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Abstract
Material properties have often only been considered in analyses of laser sheet metal
forming in the manner that they contribute to the bulk operating-temperature mechan-
ical properties of the metal. In fact, many properties critical to laser sheet metal
forming—such as yield strength and coefficient of thermal expansion—are dependent
on temperature and crystallographic orientation, and thus vary considerably during
the forming process, complicating bend angle prediction. The effects of tempera-
ture and orientation dependence of these properties—and especially the profile of the
temperature-property curve—are investigated using a thermomechanical model in the
Abaqus finite element modeling software. The models indicate that, while bending is
possible evenwhen properties are assumed to be constant with temperature, sharp tran-
sitions in temperature-dependent properties can greatly enhance bending, providing a
screening metric for the selection of materials for laser sheet metal forming.

Keywords Laser forming · Sheet metal forming · Finite element analysis · Abaqus

Introduction

The role of material properties in laser sheet metal forming has often been under-
considered. This is likely one of the contributing factors to the relatively poor
performance ofmodels attempting to predict resultant bend angles [1]. Further research
into the complex interplay of temperature-dependentmaterial properties and the evolv-
ing stress stateswithin thematerial are necessary. The temperature gradientmechanism
(TGM) of laser bending is the most widely modeled. In this mechanism, only a frac-
tion of the sheet thickness is meaningfully heated, resulting in a steep thermal gradient
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through the thickness. The heated surface region thermally expands, initially resulting
in a bend away from the laser beam (counterbending). At the same time, the thermal
expansion of the heated region is constrained by the surrounding material. Within
the heated region the resistance to plastic deformation is also typically reduced due to
thermal softening of thematerial. The combination of thermal softening and constraint
results in compressive plasticity in the heated region. Upon cooling, the plasticity is
not reversed and the compressive deformation results in an upward bend [2, 3].

As described, there are many temperature-dependent material parameters that are
crucial to the TGM. The thermophysical properties — thermal conductivity, surface
absorptivity to the laser wavelength, specific heat capacity, density, coefficient of
thermal expansion (CTE) — all directly impact the geometry of the heated zone.
The mechanical properties of the material—modulus and yield strength—determine
the extent of deformation that occurs. Shichun et al. experimentally demonstrated
that increasing the ratio of CTE to the density multiplied by the specific heat leads
to more bending [4]. Many of these properties are also anisotropic, depending on
crystallographic direction.

The first analytical model derived for the TGM was derived by Vollertsen [5]. This
two-layer model included the CTE, density, and specific heat capacity, but no other
material parameters. This model was later extended by Yau et al. to incorporate coun-
terbending, resulting in consideration of the yield strength and elastic modulus [6].
However, these initial formulations did not account for temperature dependence or
anisotropy. Later, Shen et al. derived an analytical model that incorporates thermal
softening of the heated region to a constant reduced value and explicitly describes
the extent of the plastic region [7]. McBride et al. developed a simple analytical ther-
mal model that takes into account the temperature dependent yield stress, but not
the temperature dependent thermal expansion [8]. Chakraborty et al. found that the
mechanical properties of the sheet impacted the final bend angle; adding prior com-
pressive or tensile stresses increased and decreased, respectively, the final bend angle
as compared to an unstressed sheet [9]. Work by Mulay et al. on a more accurate ana-
lytical model has demonstrated success by utilizing the thermally dependent thermal
expansion, but neglects temperature effects on yield stress [10].

Finite element (FE) models of laser forming have developed in parallel with the
analytical models described above. The parameterization and numerical implemen-
tation of an FE model make the incorporation of temperature-dependent material
property profiles straightforward. Consequently, the material properties implemented
are typically more realistic [11–16], e.g., Yilbas et al. implemented temperature-
dependent Young’s modulus, thermal expansion coefficient, and thermal conductivity
using fixed values within binned temperature ranges [14]. Guan et al. used FEmethods
to demonstrate the role of different magnitudes of Young’s modulus, yield strength,
thermal expansion coefficient, specific heat, and thermal conductivity on the resultant
bend angle [17]. Ultimately, the present work is inspired by this study. While Guan
imposed constant values for the studied variables, herein the shapes of the material
property profiles are investigated.

The primary objective of this work is to determine the role of the shape of the
temperature-dependent material property profiles on the resultant bend angle. The
secondary objective is to demonstrate the potential magnitude of the role of material
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anisotropy. While the focus of this study is on the TGM, the approach taken herein is
equally relevant to the buckling and upsetting laser forming mechanisms.

Methodology

In this work, Abaqus 2021 finite element analysis software was used to evaluate how
changes in thermomechanical properties modified the resulting bend angle during
laser forming. Abaqus is commonly used in industry to simulate sheet metal forming
operations, and can be parameterized to account for thermally induced deformation
such as by thermal expansion.

The sample geometry considered is shown in Fig. 1a, consisting of a uniform sheet
with dimensions of 30x10x0.5mm.Avariablemesh sizewas used across the specimen,

Fig. 1 a) Meshed FEA model (9920 elements) used to emulate Al sheet measuring 30x10x0.5 mm. The
laser path is along Z on the center of the top surface. b) Temperature at the end of the laser heating step,
prior to a 0.2 s cooldown step. c) Profile view (XY plane) of the undeformed specimen (top) and after
bending (middle). A 10x deformation scale factor (bottom) and guide lines (orange) are provided to ease
visualization due to the small bend angle. d) Three node method used to calculate the bend angle of a single
line along the sample using the top surface, with schematic side-view. e) Bend angle measurements taken
along parallel lines across the sample width, with the line in d shown in orange
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Table 1 Physical properties of
AA 3003 used to parameterize
the simulation [18]

Property Value Unit

Density 2730 kg/m3

Elastic Modulus 68.9 GPa

Poisson’s Ratio 0.33

Thermal Conductivity 163 W/m-K

Specific Heat 893 J/kg-K

Absorption 12 %

While laser absorption is not an explicitly defined material parameter
in Abaqus, this value was used in the DFLUX subroutine to modulate
the heat flux from the laser

with the center of the specimen’s length (where bending would be localized) having a
finer mesh size. A total of 9920 elements were used. The sheet was generally parame-
terized to emulate AA 3003 aluminium alloy in the H14 temper. The values for thermal
and mechanical properties used are given in Tables 1 and 2, including temperature-
dependent values for thermal expansion and yield strength. Particular parameters were
then modified to interrogate the resultant bending behavior, as outlined below.

The laser was represented by a moving circular surface heat source with a diameter
of 0.5 mm. The laser being emulated was a 70 W pulsed fiber laser with a wave-
length of 1064 nm and pulse rate of 20 kHz. In order to simplify the model and
lower computational cost, the simulated laser interaction was assumed to behave as a
uniformly-distributed continuous-wave heat flux of 1071 mW/mm2, which was then
multiplied by an absorption coefficient of 0.12 to achieve a final laser heat flux of
128.5 mW/mm2.

A DFLUX subroutine was used to raster the laser across the width of the specimen
at its center in a straight line, as shown in Fig. 1b. The raster velocity was 50 mm/s,
for a pass duration of 0.2 seconds. Each simulation consisted of a single laser pass,
followed by a “cool down” step of the same duration (0.2 s) with no active heat source
to allow the heat to diffuse. This was necessary to reduce uneven thermal expansion
through the thickness of the sheet, enabling bettermeasurements of the final bend angle
due to plastic deformation. For the purposes of this work, heat loss due to convection

Table 2 Temperature-dependent
mechanical properties of AA
3003-H14 used to initially
parameterize the simulation [18]

Temp. (◦C) Yield Stress (MPa) CTE (10−6/K)

25 145

100 130 23.2

200 62 24.1

300 17 25.1

400 12

Yield stress and CTE between the listed temperatures was determined
via linear interpolation. Above the maximum temperature listed for
each value, the stress or coefficient at the maximum temperature is
used
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or conduction to the surroundings were ignored for computational efficiency and to
capture variances in bending due to internal heat diffusion rather than heat loss to the
environment. Additionally, the initial temperature of the specimen was set to 100◦C to
ensure that the induced thermal gradient would capture the entire thermal softening
effect present in the AA 3003-H14 yield profile.

An example of the sheet deformation is shown in Fig. 1c. After bending was com-
pleted, the bend angle was measured using the angle measurement tool within Abaqus
via the three node method, using the end points and center point as shown in Fig. 1d.
The angle was measured on the top surface, and a separate measurement was taken
for each set of three nodes across the width of the specimen to capture changes in
variance between test conditions. An example of this variance across the specimen is
shown in Fig. 1e.

The impact of temperature-dependent yield behavior was assessed by varying the
trends in yield stress as a function of temperature. The initial yield stress as a function
of temperature for AA 3003-H14 is given in Table 2 as well as shown in Fig. 2.

Fig. 2 Profiles of yield stress as a function of temperature used. The AA 3003-H14 yield behavior was
modified to produce a) constant yield stresses, b) linear slopes, and c) step functions. d) Material temper
was considered using the “O” (annealed) condition [18]
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Constant yield stresses were considered from across the range of values this alloy
can exhibit at various temperatures, as shown in Fig. 2a. A linear approximation of
the temperature softening curve was also considered as well as two additional linear
slopes, as shown in Fig. 2b. To examine how sudden changes in yield point modify
the bend behavior, step functions with varying transition temperatures were used as
shown in Fig. 2c. Additionally, the role of temper was examined by comparing yield
behavior of the H14 temper to that of the O temper (Fig. 2d) [18].

The role of the CTE and its temperature dependence were similarly assessed.
Constant values were taken from those present in AA 3003 across the considered
temperature range (Fig. 3a). As the CTE of this material is close to linear, multiples
of the slope (>1x, <1x, and -1x) were examined as seen in Fig. 3b-d. The sign of
the CTE, such as for a negative thermal expansion coefficient, was also considered
(Fig. 6a). Sudden changes in the CTE were examined using step functions with varied
temperatures, as well as a variation in the difference between the pre- and post-step
coefficients (Fig. 3e). Additionally, the orientation-dependence of the CTE (Fig. 3f)
was examined by taking the initial values as expansion in the 〈001〉 directions and
multiplying by factors of

√
2 for 〈011〉 and √

3 for 〈111〉.

Results

After a single laser pass of the given parameters and subsequent heat diffusion step, the
thermal and mechanical behavior of AA 3003-H14 were found to produce a median
bend of 0.42◦, which will be used as a baseline for comparison. The maximum tem-

Fig. 3 Profiles of the coefficient of thermal expansion as a function of temperature used. The AA 3003
behavior was modified to produce a) constant CTEs, b) linear slopes less than 1x, c) linear slopes greater
than 1x, d) negative slope, e) step functions, and f ) crystallographic orientation-dependent behavior
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perature at the end of the heating step was 433.4◦C, and the maximum at the end of
the heat diffusion step was 127.6◦C.

Temperature-Dependent Yield Stress

The constant yield stress profiles (Fig. 2a) produced a wide range of resultant bend
angles, as shown in Fig. 4a. Even with the value held constant, bending was still able
to occur. As the yield point increases, the bend angle produced by a single laser pass
is seen to increase to a maximum around 50 MPa before decreasing rapidly. While
the highest fixed yield point considered of 150 MPa produced only a small amount of
bending (about 0.01◦), the thermally-induced stresses were still capable of inducing
plastic strain in the material. Notably, all constant yield point values were found to
induce less bend than the baseline AA 3003 behavior.

When the yield profile was changed to be linear (Fig. 2b), the resultant bend angles,
shown in Fig. 4b, significantly decreased in a similar fashion to the constant yield

Fig. 4 Bend angles produced by a single laser pass after modifying the yield profile to be a) constant, b)
linear slopes, c) step functions, and d) the “O” temper condition
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stresses of 100 and 150 MPa. Even when the slope was a linear approximation of the
actual AA 3003 profile, only around 1/8th of the amount of bending occurred. This
significant change in behavior appears to indicate that sharp drops in the yield stress
across a given temperature range are important contributors to bending during laser
forming.

This contribution was further examined by considering step functions (Fig. 2c),
wherein the yield would start at 150 MPa and then, upon exceeding the transition
temperature, drop to 12.5 MPa. The bend angles produced from varying transition
temperatures are shown in Fig. 4c. Similar to the constant yield point cases, the trend
increases to a maximum around a transition temperature of 200◦C before rapidly
declining to values expected from maintaining a constant 150 MPa yield point. This
maximum approaches the angle seen at a constant 50 MPa and approximately doubles
that of the constant 12.5MPa case, while significantly exceeding the degree of bending
seen in the constant 150 MPa case or any of the linear profiles. The presence of a
sudden drop in yield stress greatly increased the resultant bend compared to either
of its constituent constants, further supporting this yield behavior as an important
contributor to bending; however, even the maximum value obtained via a step function
profile was still less than that of the actual AA 3003.

To further investigate these trends in behavior, an additional yield profile was con-
sidered to emulate AA 3003 in the O tempered (fully annealed) state. A comparison of
the temperature-dependent yield point between the two tempers is shown in Fig. 2d.
As the O temper yields at a far lower stresses than H14 until 300◦C and the overall
decline in the profile is more shallow, the O temper material was expected to behave
more similarly to a constant yield point and thus bend significantly less. The resultant
bends are shown in Fig. 4d.While AA 3003-O did achieve a lower bend angle than AA
3003-H14, the extent of bending was similar to that of the constant 50MPa yield stress
or the step function with a transition at 200◦C, despite remaining below 40 MPa for
the temperature range considered and without a sharp drop in yield point. Comparing
this to the behavior of other profiles, the amount of bending achieved appears to not
just depend on the absolute value of the yield point, but also on the relative differences
across the yield profile.

Temperature-Dependent CTE

As the CTE of AA 3003 increases nearly linearly within the considered temperature
range, the values at 100, 200, and 300◦C were held constant (Fig. 3a) for the sake
of comparison. The resulting bend angles are shown in Fig. 5a, and illustrate a simi-
larly linear increase that corresponds with increases in CTE. As with the yield stress
behavior, the angles produced by these constant thermal expansion coefficients were
non-zero, indicating that bending is possible; however, all are still lower than the actual
AA 3003 values.

To interrogate how the steepness of the slope in the temperature-dependence of
CTE affects the resultant bend, additional slopes were tested as multiples of the base
AA 3003 values, as shown in Fig. 3b-d. The bend angles produced by these varied
slopes are presented in Fig. 5b and c, and indicate that the resultant bend is directly
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Fig. 5 Bend angles produced by a single laser pass after modifying the CTE profile to be a) constant and b)
linear slopes. c) Mean bend angles with one standard deviation error bars for n multiples of the AA 3003
slope. For n = 0, the constant 23.2 10−6/K value was used

correlated to amount of change in CTE with temperature. Multiples greater than one
induced more bending in the specimen, while fractions of the original slope induced a
reduced amount of bend. Notably, even when the slope was inverted (producing less
expansion as temperature increases), bending still occurred but was diminished, to
the point of even being below those of the lowest constant CTE case. The instance
of a negative thermal expansion coefficient was subsequently considered with results
shown in Figs. 6b and c. When the material contracts as temperature increases, the
resultant bend is equal in terms absolute value but opposite in terms of sign, with the
specimen bending downwards instead of upwards.

The behavior of discontinuities in the CTE profile were examined using step func-
tionswith transitions at 100, 200, and 400◦Cas shown inFig. 3e,with twodifferent step
heights considered for 200◦C. Similar to the step functions considered for yield behav-
ior, the resultant bends (Fig. 7a and b) increase as the transition temperature increases
up to 200◦Cbefore trending downward,with the 200◦C transition point achievingmore
bending than the AA 3003 behavior. When the step height was doubled, the resultant
bend increased further, indicating that the severity of the discontinuity similarly has a
direct effect on the amount of bending achieved.

Fig. 6 a) Profile of a negative temperature-dependent CTE, or thermal compression. By changing the sign
of the CTE profile, b) the actual bend angle becomes negative (downward bending), while c) the absolute
value of the bend angle is found to be equal to that of the initial behavior
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Fig. 7 Bend angles produced by a single laser pass after modifying the CTE profile to be step functions of a)
varying transition temperature and b) increased step height, as well as c) varied crystallographic orientation

Orientation-dependent CTE

Due to the different relationships between the unit cell lengths of various crystal-
lographic directions and the lattice parameter, changes in orientation relative to the
sample X direction were considered. The AA 3003 CTE values were assumed to be
that of the 〈001〉 direction, with the corresponding 〈011〉 and 〈111〉 coefficients shown
in Fig. 3f and bend angles shown in Fig. 7c. The yield profile was kept constant
throughout. As the expansion in these directions is greater than that for the 〈001〉, the
resulting bends are significantly increased. This behavior indicates that bending behav-
ior is likely strongly dependent upon crystallography, grain size, and crystallographic
texture.

Discussion

Modifying the shapes and intensities of the yield and CTE profiles was found to
have a direct impact on the material’s resultant bend angle, providing a number of
insights into elastic and plastic mechanical properties that can aid or hinder the ability
of a material to be bent via laser forming. The only instances in which no plastic
deformation occurred were when there was no thermal expansion at all, or when the
yield point was too high to be achieved with the given laser parameters. For the latter
case, this does not indicate that that materials with a high yield strength cannot be bent,
but rather that the laser power or raster speed would need to be modulated differently
(or a surface coating applied to boost absorptivity) in order to get a heating profile
suitable for producing higher stresses. Essentially, as long as a material undergoes
thermal expansion, there will be a set of laser parameters that results in bending.

The analytical model described in McBride et al. modeled the development of
plastic strains in the TGMusing two discrete stages: a stage during heating inwhich the
expanded region plastically deforms due to rigid constraint of the cooler surrounding
material, and then a stage during cooling in which the previously expanded region
contracts and further resultant stresses cause additional plastic deformation [8]. By
considering the effect of temperature-dependent yield and CTE profiles separately
in these stages, an explanation for the seemingly counter-intuitive bending behaviour
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seen at the lower end of the constant yield point tests (Fig. 4a) begins to emerge. During
the initial heating and expansion stage, the low yield point results in greater amounts
of internal compressive strain. However, as the heated region cools and contracts, it
is similarly easy for the yield point in the compressed regions to be overcome and
expand, negating the deformation that contributes to bending. This can also be seen
in the reduction in bending for AA 3003-O temper (Fig. 4d) as the decreased yield
point at lower temperatures enablesmore plastic expansion of the initially-compressed
regions upon cooling. The local maximum in bending at the 200◦C transition step
function may also be considered in terms of these stages. The heating/expansion stage
exceeds the transition temperature and thus deforms readily due to the constraint of
the surrounding cooler, and thus significantly harder, material which in turn produces
a moderate bend.

Thermal expansion plays a powerful role in generating the stresses necessary to
achieve plastic deformation during laser forming,with every aspect of the temperature-
dependent CTE profile having a noticeable impact on the final bend angle. When the
thermal expansion coefficient was held constant, the exact value used had a linear
relationship with the bend; when the coefficient increased linearly with temperature,
the final bend had a similar linear relationship with the slope of the temperature-
dependence. If a discontinuity was present, both the temperature and severity of the
discontinuity would modify the amount of bending achieved.

Considering all of these aspects together provides an initial basis to screen the rela-
tive amount of bending possible with a single laser pass, just from thermal expansion
data. Materials that have higher linear thermal expansion coefficients and with greater
increases in CTE over the temperature range induced by the laser should, for an equiv-
alent yield stress profile, produce noticeably more bending. Similarly, materials with
intense discontinuities or other jumps in their thermal expansion behavior should have
particularly good bending behavior.

The effect of crystallographic orientation on the thermal expansion coefficient—and
thus in turn the bend angle—is of particular note. Generally, past studies attempting to
model bending behavior either computationally or analytically have tended to assume
thematerial is uniform and isotropic [1]. This assumption rarely holds for sheetmetals,
as the rolling process can impart significant crystallographic texture. In demonstrating
that the crystallographic orientation of a single crystal has a significant effect on
the total extent of bending, it holds that a non-uniform distribution of polycrystal
orientations will also have such an effect.Where mechanical properties are concerned,
the response of a polycrystalline system can generally be treated as a weighted average
of the single crystal responses over the orientation distribution function that makes up
the polycrystal [19–21]. Due to the symmetry of the FCC crystal lattice, the 〈001〉 and
〈111〉 orientations are the extremes of the crystalllographic orientation dependence;
regardless of the polycrystal orientation distribution, the bend angle will lie between
these two bend angle values if no other feature is changed. Given that the orientation
distribution can have a significant effect even for a highly symmetric crystal system,
this indicates that the specific crystallography of the material may contribute directly
to bending behavior as different unit cells with lower symmetry may have more drastic
orientation effects.
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Even for cubic materials, the initial grain size relative to the laser spot size will also
serve as an important factor as fine-grained material will effectively use a combination
of the CTE for multiple differently oriented grains, while coarse-grained material will
be much more sensitive to the orientation of the specific grain(s) hit by the laser. As
grain size is controlled by the production method and any subsequent deformation
processes or heat treatments, every step in the production of the part will play a role in
its susceptibility to bending. Similarly, prior deformation (such as during sheet rolling)
can lead to crystallographic texture, in which certain crystal orientations are more
prevalent throughout themicrostructure, which in turn will modify the degree to which
a part will bend during a given laser forming operation. These previously unexamined
microstructural factors may play a key role in explaining the large variation between
reported bend angles in previous studies into laser forming.

The scenario considered here is not perfectly identicalwith reality, and experimental
results into orientation effects may not be as drastic as seen here. In the current work,
the orientation dependence was investigated solely by modifying the CTE based off of
geometric considerations. In essence, the sheet was considered a single crystal for the
purposes of thermal expansion, but the yielding behavior remained identical across
the different orientations. In reality, a given sheet of material would be a polycrystal
containing grains ofmany different orientations.Not onlywould the thermal expansion
depend upon the orientation of a given grain, but the resolved shear stresses that result
in yielding would also similarly be dependent upon orientation. As these particular
yield effects are not captured by the current model, a more thorough study into the role
of orientation and crystal plasticity on laser forming is necessary to better understand
the extent to which they contribute to bend angle.

Using the temperature-dependent thermal expansion behavior determined in this
work as a guide, it is possible to make some estimations of how favorable bending
is in different materials, all else being equal. In this regard, aluminum is actually an
exceptionally good choice of material for bending applications as the CTE for pure Al
ranges from 23.5 to 26.5 10−6/K between 300 and 500 K [22], both a high baseline
value and sizeable increase with temperature (Table 3). Other ductile FCCmetals such

Table 3 Coefficients of linear
thermal expansion for various
pure metals across ranges of 300
to 500 K

Material CTE (10−6/K) � CTE Reference

Aluminum 23.5-26.5 3.0 [22]

Copper 16.5-18.0 1.5 [22]

Gold 14.0-15.0 1.0 [22]

Tungsten 4.3-4.5 0.2 [23]

Molybdenum 5.1-5.5 0.4 [24]

Nickel 12.5-15 2.5 [22]

Iron 11.5-14 2.5 [22]

Lead 29.3 − [18]

Zinc 31.0-36.5 5.5 [25]

Cadmium 31.3 − [18]

Materials presented with a single value are at 300 K
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as copper and gold would in turn bend less than Al due to having both a lower initial
CTE (16.5 and 14.0 10−6/K, respectively) and smaller increase over this temperature
range [22]. Refractory metals such as tungsten and molybdenum are expected to have
very low amounts of bending per laser pass, as their thermal expansion coefficients
are only around 20% of that of Al and increase very little with temperature [23, 24].

Nickel and iron have an initial value of around 50% that of aluminum but see
a similar amount of increase over this temperature range, making them favorable
candidates for bending. Notably, both of these metals also have anomalous expansion
behavior that results in increased slopes at temperatures just above 500 K which
would likely result in even greater amounts of bending per pass than can be predicted
here [22]. These same anomalous properties are utilized in the Fe-Ni alloy Invar to
produce a very low thermal expansion at room temperature, around 1 10−6/K [26].
Counterintuitively, this behavior actually makes Invar predicted to be exceptionally
good for bending as the CTE rapidly increases to more typical values between 200
and 300◦C [27], resulting in a situation akin to the step function profiles shown in
this work and likely producing substantial amounts of bending per laser pass. On the
other hand, Ti-based ALLVAR has a CTE of -30 10−6/K at room temperature [28].
ALLVAR is predicted to exhibit downward bending for identical laser parameters that
develop upward bending in other metals.

While it may be of interest to experiment with materials that have a higher starting
CTE thanAl, three of themost readily availablemetals that fit this criteria are lead, zinc,
and cadmium with values of around 29, 31, and 31 10−6/K, respectively [18, 25]. As
this is about 25% greater than aluminum, there should be a commensurate increase in
the bend per pass; however, as thesemetals pose significant health hazardswhen heated
to the temperatures involved in laser forming, increased safety precautions would be
necessary. Additionally, in making any predictions here based on the comparative
thermal expansion coefficients, everything else is assumed to be equal including the
heat input from the laser and the yield behavior. As these would vary greatly between
materials under the same laser power and raster parameters, the CTE differences alone
will not be enough to accurately predict the actual amount of bending achieved in a
single pass, butmay give insights into some fundamental differences in behavior across
various metals.

Conclusions

Abaqus finite element modeling was used to determine the roles of the yield stress
and thermal expansion in laser forming using AA 3003 aluminum alloy. By modi-
fying the temperature-dependent profiles of these two parameters, the following was
determined:

• Bending was able to occur even when the yield stress or thermal expansion coef-
ficient was held constant.

• Both constant yield stresses and step functions were found to have a trend with a
maximum bend angle at an intermediate value.
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• A linear approximation of the AA 3003 yield profile resulted in greatly dimin-
ished bending, indicating sharp transitions in the yield point contribute heavily to
bending behavior.

• The lower yield stresses of the O temper AA 3003 resulted in a smaller bend angle
than the harder H14 temper.

• Increasing the value of a constant CTE or the slope of the CTE with temperature
both increase the bend angle.

• Step function profiles for CTE were found to depend both on the step transition
temperature and the height of the step.

• The crystallographic orientation of the material strongly impacts the amount of
bending achieved, with the 〈111〉 direction producing the greatest bend angle.

From these findings, the combination of temperature-dependent yield stress and CTE
profiles may be able to serve as a preliminary screening tool for candidate materials
for laser forming, or to evaluate a given material’s inherent susceptibility to bending
via this method.
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