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Laser forming is an emerging manufacturing process capable of producing either uncomplicated and complicated shapes

by employing a concentrated heating source. The heat source movement creates local softening, and a plastic strain will

be induced during the rise of temperature and the subsequent cooling. This contactless forming process may be used for

the simple bending of sheets and tubes or fabrication of doubly-curved parts. Different studies have been carried out over

recent years to understand the mechanism of forming and predicting the bending angle. The analysis of process

parameters and search for optimized manufacturing conditions are among the most discussed topics. This review

describes the main recent findings in the laser forming of single and multilayer sheets, composite and fiber-metal laminate

plates, force assisted laser bending, tube bending by laser beam, the optimization technique implemented for process

parameters selection and control, doubly-curved parts, and the analytical solutions in laser bending. The main focus is set

to the researches published since 2015.
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1. Introduction

Sixty years have passed since the day Theodore H. Maiman built the first laser in 1960 at Hughes Research Laboratories.

Since then, different types of laser were invented and improved for use in industries and laboratories. Two recent review

papers are currently published and address various aspects of using laser technology. Dixit et al.  and Das and Biswas

 published review papers on laser forming in 2015 and 2018, respectively. However, laser technology, applied in

manufacturing technology, can be viewed from a completely different prism. The "LASER" acronym stands for Light

Amplification by Stimulated Emission of Radiation. A single phase-coherent beam can be focused on a tiny spot, and

according to the power of the laser source, different processes are developed. The low magnitude power leads to surface

treatment and annealing of the workpiece; increasing the laser power leads to the melting of the workpiece and welding.

High power lasers melt and evaporate the workpiece, and metal cutting happens. The number of photons controls the

power of the laser and the frequency emitted from the light source. The ability for industrial applications varies from 100 W

to more than 5 kW. Forming is another type of process, which can be implemented by laser technology. The workpiece

can be a flat plate (sheet) or tube.

Laser beam irradiation induces thermal stresses into the worksheet. Temperature gradient mechanism (TGM), buckling

mechanism (BM), and upsetting mechanism (UM) are three proposed mechanisms that happen during the laser beam

irradiation . The cooling of the sheet, at last, leads to bending the sheet due to residual stresses and corresponding

strains. By increasing the temperature during laser beam irradiation, the physical properties of the sheet include yield

strength, ultimate tensile strength, and the elastic (Young) modulus will also be decreased. The yield strength of the

material decreases faster than the elastic modulus.

Consequently, the equivalent (von Mises, for instance) stress proportional to the elastic modulus overtakes the yield

strength in some regions of the sheet. So, plastic deformation occurs over the irradiated zone. The amount of plastic

deformation depends on both the pre-stress field and temperature distribution in the sheet. The more massive plastic

strain will be obtained by higher peak temperatures and larger pre-stresses . The laser beam specifications, the scan

pattern, and the properties of the sheet determine the final shape of the workpiece. Reasonable attempts have been

made by researchers in recent years to investigate the effect of laser irradiation path on the quality, productivity, and

shape of the final workpiece. In the laser forming process, the heating of the workpiece is non-uniform and asymmetric.

The beam irradiates from one point of the workpiece and scans along a defined path. The geometry condition is not

constant along the heating line. So, an unwanted deformation will be created in the sheet called the "edge effect". This

undesirable deformation reduces the forming accuracy. By introducing the laser forming technology, new applications

responded in various industries. Bending of small parts with little bending angle (less than 1°), bending of complicated

parts for aerospace industries such as tailor machined blanks (TMB), bending of low diameter tubes with minimum ovality
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and thickness variations, forming of composite parts with little delamination, and forming of doubly curved specimens to

obtain the irradiating patterns which can be used in the flame forming of the dome and saddle-shaped parts in ship bodies

are examples of the industrial applications of laser forming.

2. Laser Bending of Monolithic Sheets

Sheet bending is a vital manufacturing process which can be done using laser technology. The sheet is scanned along a

straight line, and local heating of one of the sheet's surfaces leads to the plastic deformation of the sheet due to the stress

gradient over the thickness direction. The process parameters affecting the bend angle are laser characteristics (laser

power, spot size, scan speed, pulsed or continuous irradiation), the number of irradiation passes, material type, and the

geometrical dimension of the sheet (thickness, width, length). The literature survey shows that laser power is the most

influential process parameters in the laser forming process. The coating of the sheet is also necessary. Graphite is a

typical coating that absorbs the irradiated beam effectively. The retention of heat in the coating layer for a longer duration

affects the out-of-plane bending and minimizes the residual stresses . The rougher surface (such as sandblasted

surfaces) and thicker coating layer increase the absorptivity of the laser beam and lead to higher bending angle .

Microstructural observation using electron backscatter diffraction (EBSD) technique shows that the grain size does not

influence the final bending angle . Cement and lime are two other coatings used in experiments, and the results show

that the cement coating creates more deformation and bending than the lime coating . Pulsed or continuous

irradiation of the laser beam is also essential. Pulsed irradiation beam with overlapping the pulses increases the bending

angle, and the existence of a gap between the pulses reduces the final bending angle .

3. Laser Bending of Bi-Layer and Tailored Blanks

The previous section discussed the forming of single, monolayer, homogenous sheets. The properties and thickness of

the sheet were assumed as constant. However, different properties of the sheet can be obtained by increasing the

number of layers (bi-layer sheets or multilayer sheets), manufacturing a composite sheet, or different thickness or material

(tailor welded blanks (TWB), tailor machined blanks (TMB)). Doing so, the laser-induced bending mechanism and

magnitude of bending will be different. Safari et al.  investigated the laser bending of tailor machined blanks (TMB)

experimentally. Tailor-made blanks are sheet metal assemblies with different thicknesses and/or materials and/or surface

coatings. The laser melts the sheet, and bending happens due to plastic deformation during solidification. The thickness

affects the bending angle. Different thickness, start point of scan, and absorbed power by the sheet (laser power and

scanning speed) influence the bending magnitude of the TMB sheet. The thick-to-thin irradiation path creates a higher

bending angle in comparison to the thin-to-thick irradiation path. Increasing the laser power, reducing the laser scan

speed and irradiation of the laser beam from the back of the sheet (the side of the sheet that the step does not rely on)

enhances the bending angle of tailor machined blanks. The bending angle of laser formed tailor machined blanks can be

predicted by the artificial neural network (ANN) .

4. Laser Forming of Composite Sheets

The effect of material type and layers configuration on the laser-formed sheets were discussed in previous sections. In

this section, the laser forming of composite sheets will be discussed. The type of composite is essential. Fiber and matrix

have different mechanical properties (yield strength, stress-strain behavior) and physical properties (melting point, density,

conductivity). Seyedkashi et al.  investigated the laser forming of three-layered SUS430/C11000/SUS430 laminated

composite sheets. The copper mid-layer has higher thermal conductivity than the stainless steel 430 sheets. The plastic

strain, along with the thickness and the shear stress between the layers, is more complicated than a single monolithic

layer. Warping is another problem in the laser bending of composite samples. During the laser forming of stainless steel-

carbon steel composite plate in ANSYS software, the non-uniform heat distribution and different heat conductivity and

heat loss produce a warping force which causes undesirable deformation of composite in addition to the edge effect .

The sequence of layers is also important and affects the bending angle of the multilayer composite samples .

Fiber–Metal Laminates (FML) are made of different layers of metal and composite material. The difference between the

properties of fiber, matrix, and metal leads to complicated plastic deformation, bending, and unpredictability. The

complicated deformation mechanisms, interfacial delamination, and thermal alteration of the layers are three main

challenges in the laser forming of FMLs. However, using the experimental test and using an artificial neural network tool

made it possible to predict the behavior of FMLs during the laser bending process . Moreover, the deformation of

FMLs can be predicted using Eigen-strain field prediction . The composites are divided into three categories,
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polymer matrix composite (PMC), ceramic matrix composite (CMC), and metal matrix composite (MMC). By increasing

the use of MMC parts and the easy fabrication of PMC parts, more study is needed to fabricate the MMC and PMC made

parts by laser beam technology. The use of MMC materials is increasing rapidly in the aerospace industry.

5. Force Assisted laser Bending

To increase the bending angle of laser formed sheets, applying an external force is a helpful solution. The applied force

causes more bending, and sharp bending angles can be obtained . The springback phenomenon is crucial, and the

accuracy of forming is affected by the change in the angle of the bent sample after unloading. The springback has a close

relation to the distribution of induced residual stresses during forming. The external force (bending moment) is created by

a hydraulically driven tool, preload weight, or a screw-driven rod . Fuzzy logic models and trained artificial neural

network (ANN) with verified FEM models can predict the bending angle . Figure 2 shows the mechanism of applying

an external force for laser-assisted bending of titanium samples.

6. Laser Tube Bending

Tube bending was always a challenge in conventional bending. Usually, an internal plug is inserted inside the tube, and

bending happens. However, a laser beam can also be used for tube bending. The laser beam is irradiated on the tube

surfaces and may result in 2D or 3D tube bending. The amount of research about tube bending is low in comparison to

laser sheet metal forming. The effects of the irradiating length and the number of irradiating passes on tube bending have

been studied. Three primary defects of the laser tube bending are lateral bending angle (especially when the scanning

path is complicated like spirals), ovality, and thickness variation. The tube bending angle increased by increasing the

irradiation length and number of passes. Moreover, the ovality percentage and the thickness variation will be increased by

increasing the irradiation length . The circular scanning method can be used for 2D and 3D tube bending. A scanning

strategy has been developed to determine the scanning path using direct and reverse solution . The effect of process

parameters is like sheet metal forming, and the bending angle of the tube increases by increasing the laser power and

beam diameter and with a decrease in the travel speed . Figure 1 shows two samples of laser tube forming. Laser

beam absorption can also be performed to improve the obtainable bending angle . Different materials, such as carbon

steel, stainless steel, and nickel tubes, can be formed and used in various industries such as aerospace industries,

engines, heat exchangers, and air conditioners .

Figure 1. 2D and 3D tube bending . (Adapted from , with permission from Elsevier, 2020).
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The size of the tube is another essential process parameter. Normal sizes, such as ½ and ¾ inch tubes, can be formed

using a laser beam without difficulties. However, the laser forming of micro-tubes (for example, a tube with 635 μm outer

diameter) needs more precise tools and controlled conditions . The micro-tubes are thin-walled structures, due to

high thermal conductivity and quick heat dissipation from the irradiated zone, short pulse, and high power laser beams

utilized for inducing plastic strain and tube bending. It seems that researchers only focus on the bending of round tubes.

Rectangular tubes, especially the 3D bending of them, is an attractive subject of study. The ovality of 2D and 3D laser-

formed tubes and thinning of the tube is also important and needs more investigation.

7. Doubly Curved Parts

The laser beam irradiation path is an important parameter that can be used for shaping complicated parts like bowl-

shaped surfaces, cylindrical surfaces, saddle-shaped surfaces, and 3D intricate shapes. In laser bending of sheets, the

beam is irradiated along a straight line and bend the sample. But using different scanning paths like spiral movement,

concentric circles, crossed lines, spider pattern movement, and other developed scanning strategies make a complicated

plastic strain field in the sheets and form the sheet to the desired shape. The tolerance of forming is a challenge that

affects the effectiveness of the laser forming process. The curved parts can be used in shipbuilding, a cranial prosthesis

(from Ti-6Al-4V titanium alloy for use in the skull) , Origami Spoon ‎, and cylindrical shells. Gisario et al.  used

radial paths to fabricate a dome from a flat stainless steel blank.

8. Other Applications of Laser Beam Technology

A short pulse laser beam can be employed to fabricate micro-sized parts like MEMS parts . Metal foams can be formed

by laser forming . Metal foams are a new category of materials which has a low density and

good geometrical flexibility. Instead of applying a mechanical load, the laser irradiation heat produces a temperature

gradient along with the thickness. The results show that the temperature gradient mechanism (TGM) is the primary

mechanism of the closed-cell metal foams . Stiffened parts and reinforced panels can be formed by laser beam

irradiation . The laser beam can be used in various processes like laser peen forming (LPF) , laser

shock peening (LSP) , Laser solid forming (LSF) , laser folding , modification of mechanically bent parts

(correction of spring back, over-bending or distortion of sheet ) and measuring the bending angle .

The entry is from 10.3390/met10111472
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