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This work presents numerical simulations and experimental validation of sheet laser 
forming processes using a single-step straight path with different laser beam powers 
(four levels ranging from 30 W to 120 W) and scanning speeds (four levels ranging from 
5 mm/s to 20 mm/s) in graphite-coated AISI 304 stainless steel 0.6-mm-thick sheets. 
The numerical simulations of these cases are performed via a coupled thermomechanical 
finite element formulation accounting for large strains, temperature-dependent material 
properties and convection–radiation phenomena. Firstly, a rate-independent plastic model 
is used. Although this model adequately predicts the final bending angle for the cases 
achieving relatively low maximum temperatures, i.e. cases with low laser beam powers 
and high scanning speeds, it fails in describing the deformation pattern for the cases with 
higher maximum temperatures, i.e. cases with high laser beam powers and low scanning 
speeds. Secondly, in order to overcome this drawback, a rate-dependent viscoplastic model 
including a stress-dependent viscosity law is proposed to simulate the same cases. The 
final bending angles provided by this model are found to be in good agreement with the 
experimental measurements for the whole ranges of laser beam power and scanning speed 
studied in this work. Therefore, the use of this viscoplastic model in the simulation of 
sheet laser forming allows us to conclude that the strain rate effects, which mainly play a 
relevant role at high temperatures, can be adequately characterized.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Laser forming is a flexible and particularly suitable manufacturing technique for low-volume production and/or rapid 
prototyping of sheet metal components in which either forming tools or external forces are not needed [1–5]. This process 
allows the bending of the work piece through the development of thermomechanical strains generated by the heating of a 
laser beam with a given power and scanning speed. The formation of a high thermal gradient along the plate thickness is the 
most appropriate condition to achieve controllable bending angles. This is the so-called thermal gradient mechanism that 
typically occurs where the ratio between the diameter of the laser beam and the plate thickness is relatively small [6–8]. 
In the heating phase, once the stress exceeds the material yield strength, plastic deformations occur under a compressive 
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stress field due to the fact that the heated region is restricted to expand by the surrounding material that is at a lower 
temperature. In the cooling stage, the work piece shrinks on the heated surface under tensile stresses which make the 
plate bend toward the laser beam. In this way, the sheet laser forming method allows flexibility, that conventional methods 
cannot in general achieve, combined with a good dimensional accuracy level, thus attracting interest in sectors such as the 
aeronautics, nanotechnology and automotive industry [9–11]. Nevertheless, a strict control of all the operating variables, e.g., 
laser beam diameter, power and scanning speed, is needed in order to obtain the desired final shape.

Despite all the advances in the field, the accurate description of the thermomechanical material response during laser 
forming is a complex task that led in recent years to the use of finite element simulations focused on different aspects of 
the process: effects of operating variables on the deformation field [12–26], use of non-standard forming materials [27,28], 
influence of edge effects [29–33], multi-scan forming [34–38], and production of complex shapes using general heating 
paths [39–48]. In all these works, the rate-independent plasticity theory adopted to model the material behavior provided 
numerical results that reasonably fit the corresponding experimental measurements. Nevertheless, it has been recognized 
that this approach cannot accomplish a realistic prediction of the final bending angle when the peak temperature is high 
compared to the melting temperature of the forming material such as those measured in cases with high-laser-beam powers 
and low scanning speeds [48,49] or, more precisely, in cases with high values of line energy (LE) [6–8], defined as the ratio 
between the laser beam power P and the scanning speed V . In this situation, the strain rate effects on the flow stress 
and thus deformation become quite significant, even with moderate strain rate levels [49]. Within the context of plasticity, 
such effects were considered via an empirical-based flow stress relationship defined in terms of the equivalent strain rate 
and temperature with parameters determined through uniaxial tension and/or compression tests at certain temperatures 
[49]. Although the computed results with this last approach were consistent with the experimental observations, a more 
exhaustive assessment of strain rate effects for a wide range of operating variables is still needed.

This work presents an experimental and numerical analysis of a single-pass laser-forming process applied to graphite-
coated thin 0.6-mm-thick AISI 304 stainless steel sheets aimed at characterizing strain rate effects when specific combina-
tions of laser power and scanning speeds on a linear path are used. To this end, the proposed methodology described in 
Section 2 consists in two stages, respectively devoted to the realization of laser bending tests and the numerical simula-
tion of this process carried out with a coupled thermomechanical finite element formulation accounting for large strains, 
temperature-dependent material properties and convection–radiation phenomena. In order to assess the influence of the 
strain rate on the thermomechanical material response, the numerical analysis is performed via two different models: firstly, 
a rate-independent plastic model and, secondly, a rate-dependent viscoplastic model including a stress-dependent viscosity 
law specifically defined in this study. The numerical results obtained with these two models are compared and discussed in 
Section 3. The viscoplastic simulations are found to provide a satisfactory experimental validation of the final bending angle 
for the whole ranges of laser beam power and scanning speed considered in this study. Finally, the concluding remarks are 
presented in Section 4.

2. Methods

2.1. Experimental procedure

Set-up

In the experimental forming tests, an optical Yb-doped fiber laser with maximum nominal power of 200 W was used. 
The laser wavelength has a spectral range near the infrared (1060–1080 nm). This equipment has its own digital system, 
where the needed operating parameters of the laser beam, such as the power energy and the power delivery option (i.e. 
continuous, discrete or by pulses), can be determined. It is composed of the laser equipment, the optical fiber, and the 
collimator from where the radiation comes out. To focus the laser beam, two biconvex lenses were mounted to obtain the 
desired beam diameter, which in this work was adopted as 1.2 mm. In this experimental configuration, the laser system 
was maintained fixed, while the different plates to be formed were mounted on a CNC table, as shown in Fig. 1a (see [48]
for more details).

It is important to estimate the set-up energy losses in order to calculate the real power that enters the plate. The power 
loss in one lens was measured with a powermeter, resulting in an average of 9.92% for a wide range of different output 
powers. Thus, the total power loss was considered as approximately 20% for the present device.

Material

The material used corresponds to AISI 304 stainless steel plates, with a thickness of 0.6 mm and a chemical composition 
shown in Table 1. The temperature-dependent thermomechanical properties of this material are plotted in Fig. 2.

Studied cases

All the experimental forming tests were performed with rectangular samples of 75 mm in length and 60 mm in width, 
firmly clamped in one end in order to avoid warping of the sheet; see Fig. 1b. In order to increase the amount of laser 
energy absorbed by the sheet, all samples were coated with a graphite layer [50]. Four levels of both laser beam power 
(including the energy loss) and scanning speed were considered in the tests, resulting in a total of 16 different cases 
obtained by a combination of power and scanning speed values labeled as: P1 = 30 W, P2 = 60 W, P3 = 90 W, P4 = 120 W, 
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Fig. 1. (a) Components of the experimental set-up, (b) sample dimensions and (c) bending angle definition.

Table 1
Chemical composition of AISI 304 stainless steel [20].

C min Mn Si P S Cr Ni Fe

0.08 2.00 1.00 0.05 0.03 18–20 8–11 Bal.

Fig. 2. Temperature-dependent thermal and mechanical properties of the AISI 304 stainless steel [26].

and V 1 = 5 mm/s, V 2 = 10 mm/s, V 3 = 15 mm/s, V 4 = 20 mm/s. To achieve statistically reliable data, 7 experiments were 
made for each case.

The resulting bending angle in all cases was measured, via a photo imaging software [20,48], as the average between 
those at the beginning and end of the laser beam path; see Fig. 1c. Due to the negligible bending angle exhibited by 
cases P1V3, P1V4 and P2V4 (combinations of low power with high scanning speed that result in a nearly elastic reversible 
response), they were excluded from the analysis. Therefore, the studied cases correspond to 13. Moreover, it should be noted 
that the adopted values for the operating parameters caused in all cases both the development of temperature gradients 
along the plate thickness and practically negligible edge effects during the process.
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Table 2
Thermomechanical formulation.

Governing equations (written in a Lagrangian description)

Continuity equation ρ J = ρ0

Equation of motion ∇ ·σ = 0
Energy balance equation −ρcṪ − ∇ ·q = 0

all of them valid in the domain � × γ , where � is the spatial configuration of a body and γ is the time interval of interest, where:

J is the Determinant of the deformation gradient tensor F (where F−1 = I − ∇u, I being the unity tensor and
u is the displacement field);

ρ is density;
∇ is the spatial gradient operator;
σ is the Cauchy stress tensor (symmetric for the nonpolar case adopted in this work);
c is the specific heat capacity, taken from Fig. 2;
T is the temperature of the body;
q is the heat flux vector;

Subscript 0 denotes values in the initial configuration �0.

The effects of body forces, acceleration, external heat source and heat due to mechanical work are assumed to be negligible.

Thermal boundary conditions

The normal heat flux boundary condition of the energy balance (considered valid in �fxγ , where �f is the thermal boundary of the spatial 
configuration �) is written as:

q·n = qc +ql

where qc is the convection–radiation normal heat flux, ql is the normal heat flux provided by the laser beam and n is the outward unit normal vector 
to �f . The following laws are adopted:

qc = −hcr(T − Tenv)

ql = −af l(P l,dl)

where:

hcr is the convection–radiation heat transfer coefficient;
Tenv is the environmental temperature;

a is the absorption coefficient, taken as 0.64 [50];
f l is the laser heat flux distribution function, with P l and dl the power and the diameter of the laser beam,

respectively. In this work, a Gaussian distribution is adopted: f l = 8P l
πd2

l
e
− 8r2

d2
l , where r is the radial distance

to the center of the laser beam.

A parallel convection–radiation mechanism is typically assumed, i.e. hcr = hc + hr with hc and hr the convection and radiation coefficients, respectively. 
In this work, a constant value of 9.8 W/m2·K is adopted for hc [20] while the radiation is described in this context as hr = εσB(T + Tenv)(T 2 + T 2

env), 
where ε is the emissivity coefficient, taken as 0.25 [20], and σB is the Boltzmann constant.

Constitutive relations

Isotropic Fourier’s law q = −k∇T
Stress–strain relation σ = C : (e − eP − eth)

Thermal Almansi strain tensor eth = 1
2

[
1 − (1 − ath)2/3

]
I

where:

k is the conductivity coefficient, taken from Fig. 2;
C is the isotropic elastic constitutive tensor, where Young’s modulus and Poisson’s ratio are taken from Fig. 2;
e is the Almansi strain tensor (e = 1/2 (I − F−TF−1));

ep is the plastic Almansi strain tensor;
ath is the thermal dilatation function (ath = αth (T − To) , with αth the thermal dilatation coefficient, taken from Fig. 2).

It should be noted that the adopted stress–strain relation is written in therms of the Cauchy stress, instead of the Kirchhoff stress, since both 
measures are practically identical in this formulation because the determinant of the deformation gradient is nearly one due to the consideration of 
small thermoelastic strains and plastic strain rates governed by the von Mises (isochoric) flow rule.

Von Mises yield function F = √
3 J2 −CY0 −C

where J2 is the second invariant of the deviatoric part of σ (σeq = √
3 J2 is the so-called equivalent or von Mises stress), C is the plastic isotropic 

hardening function and CY0 is the yield strength, taken from Fig. 2, defining the initial material elastic bound.

Hardening function C = A P ep
np

where:

A P is the hardening coefficient, defined through a linear relationship (450 MPa at 20 ◦C and 0.1 MPa at 1500 ◦C);
np is the hardening exponent, taken as 0.2;
eP is the equivalent plastic deformation.

(continued on next page)
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Table 2 (continued)

Plastic model

Flow rule Lv
(
ep

) = λ̇
∂ F

∂σ
ėp = −λ̇

∂ F

∂C
where:

Lv is the Lie (frame-indifferent) derivative;
λ̇ is the plastic consistency parameter (derived from the condition Ḟ = 0).

Viscoplastic model

Flow rule Lv
(
ep

) = λ ∂ F
∂σ ėp = −λ ∂ F

∂C

λ = 〈 F
K

〉m

K = b σeq
where:

λ is the viscoplastic parameter;
〈 〉 are the Macauley brackets;
K is the viscosity of the material;
m is the strain rate sensitivity exponent, taken as 7.0 [54];
b is the viscous coefficient, taken as 1.0 s1/m.

2.2. Thermomechanical formulation

The thermomechanical formulation used in the simulations carried out in this research is based on that reported in 
[20] where a plastic, i.e. rate-independent, material response was firstly assumed. Such approach is extended in the present 
work through a viscoplastic model to account for rate-dependent effects that are apparent in the studied forming tests 
where combinations of high power with low scanning speed are considered leading, as already mentioned, to relatively 
high peak temperatures. The adopted viscoplastic model is based on investigations devoted to find rate-dependent models 
able to explain the variables behavior in processes where metals (mainly steel) reach high temperatures in a short period 
of time [51–54].

The full thermomechanical formulation is summarized in Table 2. The plastic and viscoplastic constitutive models 
employed and assessed in the simulations presented in Section 3 are also included where, in particular, the proposed 
stress-dependent viscosity law is found to properly predict, unlike the plastic law, the final bending angle for the whole 
ranges of laser beam power and scanning speed studied in this work. Although alternative definitions of the viscoplastic 
parameter λ have been proposed in the literature [49,51–53], they were precluded from the present study due to their com-
plex characterization since they usually involve more material parameters than those appearing in the expression included 
in Table 2.

2.3. Numerical simulation

The solution to the thermomechanical formulation presented above was tackled in the context of the finite element 
method via an in-house code extensively validated in many engineering applications, including traditional and laser forming 
processes [20,54–57]. The numerical solution to the resulting coupled discretized equations is achieved by using a staggered 
scheme in combination with an improved isothermal split, which preserves the coupling degree and provides unconditional 
stability. In this framework, the well-known total Lagrangian approach under isothermal conditions is considered for the 
mechanical problem, while the solution to the thermal problem is done with the spatial configuration assuming a fixed 
elastic configuration. Furthermore, the line search technique is also employed with the Newton–Raphson iterative procedure 
to accelerate the numerical convergence. Moreover, the integration of the temperature rate is carried out with the gener-
alized midpoint rule algorithm choosing the parameter that makes this procedure unconditionally stable. This scheme has 
also been used to integrate the viscoplastic rate equation via a return-mapping procedure. Finally, in order to overcome the 
volumetric locking effect on the numerical solution when incompressible plastic flows are considered, like that resulting 
from the von Mises flow rule described above, an enhanced strain–displacement matrix classified within the B-bar methods 
is used in the present analysis. Details of the numerical approach can be found elsewhere [55,56].

To simulate the studied laser forming cases described above, the plate was spatially discretized with the mesh depicted 
in Fig. 3a. The elements used are hexahedral, with one transition such that a fine discretization is considered on the laser 
path to properly capture the expected high gradients of the thermomechanical variables; see Fig. 3b. The problem has been 
solved with a time step of 0.01 s. The initial and environment temperatures in all cases corresponded to 25 ◦C.
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Fig. 3. Finite element mesh of the plate: (a) whole domain and (b) detail on the refined zone along the laser beam path.

Table 3
Experimental and numerical bending angles.

Case Line energy (LE) 
P/V (J/mm)

Experimental angle (◦) Numerical angle 
(◦)

Relative numerical error with respect 
to the experiment (%)

Plastic model Viscoplastic model Plastic model Viscoplastic model

P1V1 6 0.97 ± 0.10 0.93 0.90 4.1 7.2
P2V1 12 2.96 ± 0.36 1.89 2.81 36.1 5.1
P3V1 18 4.16 ± 0.49 2.09 4.23 49.8 1.7
P4V1 24 4.28 ± 0.50 1.97 4.62 54.0 7.9

P1V2 3 0.47 ± 0.14 0.55 0.50 17.0 6.4
P2V2 6 1.50 ± 0.20 1.36 1.38 9.3 8.0
P3V2 9 2.68 ± 0.16 1.83 2.68 31.7 0.0
P4V2 12 3.23 ± 0.48 1.88 2.98 41.8 7.7

P2V3 4 1.05 ± 0.11 1.01 0.97 3.8 7.6
P3V3 6 1.73 ± 0.31 1.73 1.86 0.0 7.5
P4V3 8 2.48 ± 0.29 1.94 2.45 21.8 1.2

P3V4 4.5 1.67 ± 0.08 1.65 1.68 1.2 0.60
P4V4 6 1.96 ± 0.19 2.07 2.10 5.6 7.1

Combinations between laser beam power (P ) and scanning speed (V ) are labeled as P1 (30 W), P2 (60 W), P3 (90 W) and P4 (120 W), and V1 (5 mm/s), 
V2 (10 mm/s), V3 (15 mm/s) and V4 (20 mm/s).

3. Results and discussion

3.1. Bending angle

Table 3 summarizes the experimental average values of bending angles, with their corresponding standard deviation, 
for the cases studied. The line energy (LE) values for each case are also detailed. As expected, higher bending angles are 
generated for increasing levels of laser beam power and decreasing values of scanning speed. These measurements are 
compared with the respective numerical results using both the plastic and viscoplastic models (see Table 2). It is seen that 
the results for both models are very similar when LE ≤ 6 J/mm (i.e. cases P1V1, P1V2, P2V2, P2V3, P3V3, P3V4, P4V4), 
whereas they begin to differ when LE ≥ 8 J/mm (i.e. cases P2V1, P3V1, P4V1, P3V2, P4V2, P4V3). In these last configurations, 
the viscoplastic model is clearly more accurate than the plastic one. Furthermore, unlike the plastic model, the viscoplastic 
model predicts bending angles that, in accordance with the experiments, increase for both higher laser beam powers at 
a given scanning speed value and lower laser beam scanning speeds at a given power. In all cases, the bending angles 
computed with the viscoplastic model fall within the experimental uncertainty range (note that this is not the case for the 
plastic model predictions exhibiting an error greater than 20%).

3.2. Computed thermomechanical variables

This section presents and compares the computed evolution during a specific time interval of the most relevant ther-
momechanical variables of the process at a representative node located in the heated surface at the middle of the laser 
scanning path. Figs. 4 to 7 respectively show the results corresponding to the cases with the four scanning speed levels 
considered in this study.

The temperature peaks follow, as expected, the same trend as that of the bending angles, i.e. higher temperature peaks 
are predicted for increasing levels of laser beam power and decreasing values of scanning speed. For each scanning speed, 
the temperature rate peaks also increase with higher laser beam powers. However, for a given laser beam power, the effect 
of the scanning speed on the temperature and temperature rate peaks has the opposite behavior, i.e. higher temperature 
rates develop for increasing scanning speeds, with a nearly linear proportional ratio between them.
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Fig. 4. Computed evolution of variables at a heated point for different laser beam power values and a scanning speed V 1 = 5 mm/s: (a) temperature and 
temperature rate; effective plastic deformation, effective plastic deformation rate, and von Mises stress for (b) plastic and (c) viscoplastic models.

As mentioned above, pronounced temperature gradients occur along the plate thickness, thus confirming that the defor-
mation is mainly caused by the thermal gradient mechanism. The maximum difference between the temperatures at the 
top and bottom surfaces of the plate depends for all cases exclusively on the laser beam power, i.e. it is nearly independent 
of the scanning speed: 370 ◦C, 650 ◦C, 890 ◦C and 1140 ◦C for P1, P2, P3, and P4, respectively.

The equilibrium melting temperature range of the AISI 304 stainless steel is [1400–1450 ◦C]. The cases together with the 
time intervals in which the solidus temperature is exceeded are: P3V1 (0.12 s), P4V1 (0.20 s), P3V2 (0.02 s), P4V2 (0.06 s), 
P4V3 (0.03 s) and P4V4 (0.02 s). A qualitative metallographic analysis of these cases was carried out in order to assess 
possible microstructural changes. Fig. 8 shows micrographs corresponding to the heated zone of the sample for the cases 
with higher LE values (i.e. P2V1, P3V1, P4V1 and P4V2), where it is seen that melting (and subsequent solidification) is 
only observed in the case P4V1, at a depth of approximately half of the thickness (note that finer grain sizes and dendrites 
at the bottom of the image, which corresponds to the place where the solidification started once the effect of the laser 
ceased, can clearly be appreciated). Although this case was additionally simulated including latent heat release/absorption 
and phase-change deformation (results not shown), these phenomena were found to have practically no effect on the final 
bending angle due to the fast heating and cooling temperature rates respectively present during melting and solidification. 
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Fig. 5. Computed evolution of variables at a heated point for different laser beam power values and a scanning speed V 2 = 10 mm/s: (a) temperature and 
temperature rate; effective plastic deformation, effective plastic deformation rate, and von Mises stress for (b) plastic and (c) viscoplastic models.

Moreover, in the other cases, melting was presumably precluded owing to the very short time intervals with temperatures 
above the solidus temperature.

The effective plastic deformation also reproduces the same pattern of temperature peaks, i.e. higher effective plastic de-
formation levels are achieved for increasing values of laser beam power values and decreasing values of scanning speed. 
Nevertheless, it should be noted that a direct correlation between the bending angle and the effective plastic deformation 
can only be established for the viscoplastic predictions of these two variables since, although the effective plastic deforma-
tion levels are similar for both the plastic and viscoplastic models in all configurations, inaccurate bending angles computed 
with the plastic model are obtained, as already commented, for the cases with high line energy values (i.e. LE ≥ 8 J/mm). In 
addition, the trend of the effective plastic deformation rate is similar to that of the temperature rate. For the cases with high 
LE values, it is seen that strain rate levels within the range [0.35–1.60 s−1] take place, thus ratifying the significant effect, 
as already noted in [49], that even moderate strain rates have on the deformation when high temperatures are reached.

For the cases with low LE values, the von Mises stress evolutions respectively computed using the plastic and viscoplastic 
models are very similar for each case. However, for the cases with high LE values, there is a noticeable difference between 
the plastic and viscoplastic results in the von Mises stress levels during the laser beam pass. In such time interval, the 
resulting high temperatures make the thermal softening effect become relevant, i.e. both the plastic isotropic hardening 
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Fig. 6. Computed evolution of variables at a heated point for different laser beam power values and a scanning speed V 3 = 15 mm/s: (a) temperature and 
temperature rate; effective plastic deformation, effective plastic deformation rate, and von Mises stress for (b) plastic and (c) viscoplastic models.

function C and yield strength CY0 present their minimum values. While very low stress values are predicted by the plastic 
model (which is consistent with the condition F = σeq − CY0 − C = 0), the viscoplastic model furnishes, during both the 
heating and cooling stages, higher stress levels that, in general, increase with the decrease in the scanning speed. In par-
ticular, the high von Mises stress values that develop in the heating stage cause most of the effective plastic deformation 
and, hence, significantly contribute to the final bending angle. The over-stress generated at high temperatures is properly 
described by the proposed stress-dependent viscosity law. It should be noted that numerical tests not reported here corrob-
orated that a purely temperature-dependent viscosity law was not able to capture this phenomenon. Furthermore, additional 
numerical tests also showed that a temperature-dependent function for the strain rate sensitivity exponent m, like those 
used in [49,51–53], in which m typically decreases with temperature, had no relevant influence on the final bending angle. 
Therefore, for simplicity, a constant value for this parameter was considered in the viscoplastic flow rule considered in the 
present simulations (see Table 2).

4. Conclusions

Finite element simulations and experimental validation of sheet laser forming processes using a single-step straight path 
with different laser beam powers and scanning speeds in graphite-coated AISI 304 stainless steel 0.6-mm-thick sheets have 
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Fig. 7. Computed evolution of variables at a heated point for different laser beam power values and a scanning speed V 4 = 20 mm/s: (a) temperature and 
temperature rate; effective plastic deformation, effective plastic deformation rate, and von Mises stress for (b) plastic and (c) viscoplastic models.

been presented. The numerical analysis of these cases was separately carried out via two constitutive models respectively 
defined in the contexts of rate-independent plasticity and rate-dependent viscoplasticity. The plastic model was found to 
adequately predict the final bending angles only for those cases in which the maximum temperatures were relatively low. 
On the contrary, the final bending angles computed with the viscoplastic model were in good agreement with the exper-
imental measurements for the whole ranges of laser beam power and scanning speed studied in this work. In particular, 
the proposed stress-dependent viscosity law was demonstrated to properly describe the over-stress that develops at high 
temperatures, which, in turn, is responsible for the large bending angles achieved in the cases with high line energy values. 
Therefore, from these results, it is possible to conclude that a sound characterization of the influence of strain rate on the 
thermomechanical material’s response in sheet laser forming has been accomplished.

Future research will be devoted to further experimental validation of the viscoplastic model used in this work in its 
application to laser forming processes of different materials using single and multiple complex beam paths.
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Fig. 8. Micrographs corresponding to the heated zone of the sample (200 × and 2% nital etching) for cases: (a) P2V1, (b) P3V1, (c) P4V1 and (d) P4V2.
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