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Extensive efforts have been made in analyzing and predicting laser forming processes of

Department of Mechanical Enginesring, sheet metal. Process design, on the other hand, is concerned with determination of laser
Columbia University, scanning paths and laser heat condition given a desired shape. This paper presents an
New York, NY 10027 approach for process design of laser forming of thin plates with doubly curved shapes.

The important feature of this method is that it first calculates the strain field required to
form the shape. Scanning paths are decided based on the concept of in-plane strain,
bending strain, principal minimal strain and temperature gradient mechanism of laser
forming. Heating condition is determined by a lumped method. Effectiveness of the ap-
proach is numerically and experimentally validated through two different doubly curved
shapes[DOI: 10.1115/1.1751187

1 Introduction pirical factors and the way they classified the surface limited the
lications for complex three-dimensional plate forming.

ore recently, efforts have been made in process design of
er forming. Shimiz{i11] applied generic algorithm@GAs) to a

e shaped sheet to determine a heat condition assuming the
er scanning paths are known. He used discrete values to repre-

chanical properties of the formed pafts-3]. Temperature and sent the hgat condi‘tic.)n and the result is Igss flexible gndl natural. It
strain-rate dependent material properties were compiled and cé'llﬁo experienced difficulty when an experimental v_alldatlon of the
sidered in the numerical models developed for concave, convé&,suIt was attempted. Yu_et al12] presented algorithms f(_)r op-
and tube laser-forming processes, and nonlinear relationships ff18! developmentflattening of doubly curved surfaces into a
cluding appropriate flow rule and yield criterion were specified fdiianar shape in the sense that the strain from the surface to its
plastic deformatiorf4—6]. For laser forming to become a moreP!anar development is minimized. The development process was
practical process, the issue of process synthesis needs to be'@@deled by in-plane straifstretching from the curved surface to
dressed. To date, however, few studies in process design of ldkgPlanar development. The distribution of the appropriate mini-
forming have been reported. The process design can be dividBHM stralr_w field was obtained by _solvmg a constrained n_onlmear
into two steps. The first step is to decide where and how to apgljP9ramming problem. No scanning paths were determined nor
laser energy and the second step is to decide how much energ§ff§Ct connections with laser forming were made. _
impart. Recog_nlzmg the complexities involved in process d_e5|gn of la-
Line heating, based on which laser forming was inspired, hg§" forming, Cheng and Yad 3] developed a synthesis process
been used to form ship hulls and correct unwanted distortions di@é 1aser forming of a class of 2D shaped sheet metal. The syn-
to welding and other heat processes. It is heavily dependent §SiS process is based on GAs. Number of laser scans, distance
experience of skilled workers, and therefore research has b&&iween adjacent scans, laser scanning speed and power were
carried out for the process design of line heating. Ueda et Hleated as decision variables during design cycles. The approach
[7-9] determined the heating paths by developing a desired shaji€d several analytical equations based on experiment and nu-
onto a flat one, computing the magnitudes of inherent straif§gerical modeling to predict the geometry change occurring in
selecting heating regions based on the distribution of inheresitaight-line laser forming. Given a desired 2D shape, the ap-
strains, and concentrating the strains to the selected regions. IPigach was shown to be effective in determining optimal values of
not entirely clear what central role the introduction of the inhereffiése decision variables to minimize the difference between the
strains plays. It is also not shown that the large deformation elasiesired and laser formed shape. Similarly, Liu and Ya4] de-
FEM used for the planar development is valid for an electroteloped an optimal and robust approach for process design of the
plastic problem like line heating. Jang, et FlO] developed an same class of 2D laser forming. Response surface methodology
algorithm to determine the heating lines based on the principafs used as an optimization tool and integer design variables were
curvatures of the deflection difference surface that represents fiieperly dealt with. The propagation of error technique was built
shape difference between a desirable shape and an intermitigia the design process as an additional response to be optimized
shape fabricated from the original planar shape. Candidate heatiigy desirability function and hence make the design robust. This
regions are selected by grouping the points where principal cgtesign scheme was validated in several cases numerically and
vature is larger. Which side of sheet metal to heat is also detexperimentally. Both methods, however, are limited to the process
mined based on classification of surfaces according to Gaussilesign of the class of 2D shapes.
and mean curvatures. The method, however, employed many emThis paper presents a methodology to design laser scanning
paths and heating condition of laser forming for a general class of
*Currently with School of Mechanical and Materials Engineering, Washingtothree-dimensional shapes—thin plates whose mid-plane is repre-
State University. i i
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Extensive research has been done to analyze deformation 4R
residual stress given material properties, laser scanning paths, an
heating condition. Numerical and experimental investigatio S
have been carried out to better understand process mechani
and the effects of key process parameters on dimension and
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pillow and saddle shapes are focused on. The methodology

aided by finite element methd@EM) and validated by forming
experiments.

2 Overall Strategy

For most manufacturing processes, process design amount:
determination of process parameters such as force, speed, depi
cut, and rolling reduction. It is typically not difficult to determine
tool path either because presence of hard tooling makes it obvic
such as in machining, rolling, and stamping, or because nature
a process makes it obvious such as in laser machining and la
welding. For example, in machining of free-form surfaces, cuttt
paths are readily determined which are closely related with tl
desired shape. In forming rolling, the trajectory of forming rolls
closely resembles the shape to be formed. In stamping, die sh:
closely resembles the part to be stamped except a certain con
eration for spring-back.

The process design of laser forming, however, differs fror
these processes in that the laser scanning path is not necess
directly related with the desired shape, especially for 3D shapt
Generally speaking, the regions of a shape, which require lar¢
deformation, need to be scanned and scanned more but e
scanning paths, i.e., orientations, linear or curved, are not obvio
This is because laser forming is a non-contact forming proce
without external forces or hard tooling, and the relation betwee
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heating and deformation is complex. In addition, the process ¢ 1
sign of laser forming, like all inverse problems, generally ha
multiple solutions for a given shape. sccordine on Jooel miaeitude6fie!
. . . g on local magnitude of &;
An overall strategy for process design of laser forming is pre X
sented which involves three steps. The first step is to determin Detsening scarring velooity Tor esclusegment ‘
strain field that is required to obtain a desired shape from a plar
shape or vise verse, the second step is to decide on laser scan  _ (b)
paths, and the third step is to decide on the heating conditien
laser power levels and scanning velocitiésr the determined Fig. 1 Overall strategy for determining
strain field and scanning paths. Laser beam spot size is considef@dheating condition
constant in this paper. Figure 1 summarizes the algorithms for
these three steps. Doubly-curved thin plate shapes are considered
which generally require both in-plane and bending strains to formificantly larger than principal minimal bending strain, scanning
Given a desired shape, large-deformation elastic FEM is apaths are chosen to be normal to principal in-plane strain direction
plied to solve the planar development problem and obtain a strand vice versa.
field under displacement constraints. The displacement constraint&inally, the heating condition is determined. The required mini-
are applied by compressing the doubly-curved thin plate betwesral principal strain between adjacent scanning paths is first
two analytical rigid plates, defining the displacement on one of themped together. A database concerning the relationship between
two analytical rigid plates and fixing the other. There is no frictioprincipal strains and laser power levels and scanning velocities is
between two analytical rigid plates and doubly-curved thin platéhen consulted. A power level is chosen from the relationship
The compression stops until the gap between the two analytitagjether with practical considerations and corresponding scanning
rigid plates is equal to the thickness of the doubly-curved thivelocity is determined as a result.
plate. Therefore, displacement constraints are applied on all of thdn engineering applications, there exist two kinds of surfaces,
nodes on the doubly-curved thin plate. The reason using FEfdvelopable surfaces and non-developable surfaces, which are
instead of a geometric method is that surface development medso called singly and doubly curved surfaces, respectively. A sin-
ods such as Yu et al.12] based on differential geometry typically gly curved surface has zero Gaussian curvature at all points and
yield in-plane strain only while FEM calculates total strain whicttan be formed only by bending strain, while a doubly curved
is then decomposed into in-plane and bending strains. The reasarface has non-zero Gaussian curvature at least in some region
to use large-deformation FEM is that most of the deformations and generally requires both in-plane and bending strains to form.
development of three-dimensional shaped thin plate are grea®erfaces of many engineering structures are commonly fabricated
than 5%. Therefore, appropriate stress and strain tensors havasaloubly curved shapes to fulfill functional requirements such as
be used. Elastic FEM is applied instead of elasto-plastic FEM/drodynamic, aesthetic, or structural. For example, a large por-
because less material properties need to be specified. In factjdh of the shell plates of ship hulls or airplane fuselages are
will be shown that the planar development process is even ind#ubly curved surfaces.
pendent of Young’s modulus. This paper illustrates the proposed strategy by applying it to
Itis, however, impossible to duplicate exactly the strain field biwvo distinctive 3D shapes, a pillow and a saddle shape. Since this
laser forming. Therefore, the strain field is decomposed into ipaper is concerned with thin plates, that is(x,y,z,t)
plane and bending strains because it is well known that lasew,(x,y,t), wherew is deflection in thez direction, the mid-
forming generates both. The direction and magnitude of minimplane of these two shapes is specified in terms of a cubic-spline
(compressive principal in-plane and bending strains are furthesweep surface, respectively, and then extruded by a half of the
calculated since it is well known that the direction is perpendicylate thickness in both thickness directions. The sweep surfaces
lar to laser scanning paths. It is this fact that is used to determiage generated by sweeping a cross-section c@fyg, a cubic-
the scanning paths. If the principal minimal in-plane strain is sigpline curve, along an axis curv&(x), another cubic-spline

Divide the scanning path into segments

(a) scanning paths and

218 / Vol. 126, MAY 2004 Transactions of the ASME



are neglected. However, if the magnitude of deflection increases
beyond a certain levelw;=0.3n), these deflections are accom-
panied by stretching of the mid-plane. As the ratig/h further
increases, the role of in-plane strain becomes more pronounced. In
our casew,/h reaches 5.6, therefore the nonlinear effects have to
be taken into account. The reason why elastic FEM is applied
instead of elasto-plastic FEM is that, the strain field development
from the desired shape to a planar shape is purely geometrical,
and should be independent of material properties including both
elastic and plastic properties. Using elastic FEM requires only
elastic properties such as Young’s modutes be specified. Fur-
thermore it is shown below that the strain field determination is
independent of the value &.

For thin plate deformation, deflectiom(x,y) is assumed to be
ks equal to the deflection of the midplangy(x,y). The total strains
X of deflection can be expressed as follows.

Fig. 2 Desired shape I: pillow (dimension: 140 *80*0.89 mm?,

2 2

magnification X5 in thickness for viewing clarity ) _ 0 1 _ % E % _ J"Wo

= St 80| G T 5| x Y
curve. The plane of the cross-section curve is kept onyte 0 1| vo  1[owg 2 Wy
plane. Then the sweep surface is defined BYx,y)=A(X) eyy=8yyteyy= 0_y+§ oy *Za_yf
+C(y) xe[0,140, ye[0,80] in mm. For both caseL(y) is
defined as a piecewise cubic function with interior kn@®s:0, 0, g vy W W, 22w,
0, 40, 5, and (0, 80, 0. This cubic function:C;(y)=a;y? =0 4yl = —+ —+ — —|+| -
( I ( 9 () =ay YTy T oy T Tax T Tax ay 2z axay @

+bjy?+ciy+d;; (i=1,2,3) has the following propertie€(y) is
piece wise cubic o0, 80], and C(y), C'(y) and C"(y) are : :
continuous or{0, 80]. Similarly, A(x) is defined by a piecewise where Ug, vo, andwyp are the dlgplacoement a(t) midplan,,
cubic spline function with interior knotg0, 0, 0, (70, 0, 5, and  €yy* and yyy f‘re t(l)tal stralrls, anely, eyy, andy,, are in-plane
(140, 0, 0 for pillow shape, and0, 0, 5, (70, 0, 0, and(140, 0, Strains, and,,, &y, andy,, are bending strains.
5) for saddle shapeA(x) has the same continuity properties as For small deflection of thin plates, it is assumed tigandu
C(y). The two desired shapes are shown in Figs. 2 and 3. are zero and slopesv, /dx anddwg/Jy are small. Therefore, the
in-plane strains:y,, &), and y2, are zero and the total strains
i i imati only contain the bending strains. As seen, the bending strains

8 Strain Field Determination equal to product of position in the thickness directiand a term

As indicated in the overall strategy, the first step is to determifghich approximately equals to the curvature at that point, that is,
a strain field required to develop a desired shape to a planar shape,
which is the opposite of developing a planar shape to the desired 2w, 7w,
shape and therefore the found strain field has an opposite sign. Asxx=e§x= —z—— =zR,, syy=s§y= -z—>=2zR,
strain field required for such a planar development is solved by X %y
FEM. The type of FEM used is large-deformation elastic FEM.

The reason of opting for FEM instead of a geometrical method
based on differential geometry is that the former gives a complete
strain field throughout the plate, while the latter typically gives
in-plane strain for a surface only. The reason of using largeshere R, andR, are approximately the curvature along taxis
deformation FEM is as follows. When the deflectithe normal andy-axis, respectivelyR,, can be defined as a twisting curva-
component of the displacement vegtow,, of the midplane is ture, which represents the warping of tkey plane. Given a de-
small compared with the plate thickness, (w,<0.2n), the sired shapeR,, R, andR,, are known and therefore the total
Kirchhoff’s linear plate bending theory gives sufficiently accuratetrains only depend on, independent of any material properties,
results. The in-plane strain and the corresponding in-plane stréssparticular, they can be determined independent of Young’s
modulus in the large-deformation elastic FEM.

For large deflection of thin plates, the bending strains are the
same as in Eq(2) and the in-plane strainsy, , e}, , andy2, can
be expressed by Hooke's law as

ZWO

axay

=-2zR,y 2)

1
Yxy= Yiy= ~2Z

0 l(o"zgo P 0 1((92(,0 (92<p)

oThlay V) TWThlad Y ay?
2(1+v) e
and ng:—Tm ©)

where g is stress functiorp divided by Young’s moduleg, h is
plate thickness, and is Poisson ratiop can be calculated by
solving the following governing equations for thin plate deflection

k' x under appropriate boundary conditions.

4 4 4 200\ 2 92 2
Fig. 3 Desired shape I saddle (dimension: 140 *80*0.89 mm?, Ie Te Te_ |[I W) J"Wo I"Wo
magnification X5 in thickness for viewing clarity ) ax* 8X26y2 &y" oXady ax? é’y2
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whereD’ = h%/12(1— v?) is flexural rigidity D divided byE, and
P’(x,y) is lateral load inz direction P(x,y) divided byE. More
detailed derivation of the equations is listed in the Appendix. A
seen from Eqgs(3) and(4), once a desired shape is given, that is
deflection wy, and curvaturesd®wq/dx?, &*wg/dy?, and
W/ dxdy are known,e andP’ and in turn the in-plane strains
eny €9y, andyy, can be calculated under appropriate boundai
conditions and the calculation is independent of Young’s modult
As seen in Eq.(3), they do depend on Poisson ratio, which it
geometrical property. In summary, it is shown that, given a desir
shape of thin plate, a strain field required to develop the shape
a planar shape can be determined independent of any mate
properties including Young’s modules, no matter small or larc
deformation is concerned. In other words, the proposed elas
FEM is valid to obtain a strain field for an elastic-plastic probler (b)
like laser forming. The large-deformation elastic FEM is carrieu
out using commercial code ABAQUS. It is verified that differentig 4 (5) Minimal principal in-plane strain, and  (b) minimal
values of Young's modules yielded the same strain field givefincipal bending strain for the pillow shape (dimension:
everything else the same. 140* 80*0.89 mm?3)

Laser forming, however, is unable to exactly duplicate the
strain field since laser forming only effects a certain strain distri-
laser forming generally yields in-plane and bending strains. As" dtor g(l_ﬁts ?]f m|n|ma;ll prn:ﬁpal _m-t)lzt%ne s}rg:ns fort the pillow t

. ; ) . wher rientation vectors represen

result, the total strains;; obtained via FEM are decomposed |nt(ﬁ]e ;i?ecti?): a?ﬁjefﬁe Ieength gfothz vaecct)or: theengr?itﬁ d:poﬁr?e s

. . 1 . . O
in-plane strairejj , and bending strairg;; , as follows. minimal principal in-plane strain. Scanning paths will be traced

ij

1 [—hre perpendicular to the vectors representing the minimal principal
s?j =5 f g;dz in-plane strain. Figure 7 shows a set of scanning paths, superposed
h/2 on the vector field of minimal principal in-plane strain of pillow
o [-h2 and saddle shapes, respectively.
gt = j (e —&9)dz (5) In determining the spacing of scanning paths, a number of con-
oh Jhe J siderations are given. In general, the smaller the spacing, more

. L . . recise the desired shapes can be formed and lower energy input
As seen, the in-plane strain arises from the integration of the to gﬁequired for each patr?. On the other hand, it will take Ion%);r tg

strain along thicknesh. For thin plates, however, the in-planeq, o shanes and adjacent paths can no longer be assumed
strain equals to the midplane strain because the bending strain

varies linearly withz as seen from Eq(l) and w(x,y,z)
=Wo(X,Y).

After a strain field is determined and decomposed into in-plat
and bending strain components, the next step in the overall str
egy is to find the direction and magnitude of minimal principa
(compressivestrain for both, in order to determine laser scannin
paths(Fig. 1). It is well known that under the temperature gradier
mechanism, highest compressive strains occur in the direction p
pendicular to a laser scanning path. Therefore laser scanning p:
will be placed perpendicular to the direction of minimal principa
strain. The principal strain and principal direction are readily de
termined by the well-known plane-strain formulation. Figure - (a)
shows magnitude contour plots of minimal principal in-plane an—
bending strain for the pillow shape and Fig. 5 for the saddle shaj
respectively.

4 Scanning Path Determination

As discussed early, the type of given doubly curved shap
requires both in-plane and bending strains to general and la
forming generally results both in-plane and bending strains. Ft
thermore, the highest compressive strains occur in a direction p
pendicular to a scanning path. Therefore a scanning path sho (b)
be perpendicular to the direction of the in-plane strain if its may
nitude is much greater than that of the bending sttgig. 1) as in
the case of many thin plates. Examining Figs. 4 and 5 confirmagy. 5 (a) Minimal principal in-plane strain, and  (b) minimal
that. As seen, for both shapes, the magnitude of the in-plane straiincipal bending strain for the saddle shape (dimension:
is an order of magnitude higher than the bending strain. This ig0*80*0.89 mm?)

220 / Vol. 126, MAY 2004 Transactions of the ASME



sirable because strains vary from one region to the other. The

divided by the average principal minimal straih over the spac-
ing, that is:

NN S g gaiiaiiii027000 0 larger strains are, the smaller the spacing should be. Roughly
§§§§§§ NN 1 //‘ 7 . speaking, spacing between two adjacent padhgy,s, should be
‘::ii\ﬁ\\. : 7 A equal to strain generated by laser formigg,se,, Multiplied by
CIESS X S A laser beam spot sizé,, ., (because a vast majority of the laser-

‘. :E\\\E\\‘é\éi\ e generated stain is within the region covered by the laser)spot
= SR e e e o e e i

&laseiaser
ave(eh)

6

dpaths:

Another practical consideration is where to initial and terminate a
scanning path. For this work, a threshold is applied so that only

\eipal t;: e i
wira 22552 SRR e 0 i 9 -
///;222%5//////// ______ = \\\\\\\§\\§33§§§“ N 90% of the total area will be scanned. The 10% excluded repre
755552777 g sents the regions having smallest strains. For the pillow shape, the
A N .
%%%?%5? ”‘&33333& 10% concentrates at the corners while for the saddle shape at the
VA a e AN .
fﬁﬁﬁ? 710 SRR 3““‘3“ center(Fig. 7). Note that the edges of the planar developments of
[ 0 . . .
HAf P both shapes shown in Figs. 6 and 7 are somewhat curved, which
‘ l P i ; <4 suggests how the planar plates should be cut before laser scan-
it RERE27211 ning. It is expected that if the desired shapes deflect more, more
NS iii1i0000) curved edges will be observed.
\§§§\§\Q\\\ 1 CEr Iy
A AR Liiiit2050550057
ARXNIZNNN <L AR NI N NN AN
\\§§\\\§§\\\\ RSP AL IS STT L
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5 Heating Condition Determination

(b) After determination of the scanning paths, the next step is to

Fig. 6 Vector plots of minimal principal in-plane strain for (a) det.ermlne a heating condition, that is, a requ!red ener.gyllnput,
pilow shape, and (b) saddle shape (the orientation of seg- which depends on laser power and laser scanning velocity if laser
ments indicates strain direction and length of segments indi- beam spot size and work material are given. Obviously there are
cates strain magnitude ) multiple solutions to this problem because many power and ve-
locity combinations may meet the requirement. The strategy pro-

. . . . . tPosed in this work is outlined in Fig(l) and summarized below.
independent with each other. The independence is paid attentioRq in_pjane or bending minimal principal strains are first av-

to because when a heat condition is determined as seen in the Rexbeq along a scanning path and lumped between adjacent paths
section, it is based on a database which is constructed using ind-5| the paths determined above. Laser forming conditions are
pendent scans. In addition, non-uniform spacing is normally dgposen such that the in-plane and bending strains after laser form-
ing are equal to these in-plane and bending strains. In this study,
the averaged in-plane and bending strains are then entered into a
database which contains relationships between minimal principal
in-plane and bending strains averaged within the heating zone
(i.e., the laser beam spot sjzes. laser power and scanning ve-
locity as shown in Fig. 8. The database is established using FEM
of independent scans and detail of the modeling is se¢b3h A
series of laser forming analyses were conduct to get relationship
between in-plane strain and bending strain and laser heating con-
ditions. The total strains from FEM are decomposed into in-plane
and bending strain by E@5). The material is 1010 steel and sheet
thickness is 0.89 mm the same as the desired shapes. Given the
averaged strain, a horizontal intersection of the surfaces shown in
Fig. 8 can be made, which represents a set of laser power and
scanning velocity combinations. Choose a laser power level from
the intersection for the scan such that laser power levels chosen
. for all scans are feasible to be realized by existing laser forming
11i]  equipment. There is a single power level for each path. Lastly,
each path is divided into a few segments and scanning velocity of
each segment is determined based on the local strain and laser
511 power chosen for the path, again using Fig. 8. The heating condi-
tion for the two desired shapes is decided following the procedure
outlined above. The results are shown in Fig. 9, where the deter-
mined scanning velocity and laser power levels are indicated
along the scanning paths superposed on magnitude contour plots.
Due to symmetry, only a quarter of the desired shapes are shown.
4% Experiments are conducted based on the scanning paths and
77%|  heating condition determined above on 1010 steel sheets of size
2] 140 by 80 by 0.89 mm. The laser system used is a PRC-1500 CO
(b) laser, which has a maximum output power of 1500 W. Motion of
Fig. 7 Scanning paths normal to the minimal principal in- workpiece is controlled by Unidex MMI500 motion control sys-
plane strain for (a) pillow shape, and (b) saddle shape tem, which allows easy specifications of variable velocities along
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Awerage Princpal Inplane Strain (%)

(&)

(b)

Fig. 9 Heating condition (laser power level in W and scanning
velocity in mm /s (indicated by sign’ ) indicated along scanning
paths and superposed on magnitude contour plots of minimal-
principal in-plane strain for  (a) pillow shape, and (b) saddle
shape (a quarter of plates shown due to symmetry and see
Figs. 5.4 a and 5.5a color scales )

Avarage principal bandng swain (%)

the effects of the bending strain. To demonstrate the point, the
thickness of the pillow and saddle shapes increases from 0.89 mm
to 5 mm and the minimal principal in-plane and bending strains
are similarly calculated are shown in Figs. 12 and 13 for pillow
and saddle shapes, respectively. It is seen that the principal bend-
ing strain is comparable to the principal in-plane strain now. The
scanning paths should then be determined taking into account of
the vector field of both minimal principal in-plane strain and mini-
mal principal bending strain, perhaps the direction of bending
strain needs to carry more weight because under temperature gra-
(b) minimal principal bending strain, both averaged within the dlenF mechf’o\nlsm bendllng stra|n§ prpduced in laser forming of
heating zone equal to the laser beam size of 4 mm (1010 mild _relatlvely thicker plates is more significant. However, more work
steel sheet of 0.89 mm thick ) is needed.
As mentioned before, laser scanning paths for a desired shape

are not unique. In this work, laser scanning paths are chosen to be

%%rpendicular to the minimal principal in-plane strain direction.

(b)

Fig. 8 FEM-determined relationship between laser power,
scanning velocity and  (a) minimal principal in-plane strain, and

a path with smooth transitions from segment to segment. Fig wever, it is postulated that the scanning paths could also be

10 shows the formed pillow and saddle shape under these co - . o e
tions. A coordinate measuring machif@MM) is used to measure chosen to be perpendicular to the maximum principal strain direc-

the geometry of the formed shapes. Figure 11 compares the n. This is consistent Wi.th the res_,ults from Magee et ], .

ometry of formed shape and desired shape. Only the geometry'61° found that both radial and circumferential laser scanning
top surface of the plate is measured and a general agreeme a}th could be_ used to form spherical dome shapes from initially
seen. However, there is about 5—10% underestimate. The discrag-Plates of mild steel. A close look shows that, since they used a
ancy is thought due to many factors and difficult to pinpointc nstant power and velocity level for a path, local curvatures are

Possible sources of errors include approximation of 3D strain ggferent whether radial or circumferential paths are used. In this

plain strain in laser forming, and lumped method to average t rk, vequities are allowed to vary along a path. This provides
principal strains and approximate the laser power and scannp capability to curve a plate not only around but also along the

velocit h. This in turn provides the capability of using different sets of
y. . . e
scanning paths but generating similar local curvatures.

. . Magee et al.[15] summarized several empirical rules for se-
6 Further Discussions quencing laser paths for laser forming of symmetrical shapes such

From Eq.(2), it is seen that the magnitude of bending straims spherical dome shapes, such as geometrical symmetry should
increases with plate thickness. When the thickness is small, scae-reached as soon as possible after the initial irradiation. The
ning paths are predominantly decided by principal in-plangcanning sequence that was highly recommended is that radial
strains, as the case for the two desired shapes discussed sopf#hs are applied first, followed by a set of circumferential paths.
When the thickness of the plate increadast still considered as a Although their work is concerned with a special class of geometry,
thin plate so that this work is still applicabland the principal it signifies the issue of path sequencing, especially when paths
bending strain becomes more dominant, it is necessary to considerssover. In this work, the main objective is to design laser scan-
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Fig. 10 Laser formed AISI1010 steel thin plates  (dimension:
140*80*0.89 mm?) (a) pillow shape, & (b) saddle shape using
scanning paths and heat conditions indicated in Fig. 9.

Fig. 11 Comparison of top-surface geometry of formed plate

(in dotted lines ) and desired shape (in solid lines ) for (a) pillow
shape, and (b) saddle shape. The formed plates were measured
by CMM.

ning paths and laser heating condition. It is assumed that the ge-

ometry changes due to each scan are independent to each other

when using a database based on independent scans to determipe a__ .

heat condition. There is no crossover of paths in this work. ppendix

experiments, a plate is clamped at one corner and paths farthedt is shown in this section that, for large-deflection of thin

away from the corner are scanned first and closest ones last ptates, a strain field required for planar development of a desired

marily to keep the laser focus plane unchanged. shape can be determined independent of material properties in-
cluding Young module€. The assumptions large-deflection of
thin plates ard1) the material of the plate is elastic, homogenous,
and isotropic; and?2) the straight lines, initially normal to the

7 Conclusions midplane before bending, remain straight and normal to the mid-

. . ) plane during the deformation and the length of such element is not
In this paper, a process design approach is developed for laggkreq. This means that the vertical shear straipsind Yyz, Are
forming of doubly curved thin plates. Strain field determmanorpleg"gibm and the normal strais,, is also omitted. Under these

via large-deformation elastic FEM is shown to be valid and effe¢sq,mptions, the total strains can be expressed as a summation of
tive. It is theoretically shown and FEM validated that the strau&.|e in-plane straing?.. ¢° . and yo and bending strainsl
XX Xy XX?

field determination for a desired shape can be achieved indepep- 4ot h . VE’ 1
dent of any material properties including elastic properties likdvy: @M% ¥xy ?]S shown_ln Iq( ) _ .
Young’s modulus. Using minimal principal in-plane strain direc- SUmming the three in-plane strains equations gives

tions to generate scanning paths is shown to be simple. Using a 722, 32833/ &27,%, Pw\2 2w, 2w,
database of as minimal principal in-plane strain magnitudes as Fv i~ S~ vinl lrvrv Bl s (A1)
function of laser power and velocity and also based on practical y X Xay  \ oxdy Xty

considerations, issues surrounding multiple solutions are resoh&gbstituting the relations between strains and membrane forces
in determining a heating condition. It is demonstrated through twa, , Ny, andN according to Hooke’s law, are of the form:
distinctively different doubly curved shapes of thin plate that the

approach is effective in designing scanning paths and heating con- e =~ (N.—»N,), &0 :i(N — Ny 0 :M
dition for laser forming process and the results agree with experi- “** Eh' ooty gpt Y b YT Gh
mental measurements. (A2)

Xy s
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'“ *wg o *wg . wy 1 - Pd Wy . Pd 9*wq
ax? ax?ay?>  ay* D ayZ oxZ T axZ ay?

¢ IPwg
XAy Xy

(AS)

whereD= Eh®12(1—v?), is the flexural rigidity of the plate.
Let o= @/E, Egs.(A4) and (A5) take the form

e P o do Pwo\2  PPwgy 9*w,
g t2-momt = — =z oz | (A6a)
X Ix2ay? oy XAy x> ay
*w, Fwy  dwy 1 Po dW, PP W,
F 2ot = = P,+_<»‘2>_2()+_(§_20
X IX=ay ay D ayc ox xX= 9y
e IPwq
S 9xay axay (AABb)
whereD’ =D/E= h%12(1—v?), andP’'=P/E. Equations(A6)
b) are the governing differential equations for thin plate deflection.

As seen from Eq(A6), once a desired shape is given, deflection
2 2 52 2 2
Fig. 12 (a) Minimal principal in-plane strain, and  (b) minimal ~ Wo, and curvatureg“wg/dx*, d°wo/dy*, and d“wy/dxdy are _
principal bending strain for the pillow shape of thicker plate known, and therefore andP’ can be calculated under appropri-
(dimension: 140 *80*5 mm?) ate boundary conditions independent of material properties in-
cluding Young’s modulug&. Onceg is solved, the in-plane strains

eny &9y, andy2, can be determined again independent of mate-

whereE is Young's modulusG is shear modulus, andis Pois- rial properties including Young's modull, taking into account
son ratio, and stress functiaf for the membrane forces of Egs.(A2), (A3) and ¢ = ¢/E as follows

> > P*¢ 1 Pp P 1 Pe &

Ne=—7, Ny=—%, Ny=-— (A3) 0 ——[ZY_ %) o _Z[Z¥_ 7%

aay X IXIy XX h 3y2 5X2 Y h (9X2 5y2
into Egs.(Al), one obtains the equation of compatibility of defor- 21 2
mation, which allows expressing, anduv in terms ofwy. o__ (1+v) ¢ A7

Yxy h axay (A7)

At 7o e Pwo\2  PPwg °w,
T W+ ——7= xay) " e oy (A4)  Their determination does depend on Poisson ratimit v is a

ady
eometric quantity relating strains. Bending strai el
Considering the equilibrium of an thin plate element, which expg-l d Y g g B3 o)y

- . can be determined in the same form as E), and are
riences the membrane forcd, Ny, andN,,, and is also sub- _yxy) , : o
jected to a lateral loadP(x,y) in the z direction. Taking into independent of both Young's modulus and Poisson ratio.
account Eq(A3), the force equilibrium in the directions leads

to:
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