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Abstract: In this study, the effects of beam diameter and hatch spacing between the scanning paths on
the bendability and microstructural behavior of an AISI 316 stainless-steel sheet in three-dimensional
laser forming were investigated. The strain on the heating lines and that between the scanning
tracks were numerically investigated to elucidate the effects of process parameters. The strain on
heating lines and that between scanning tracks were numerically investigated. The increase in hatch
spacing caused a larger amount of counter bending to be retained in the unaffected areas between
the tracks through a process dominated by a temperature gradient mechanism (TGM), and also
caused a lower deformation. The formation of small equiaxed dendrite grains instead of coarse and
inhomogeneous austenite grains occurred during the process at a larger beam diameter and smaller
hatch spacing, which increased the bendability of the material, owing to the decrease in anisotropy
in the microstructure. Moreover, the increase in the grain size of the reheated overlap region of the
deformed sample led to a higher bendability. Under these conditions, the microhardness was also
increased owing to the grain boundary strengthening effect.
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1. Introduction

Laser bending is a noncontact forming technique, which can be used in high-precision bending,
curvature adjustment, and alignment in various industries. This process is implemented using the
temperature gradient, buckling, or upsetting mechanisms [1,2].

Owing to the thermal nature of the process, the material is affected by several process parameters,
particularly by the laser beam parameters and scanning strategy [3]. The effects of laser forming
parameters on the bending angle have been numerically and experimentally investigated for a better
understanding of the process [1–6]. Various studies have been conducted on the microstructural
characterization of the materials. Yang et al. [7] investigated the relations between the surface behaviors
of the heat-affected zone and laser pulse parameters in laser forming. Zhang et al. [8] compared pulsed-
and continuous-wave (CW) laser forming processes on ceramic, silicon, and stainless steel parts, in
terms of microstructure. They reported that a larger material damage was caused by the CW laser,
compared to the pulsed laser, although a larger bending angle was obtained by the CW laser. Birnbaum
et al. [9] reported that repetitious scanning increased the volume fraction of martensitic structure in
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stainless-steel metals; however, the martensitic volume fraction should be minimized. Abazari et al. [10]
performed an extensive study on the microstructural changes in SUS430/C11000/SUS430 composites
during laser forming and on the effects of process parameters on the mechanical properties and fatigue
life of the composites. In addition, the microstructural changes in laminated metal composites during
laser forming have been studied by Seyedkashi et al. [11].

In the laser material processing, the microstructure of the sample could be significantly influenced
by self-tempering, if the material was subjected to repeated reheating cycles. The resultant
microstructure at the heat-affected zone was then a low- or high-tempered structure, based on
the process parameters.

In two-dimensional laser forming, the effects of process parameters, such as laser power, scan
speed, and beam diameter on the microstructural changes are already reported. However, the effects of
process parameters including various beam diameters at different hatch spacings between the scanning
paths on the microstructural behaviors of the scanned tracks are not well-understood. Moreover,
the relations between microstructural behaviors with the bendability of the material, particularly in
three-dimensional (3D) laser forming, have not been analyzed. The cooling rate determined by the
thermal gradient and solidification rate is significantly influenced by process parameters, such as the
beam diameter and hatch spacing and can affect the microstructure of the scanned track, which leads
to varying deformation. The aim of this study was to understand the structural effects of the beam
diameter and hatch spacing in 3D laser forming. In addition, the conditions yielding an increased
bendability were revealed. The heat accumulation between the scan paths could be controlled, which
was beneficial for the bending process, particularly in terms of the microstructure.

2. Methods

2.1. Laser Forming Experiments

American Iron and Steel Institute (AISI) 316 stainless-steel sheets with dimensions of 18 × 22 ×
0.5 mm were used in this study. This material was extensively used at the macro- and micro level
in various industries. The specific dimensions were chosen to not hinder the mechanical handling.
The source of radiation was an ytterbium fiber laser (IPG YLR-200, IPG Photonics, Germany), with a
wavelength of 1.07 µm and a maximum power of 200 W at 6 A.

A raster scanning pattern was applied for the laser forming, which involved several sequential
scans, as shown in Figure 1a. The applied scanning approach and desired shape are illustrated in
Figure 1b,c, respectively. Based on the preliminary experiments, the laser power and scanning velocity
were set at 150 W and 3.82 mm/s, respectively, while the dwell time between each irradiations was
2 s [12]. The studied laser bending parameters are illustrated in Figure 2, where hs is the hatch spacing,
Db is the beam diameter, and OR is the overlap ratio (OR = 1− hs

Db
) [12]. Table 1 summarizes the laser

forming parameters used in this study.

Table 1. Process parameters.

Case A B C D E a b c d e

hs (mm) 1.0 1.0 1.0 1.0 1.0 0.5 0.5 0.5 0.5 0.5
Db (mm) 0.25 0.5 0.7 1.0 1.3 0.25 0.5 0.7 1.0 1.3

OR −3.0 −1.0 −0.43 0.0 0.23 −1.0 0.0 0.30 0.50 0.62
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Figure 1. (a) Raster scanning strategy; (b) applied raster scanning strategy; and (c) depiction of the 
desired shape. 

The plastic deformation at the center point of the deformed sample was considered to be the 
total deformation of the formed sample. A Mitutoyo micrometer was used for the measurements. 
After the laser forming, cross-section micrographs were acquired. For optical microscopy and 
scanning electron microscopy (SEM; ZEISS GEMINI SUPRATM; 40 VP) observations, the polished 
AISI 316 samples were etched by an aqua regia solution, consisting of 30 mL of distilled water, 20 mL 
of HCl, and 15 mL of HNO3, at a room temperature of approximately 120 s.  
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Figure 2. Schematics of the studied laser forming parameters.

The plastic deformation at the center point of the deformed sample was considered to be the total
deformation of the formed sample. A Mitutoyo micrometer was used for the measurements. After the
laser forming, cross-section micrographs were acquired. For optical microscopy and scanning electron
microscopy (SEM; ZEISS GEMINI SUPRATM; 40 VP) observations, the polished AISI 316 samples
were etched by an aqua regia solution, consisting of 30 mL of distilled water, 20 mL of HCl, and 15 mL
of HNO3, at a room temperature of approximately 120 s.

The thermal cycle in the irradiation pass is of importance for the evaluation of the suitability of
the determined process parameters with respect to metallurgical properties [13]. Hence, the sample
was laterally sectioned at the middle part and a microhardness test was performed along a specific
scan pass. The Vickers microhardness test with a square-based pyramid diamond was performed,
based on the American Society for Testing and Materials E 384-16 standard.
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2.2. Determination of Strains and Temperatures

The evaluations of strains and temperatures for the tracks subjected to repeated heating and
reheating during the laser forming were conducted by finite-element (FE) simulations by using the
ABAQUS™ commercial software. To reduce the computation cost, only half of the plate was modeled
and several adjacent tracks were analyzed in each simulation. In the model, the same fixture used in
the real experiment was added around the center of the symmetric plane shown in Figure 3a. With
a mesh refinement test, the whole specimen was meshed with approximately 54,500 eight-nodded
linear hexahedral elements of type C3D8RT, distributed uniformly in the whole region, as shown in
Figure 3b. In the thickness direction (z-direction), the mesh was uniform and the number of elements
were 6, in order to accurately capture the flux distribution of the moving laser beam. In the x and
y-directions, the element sizes were 148 × 10−6 m. If 10 nodes instead of 6 were used in the thickness
direction, the temperature field and history were almost not affected, with the maximum temperature
difference being less than 10 K. Decreasing the element length in the x and y-direction, the maximum
temperature difference was less than 20 K. No change in the subsequent analysis was caused by these
temperature differences.
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Figure 3. (a) Model with the clamp; and (b) the computational mesh used for 3D with plane-symmetry
finite element analysis.

The heat flux followed a Gaussian distribution [6],

Q =
2AP
πR2 exp(

−2
(
x2 + y2

)
R2 ), (1)

where P is the laser power (W), A is the absorption coefficient, R is the laser beam radius (m), and x and
y are the projected distances (m) from the center point of the laser beam. For the heat conduction within
the workpiece, the thermal conductivity k (W/mK) was considered to be temperature-dependent. The
convection and radiation boundary conditions were set as

qtotal = qcon + qrad = h(T − T0) + ε
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The phase change was conducted according to the latent heat of fusion, which was provided
separately by the enthalpy difference between the solidus and liquidus phases. The validation of the
numerical model is explained in [12].

In the laser forming, the temperature could increase to the melting point of the workpiece material.
Consequently, the influence of the strain rate on the material flow stress was increased at an increased
temperature. Therefore, the strain rate associated with the strain had a large influence on the bend
angle in the laser bending.

The strains on the heating line (eheating) and spacing between scan tracks (espacing) contributed to
the total strain etotal [16–18],

etotal = eheating + espacing, (3)

The in-plane (ein-plane) and out-of-plane (eout-of-plane) strains were the individual components of the
heating strain (eheating) and the spacing strain (espacing) [18].

eheating = ein-plane + eout-of-plane (4)

espacing = ein-plane + eout-of-plane (5)

The simulated model is shown in Figure 4a. The heating and spacing strains were calculated
through numerical modeling at the centers of the regions shown in Figure 4b. The in-plane strain was
calculated by averaging the strains in the two perpendicular directions at the mid surface (Figure 4c),
where the out-of-plane strain was also analyzed.
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3. Results and Discussion

3.1. Effects of the Beam Diameter and Hatch Spacing

Several factors simultaneously contributed to the formation of a dome plate, including the beam
parameters, temperature at the top surface, plastic strain, and microstructure, which were analyzed
in this study. For each beam diameter, the plastic strains were analyzed with the change in hatch
spacing. Figure 5a–e show the plastic strains calculated by using Equations (4) and (5). Under almost
all conditions, similar trends were observed, i.e., espacing increased with the hatch spacing, while eheating
decreased. Figure 6a shows the total strain calculated by using Equation (3). The largest sum of the
plastic strains was obtained at the smallest beam diameter (Table 1). The obtained plastic deformations
and deformed sample are presented in Figure 6b,c, respectively. Case d produced the largest plastic
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deformation, followed by that in case e. Despite the largest plastic deformation, the strains on the
spacing between scan tracks, espacing was smaller than that of the sample with the larger hatch spacing
presented in Figure 5d. Figure 6a,b show that the large plastic strain did not necessarily produce a
large plastic deformation. The larger total plastic strain in Figure 6a might be attributed to the higher
temperature on each path and counter bending on the unaffected areas between the scanning paths,
although it decreased the total plastic deformation, as shown in Figure 6b. As is already understood,
in laser forming based on geometrical and laser beam parameters, three key mechanisms called
temperature gradient mechanism (TGM), buckling mechanism (BM) and upsetting mechanism (UM)
have been identified [3]. TGM can be activated when the diameter of the laser beam has a size smaller
than or equal to that of the sheet thickness, i.e., in the samples with Db = 0.25 and 0.5 mm, in both
hs of 1.0 and 0.5 mm. In this mechanism the sheet was bending away from the laser beam during
heating, because of the high thermal expansion on the top surface. During cooling, because of the
thermal contraction at the top surface, the sheet was bending towards the laser beam. Since in this
mechanism the temperature generated by the laser beam is very high in the surface, a quick decay of
the temperature occurred. It was assumed that in a higher hatch spacing of hs = 1.0 mm, the previously
counter bent area between the scanned paths could not be bent towards the laser beam, due to rapid
cooling that was followed by insufficient surface shrinkage, resulting in lower deformations in these
samples. While with the decrease in hatch spacing to hs = 0.5 mm, the previously counter bent area
between the scanned paths could probably be bent towards the laser beam fairly easily, due to the
larger temperature distribution at the top surface and the subsequent shrinkage.
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Figure 6. (a) Total strain; (b) plastic deformation at the center point from the experimental measurements;
and the (c) deformed sample.

Accounting for the total strains generated in the forming process was not sufficient to predict the
deformation behavior [19]. This implied that the temperature variations and microstructures of the
bent samples should be also considered.

3.2. Effects of the Temperature and Microstructure

Figure 7 shows the maximum temperatures of the samples obtained by the finite element analysis.
Higher temperatures were generally generated at smaller beam diameters. Considering the melting
temperature of the alloy (dashed line, 1713 K), these results suggest a correlation between melting and
an increase in total strain (Figure 6a).
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Figure 8a shows the optical microstructure of the parent material, which reveals an austenitic
coarse-grain structure. Figure 8b–f show the cross-section micrographs under selected conditions
(Table 1).
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hs of (b) 0.25 and 1.0; (c) 0.5 and 0.5; (d) 0.7 and 0.5; (e) 1.0 and 0.5; and (f) 1.3 and 0.5 mm, respectively.

In the samples processed at small beam diameters of 0.25 and 0.5 mm, the grain structures
were deformed inhomogenously, which led to the formation of zones with different grain sizes
and orientations, as shown in Figure 8b,c where the maximum temperature was above the melting
temperature seen in Figure 7. The typical scanning tracks of these samples created several zones
including (i) fusion; (ii) partially affected (partially melted and equiaxed dendritic grains); and (iii)
unaffected zones. The non-uniform microstructures in these samples including grains elongated by the
melting, partially melted materials consisting of solid grains near the elongated grains, and equiaxed
dendrites of austenite are presented in Figure 8b,c. These structures could be attributed to the excess
heat input and high cooling rate. In laser forming, the elongated grains could be attributed to the
material flow caused by the plastic deformation induced by the heat flux. Meanwhile, there was a
grain refinement for the samples that were not affected by melting, as seen in Figure 8d–f.

SEM images (Figure 9a–f) were acquired for a microstructural analysis. Upon the heating of the
austenitic stainless steel, the face-centered cubic austenite (γ-phase) was the first phase that formed,
which then transformed into the body-centered cubic ferrite (δ-phase), upon further heating [20]. The
critical stress could contribute to the phase transformation by applying a load, such as the thermal load,
during the laser forming process. At high temperatures, where temperature exceeded the upper band
of the austenite phase transformation, i.e., 1,422 K, stress induced phase transformation took place, as
high cooling rate occurred, resulting in the formation of a stress-induced martensite [21]. However,
incomplete quenching could be expected due to a high cooling rate in the top layers. Therefore, the
partial martensite phase transformation might have been obtained in the form of acicular martensite.
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Figure 9. SEM images of the samples obtained at (a,b) Db = 0.25, hs = 1.0; (c,d) Db = 0.5, hs = 0.5; and
(e,f) Db = 1.0, hs = 0.5 mm.

The analysis of the microstructure near the irradiated surface showed a stress-induced
low-tempered martensite in the form of acicular martensite originating from the partial martensite
phase transformation in the sample obtained at Db = 0.25 and hs = 1.0 mm, from direct transformation
of γ- austenite→
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- martensite through dislocation reactions [21].
Figure 9d shows the δ-ferrite formed around the γ-austenite grains in the sample obtained at Db =

0.5 and hs = 0.5 mm. In practical conditions, the volume change associated with a phase transformation
can increase the total strain. The laser affected zone might be governed by the instability at high
temperatures during the laser irradiation. The instability would result from the change in density
during phase change and the acceleration of the γ/δ interface. As a result, an inertial force was imposed
on the transformed material. This inertial force destabilized to the irradiate surface, while during
heating, the surface tension exerted a force attempting to maintain a flat surface [22]. This could be
a reason for this claim. This can be observed in Figure 6a, from the FEM analysis, which was up to
temperature enhancement.

The larger deformations in the samples formed at a hatch spacing of 0.5 mm and beam diameters
≥0.7 mm (Figure 6b) might be attributed to the small equiaxed dendrite grains (Figure 9e,f) instead of
the columnar austenite grains observed for the sample obtained at Db = 1.0 and hs = 0.5 mm. This
might be attributed to the complete phase transformation, as above 1,422 K and up to the melting
point (1,422 K < T < 1,713 K) ferrites form in the alloy [23]. Notably, the increase in formability of the
material was proportional to the decrease in grain size of the heated sample [24–26]. The homogenized
equiaxed fine grains in the microstructure were also associated with a decrease in anisotropy. The
decrease in anisotropy in the microstructure with the homogenization increased the work hardening
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capacity owing to the modified distribution of dislocations and slip systems. Thus, the sheet metal
resistance to plastic instability was reduced and the formability was increased.

3.3. Overlap Region

The overlapping of tracks often involves (1) reheated regions of a small portion of the previous
track, which might involve phase transformation by tempering within these regions; or (2) remelted
regions of a portion of the previous track, which might cause grain orientation changes and non-uniform
microstructure within the melt pool, owing to the non-uniform cooling rate [27]. The grain size was
slightly increased in the reheated overlap areas of the samples processed with positive overlaps
(Figure 2). Owing to the larger overlap ratio, the permanence time of the reheated material within
the overlap area was large. The heat generated by the subsequent passes coarsened the fine grains
already produced by the former pass. According to the Hall–Petch equation (σy = σi + k/

√
d), the

increased grain size (d) in the overlap area reduced the yield stress (σy), and hence increased the local
deformation. According to Figure 10a,b, the fine grains produced in the previous pass appeared to
have transformed back into the coarse γ-austenite grains.
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ovals).

3.4. Microhardness

In general, the microstructure affected the hardness of the scanned track. The mean value of
Vickers hardness (average of three measurements) at the top surface along the half-length of the
lateral slice through the middle pass is shown in Figure 11. An increase in measured hardness was
observed with the decrease in hatch spacing and increase in beam diameter. All samples exhibited
hardnesses comparable to the initial hardness of AISI 316 (147.6 HV0.1). During the plastic deformation,
the dislocation movement turns into dislocation accumulation when the grain boundaries act as
obstacles against the dislocation flow [24]. Consequently, the stress concentration and strength of the
material at the grain boundaries are increased. When the beam diameter was increased to 1.0 and
1.3, the microstructures of the heat-affected areas of the scanned tracks included equiaxed fine grains
(Figure 8e,f). The microstructural results showed the larger numbers of grain boundaries in the above
samples. This implied that small spherical grains were replaced with inhomogeneous austenite grains.
The grain boundary strengthening effect contributed to an increase in the microhardness at the scanned
track, owing to the reduction in grain size and increase in the number of grain boundaries. The relation
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between the hardness and the number of grain boundaries could be expressed by using the Hall–Petch
equation [28].

h = h0 +
k
√

d
, (6)

where h is the hardness of the material, h0 and k are the material strengthening constants, and d is the
grain size, which is inversely proportional to the number of grain boundaries.
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The larger hardnesses of the samples obtained at Db = 0.7, 1.0, and 1.3 mm (hs = 0.5 mm)
(approximately 209, 218, and 215 HV, respectively) could be attributed to the larger strain hardening
induced by the bending strain (Figure 6b). The analysis at the hatch spacing of 1.0 mm showed that the
smaller deformation was not strictly associated with the decrease in hardness. Notably, increases were
observed at the smaller beam diameters of 0.25, 0.5, and 0.7 mm. Therefore, the cooling rates of the
simulated models were analyzed through the following equations.

The thermal gradient (G) and solidification rate (R) were the fundamental parameters determining
the cooling rate (C), which could be calculated by [29]

G =

√(
∂T
∂x

)2

+

(
∂T
∂y

)2

+

(
∂y
∂z

)2

, (7)

R = v cos(α), (8)

C = GR, (9)

where ∂T
∂x , ∂T

∂y , and ∂T
∂z are the temperature gradients along the x, y, and z directions, respectively, v is

the laser scan speed, and α is the angle between the scan and growth directions of the grains. For the
top surface and cross section, cos(α) in a specific direction (x, y, or z) could be expressed by [29]

cos(α)i =
−
∂T
∂i

G
, (10)

where i is the specific direction (x, y, or z). The obtained cooling rate is shown in Figure 12. For the
solidification rate, the mean value (Ravg) of the three directions was calculated.
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When the beam diameter was in the range of 0.25–1.0 mm, the cooling rate was in the range
of approximately 6,660 up to the maximum of 7,147 for the sample with a hatch spacing of 1.0 mm.
The equiaxed dendrites of the austenite around the center of the track could be formed upon rapid
cooling at the heated surface (nucleation of small grains in Figure 8b,c), which led to a slightly higher
microhardness (Figure 11) [30,31].

4. Conclusions

The effects of the beam diameter and hatch spacing on the bendability and microstructural
behavior of the AISI 316 stainless-steel sheet were investigated. The conclusions of this study could be
summarized as follows.

(1). At a constant beam diameter, with an increase in hatch spacing, the strain on the spacing between
the scan tracks increased, while the strain on the heating line decreased. The increase in strain of
the spacing between the scan tracks was responsible for the lower bendability of the material,
which demonstrated the counter bending between the scan paths.

(2). The total plastic strain increased with a decrease in beam diameter and increase in hatch spacing.
This was attributed to the increase in temperature and implied a correlation between the melting
and an increase in the total strain.

(3). When the beam diameter was increased and the hatch spacing was decreased, the formation
of the small equiaxed dendrite grains instead of coarse and inhomogeneous austenite grains
increased the bendability of the material. This could be attributed to the decrease in anisotropy in
the microstructure, which increased the work hardening capacity.

(4). The grain sizes were increased in the reheated overlap regions of the samples. The reduction
in the yield stress of the material in the overlap region owing to the grain growth led to a
larger deformation.

(5). The grain boundary strengthening effect with the larger strain hardening of the material were
responsible for the increase in microhardness with an increase in beam diameter and decrease in
hatch spacing. However, at the small beam diameter and large hatch spacing, the increase in the
cooling rate was responsible for the microhardness improvement.
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