results under condition
. N a0
J'NNpUdV-i- —-k-—dV=J'NNrdV+f NNgds
v v X (28 v S ) .
Table 1 Experimental conditions

®)
whereN is the nodal number. This set of equations is the “con(-:om_uon (thlfrﬁ P (W) V(mmis  Sizemm)  d(mm)

tinuous time description” of the geometric approximation. With

the backward difference algorithm 1 20 200-1300 10-67.5  8(B0X0.60 8
2 20 200-1300 10-67.5 8080% 0.89 8
U —u 3 30 200-1300 10-45 8080x0.89 8
U _tHat Mt (6) 4 30 400-1000 13.3-33.3 80/6.3x1.5 8
t+At At ! 5 20 800-1300 40-65 8076.3x2.3 4
Eq (5) can be diSCfetiZed in tlme domain: (L.E.=Line Energy,P=Power,V=Velocity, d=Beam Diameter
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a) 1.52 sec b) 1,000 sec

Fig. 2 (a) Temperature distribution in laser bending (deformation magnification 10X ), and (b) deformed compared with
undeformed plate (deformation magnification 5X ) (Half plate, condition 3, V. =26.7 mm/s)

3 are presented and analyzed in details. First, simulation resiiending edge for a given condition. The relative bending angle
are validated by experimental measurements. Additional simulaariation is the ratio of the bending angle variation to the average
tion results are then presented to help understand the process tbemding angle.
siency and underlying mechanism of the edge effects. Finally,Generally speaking, the simulation results agree quite well with
they are briefly compared with results under conditions 4 and 3he experimental results. Not only the average bending angle and
curvature, but also the bending angle variations along the scan-
4.1 Comparison of Experimental and Simulation Results. ning direction are relatively well captured by the numerical
Figure 2 shows a typical thermal-mechanical simulation resutiodel. As mentioned before, the bending angle variatieig.
where temperature distribution is superposed on deformatid(c)) and curved bending edgéig. 4(b)) together are termed
(magnified for easier visualizatipnDue to symmetry, only the edge effects in this paper. Similar results are obtained under con-
half plate is simulated. As seen, it takes about three secondsditions 1 and 2.

scan the 80-mm path at the velocity used, while deformation does
not complete till much later. A curved bending edge is seen ag4-2 Edge Effects. To help understand the causes of the edge

1,000 seconds. Figure 3 shows both experimental and simulatfJfECts @s seen in Figs. 3 and 4, additional numerical results are
results of the bending angle along the scanning path and tyPwn in Figs. 5-7. The peak temperature that points on the top
agree with each other quite well. It can be seen that, from tﬁgrface along the scanning path typlcally experienced is shown in
entering end of the scanning patk+£0), the bending angle ei- FI9- 5(a). Apparently, the much higher peak temperature at the
ther drops a little and then increases or directly increases towafadting end is attributed to the reduced heat dissipation near the
the exiting end, where the maximum value occurs. exit boundary. Figure (B) is a typical time history o_f temperature
Figure 4a) shows the average bending angle vs. velocity. It ca#f the top and bottom surfaces along the scanning path for two
be seen that, despite the fact that the line energy is held const&¥ferent scanning velocities but at the same line energy. As seen,
the average bending angle increases with velocity. Shown in Fi§mperatures are higher at the higher velocity due to less time for
4(b) is the curvature of the bending edge vs. velocity. Figu® 4 heat dissipation. At the higher velocity, the dlfference between the
and(d) show comparison of experimental and numerical results Bfak temperature at the top and bottom surfaces is also larger than
bending angle variation and relative bending angle variation, réat at the lower velocity for the same reason.
spectively. The bending angle variation is defined as the differ- Despite the fact that the line energy is held constant, the aver-

ence between the maximal and minimal bending angle along thge bending angle increases with velocifig. 4(a)). This is
mainly due to the fact that, at higher velocities, temperatures are

higher because of less energy dissipation and temperature differ-
ence between the top and bottom surfaces is gréktgr 5(b)).

V(mm/s) Simulation Experiment The fact that the temperature at the exit point is much higher than
54 7 . 1 that at the entrance poiriFig. 5a)) explains why the bending
- 1B e e /./_i angle at the exit point differs from that at the entrance p(id.
,g;':’ ig . : " 3). This is one reason why the bending angle is not uniform along
= ““\q\ T I the scanning direction. The other cause for the bending angle
% . = variation is the curved bending edgEig. 4(b)), which will be
g .......... = - = explained below.
g Bl S iy ULy . The bending angle variatio(Fig. 4(c)), defined as the differ-
2 A ence between the maximal and minimal bending angle along the
3 4R 8- =T scanning direction for a given operation, rises quickly first, peaks
3 / at about 20 mm/s, and then levels off or slightly decreases with
the increase of velocity. The curvature of the bending edge also
== - "' ————— : starts to decrease in slope significantly at around 20 niRits
0 10 20 30 0 50 80 70 80 4(b)). It therefore seems reasonable to conclude that the curved
X Position (mm) bending edge is another reason for the bending angle variation to
occur along the scanning direction.
Fig. 3 Bending angle variation along the scanning path, a(X) The cause of the curved bending edge is in turn due to the
(Condition 3 ) difference in theX-axis contraction between the top and bottom
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Fig. 4 Comparison of simulation and experiment under condition 3 (a) average bending angle, (b) curvature of

the bending edge, (c) bending angle variation (difference between the max and min ), and (d) relative bending
angle variation (bending angle variation vs. average bending angle )

surfaceqFig. 6). Figure &a) shows the simulation result of con-dergoes a very similar plastic deformation process as the top sur-
tractions in theX direction on the top and bottom surfaces alongace, except the magnitude is smaller. This is understandable be-
the scanning direction. Figure(l§ shows the difference of the cause under condition 3, the buckling mechanism is dominant and
two contractions. The simulation result of the bending edge cufus the temperature difference between the top and bottom sur-
vature in Fig. 4b) is also superposed here for the convenience @fce is moderate. A comparison between the plastic strains at the
discussion. To further explain theaxis contraction and the rea-top and bottom surfaces is shown in Figh)Z Figure 7b) also

son for the difference, the time history of plastic strains at a typkhows that, during the cooling stagater about one-second seen
cal location on the scanning patk £ 20 mm) is examined in Fig. in Fig. 7), the reverse of th&-axis compressive plastic strain at

7. Figure Ta) shows the time history of the plastic strain on thgng 155 surface is more than that at the bottom surface. This is
top surface of that locatiofiin three perpendicular directions 1,556 during the cooling stage, the top surface undergoes more
Figure qb) shows the time history of th¥-axis plastic strain on Y-axis cc;mpressive plastic stra{ﬁié. 7(a)) than that at the bot-

the top and bottom surfaces at the same location. Near the Egﬂw surface. Based on the constant volume assumptiotk-thé
layer along the scanning path, compressive strain occurs iX the : P

andY directions and tensile strain ibdirection(Fig. 7(a)). Please compressive plastic strain .at the top surface reverses more than
note the sum of these plastic strains is zero at any given tirf'peat at the bottom surfaoig. 7(b)). Therefore, the totak-axis

based on the assumption of constant volume in plastidy: contraction near the bottom layer is larger than that near the top
S ssumpti S volume in plas{aiy layer (Fig. 6). Consequently, the bending edge is curved away
de;+de,+des=0 (8) from the laser beartFigs. 1 and 2

wheree,, e, andes are strains in three mutually perpendicular AS S€en in Fig. &), the greater is the difference between the
directions. During the rapid heating stage around one second contractions near the top and bottom surfaces, _the greater the cur-
seen in Fig. ¥, a significantY-axis compressive plastic strain oc-vature. The fact that the curvature increases with velocity can be
curs due to the great geometric constraint of the workpiece in tHafPlained by the increase in average bending angle with velocity.
direction while the tensile plastic strain in tEedirection occurs Obviously, when the average bending angle is larger, the above-
freely due to the much less constraint in the thickness directionentioned difference between the top and bottom surfaces will be
Less well known is the compressive plastic strain in Xhdirec- more pronounced, and therefore the curvature will be greater. As
tion, which is also caused by the geometric constraint of the plegeen from Figs. @) and(b), at higher velocities where the aver-

in that direction although the constraint is not as great as thatage angles are larger, the curvatures of the bending edge are also
the Y direction. The bottom surface along the scanning path ugreater.
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Fig. 5 (a) Typical peak temperature reached on the top sur-
face along the scanning path  (Condition 3, V =45mm/s), and

(b) temperature history of a typical point on the scanning path

(Condition 3, V=13.3 and 45 mm/s)

path is small because of the reduced geometric constraint of the
plate in these regions, while along the rest of the scanning path
significant compressive plastic strain is seen. This clearly explains
why the residual stress is compressive at both ends and tensile
along the rest of the scanning path.

It is worth noting that the difference in the plastic strain be-
tween the top and bottom surfaces at a location, sS4y,
=20 mm, is smaller than that at a location, s&y; 60 mm. This
is because, before the laser beam reaches the locatiod at
=60 mm, a certain amount of compressive plastic strain near the
top surface and tensile plastic strain near the bottom surface have
already accumulated at the location due to the bending taking
place at the preceding regions on the scanning path. This also
explains why the bending angle ¥t=20 mm is smaller than that
at X=60 mm (Fig. 3.

As seen in Fig. 8, the profile of the residual stress distribution is
understandably very similar to that of the elastic strain distribu-
tion. The small shift along the vertical axis is governed by the
relationship for isotropic elasticity, that is,

1
E22:E_Y[T22_U(T33+ T11] )

whereE,, is the elastic strain in th¥ direction, T, Ty, andTz3
are stress in th&, Y and Z direction, respectively. In this case,
T33~0, andT44 is small as compared with,,. Shown in Fig. 9 is
the contour plot of theY-axis residual stress along the scanning
path and within the symmetric plane.

4.4 Other Conditions. So far, our discussion has been fo-
cused on condition 3 where the buckling mechani@®M) of
laser forming dominates. Under the condition, the edge effects are
characterized by a concave bending angle variafiéig. 3 and
the scanning edge is curved away from the laser. Similar results
are obtained in experiments and simulation under conditions 1 and
2. Under conditions 4 and 5, however, the BM may not dominate.
In fact, under condition 5, the temperature gradient mechanism
(TGM) dominates due to the reduced beam diameter and in-
creased plate thickness. Condition 4 represents the situation where
the BM transits to the TGM or the BM and TGM co-exist. As a
result, the edge effects exhibit patterns different from condition 3.
As seen from Fig. 1@), the bending angle variation measured
along the scanning path is almost linear under condition 4. Ex-

4.3 Residual Stress. Residual stress affects such importanperimental and simulation results show the bending angle varia-
materials design properties as fatigue life, fracture strength, atioh is convex under condition BFig. 1Qb)). In addition, the
onset of yield. To study the residual stress, Fig. 8 shows a typic@anning edge is curved towards the laser under condition 5 as
Y-axis plastic strain, elastic strain and residual stress distributiopposed to curving away from the laser under condition 3.
at the top, middle and bottom layers along the scanning path. AsThe time history of theX-axis contraction for conditions 3 and
seen from Fig. 8, the plastic strain near both ends of the scanniigs plotted in Fig. 11. As seen from Fig. (B}, the top and bottom
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layers experience similar contraction during the heating stage fog the cooling stage because theaxis contraction at the top

the BM-dominated bending operatidnondition 3 where tem-

surface is greater than that near the bottom surface. This leads to

perature difference between the top and bottom surfaces is madsending edge curved away from the laser.
erate. But the bottom layer contracts more than the top layer durFor the TGM-dominated bending operation where the tempera-
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ture difference between the top and bottom layers is much greater
(condition 5, the top layer contracts more than the bottom layer
during the cooling stagérig. 11(b)) simply because the tempera-
ture gradient in the thickness direction dominates. Shown in Fig.
12 is the contour plot of th&-axis residual stress for condition 5.
As seen, the top and bottom layers are tensile and the middle layer
is compressive, which is typical for the TGM-dominated bending
operation.

5 Conclusions

Numerical results agree quite well with experimental results.
Not only the average bending angle and the curvature but also the
bending angle variation can be reliably predicted. This is indica-
tive of the reasonableness and comprehensiveness of the assump-
tions made in the numerical modeling for the conditions under
which the investigation was carried out.

Both numerical and experimental results confirm that edge ef-
fects are characterized by a concave pattern in the bending angle
variation along the scanning path and a bending edge curved away
from the laser under conditions 1 to 3, where the forming process
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is dominated by the BM. Results from simulation and experiments
also show that under condition 5 where the TGM dominates, the
pattern of edge effects is different, which is characterized by a
convex bending angle variation and the bending edge curved to-
wards the laser.

In the case of the BM-dominated bending operation, the X-axis
contraction near the bottom surface is more significant than that
near the top surface, resulting in a bending edge curved away
from the laser, while the opposite is true in the case of the TGM-
dominated bending process. The observation of a convex or con-
cave pattern of the bending angle variation is closely related with
the direction of the curved bending edge. The improved under-
standing and prediction capabilities of the edge effects will facili-
tate process planning and control.
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