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Abstract

Sheet metal forming is widely used to manufacture parts with complex geometries, but
dimensional accuracy is often reduced by springback. This study investigates the springback
behavior of SUS304 stainless steel during V-bending by combining numerical simulations,
experimental testing, and microstructural analyses. The effects of key parameters, such
as bending speed, friction condition, and holding time, are examined. The results show
that the friction coefficient plays the most important role in the bending angle, followed
by bending speed and holding time. Moreover, increasing the friction coefficient reduces
the bending angle. The smallest bending angle is achieved with a high friction coefficient
of 4 = 0.5 (dry friction) and a low velocity of 5 mm/s. The lowest bending angle in the
simulation study is 90.40°, which is close to the experimental value of 90.33°. Increasing the
holding time and reducing the bending speed reduce the bending angle. Compared with
experimental data, the simulation method’s accuracy and reliability deviate by less than
5%. Furthermore, microstructural analysis reveals that strain hardening is driven by the
transformation from austenite to martensite. The proportion of the «’-martensite phase is
about 28%. Overall, integrating simulation with experimental validation helps optimize tool
design and process conditions, significantly reducing trial-and-error costs and improving
dimensional accuracy in industrial manufacturing.

Keywords: sheet metal forming; bending angle; microstructure; simulation; optimization

1. Introduction

In many sheet metal forming methods, bending is widely used. Bending changes
the shape of a workpiece while the volume remains the same, and parts are created that
require geometric form or complex bent profiles. Bending is often described as the forming
of a sheet or plate to create angled portions or sheet profiles. Some common bending
methods include air bending, V-bending, and roll bending, each with specific applications
and advantages. These typical processes include measuring specifications, determining
bending positions, and using machines to perform the bending [1-4].

A phenomenon known as “springback” occurs during this process. Researchers have
extensively studied springback in sheet metal bending through analytical, experimental,
and numerical approaches. Researchers have focused on understanding the deformation
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mechanics and developing methods to predict and mitigate springback effects. Plate mate-
rial properties and bending methods strongly affect springback [5]. Leu et al. [6] show that
springback and damaged materials can cause serious problems when bending sheet metal.
Mullan [7] experimentally analyzed how material and loading factors influence springback
and developed an equation to predict it. Buang [8] provided an overview of how material
parameters affect springback.

Carden et al. [9] introduced a systematic method for measuring springback, thereby
determining post-unloading shape changes, bending angles, and the impact of strip tension.
They also developed a computational model to predict springback, noting that it relies on
geometry, elasticity, and material behavior during direction changes [10]. Furthermore,
Leu et al. [11] showed that springback is caused by elastic recovery after unloading, which
changes the bend radius. Therefore, predicting springback during the design phase is
crucial for precise process control and accurate final measurements. The Taguchi method
was applied to determine the optimal parameters for dwell time, bending velocity, and
friction coefficient [12].

In addition to experimental methods, the Finite Element Method (FEM) is commonly
used to analyze and predict springback in sheet metal bending. FEM can simulate the entire
forming process, from tool contact through plastic deformation to unloading. Panthi [13,14]
used FEM for elasto-plastic analysis to evaluate how shape changes after unloading under
different forming conditions. Furthermore, FEM has been applied to specific geometries,
such as L-bending [15], U-bending [16], V-bending [17], and V-die coining bending [18].
These studies show that FEM not only predicts the final bend angle and shape but also
reveals stress distributions and residual stress states. Overall, research [13-18] shows
that FEM accuracy depends heavily on proper modeling of material properties, contact
conditions, and the unloading step.

Additionally, springback is strongly influenced by material properties and process
parameters. Khudadad et al. [19] found that material type and sheet thickness significantly
affect springback, with properties such as elastic modulus and yield strength playing key
roles. Wasif et al. [20] (high-tensile steels) and Ornekci and Eksi [21] (AA6061 aluminum)
confirmed that different materials show different springback behaviors under identical
conditions. Tool design also matters; Buang et al. [22] showed that punch and die radii
directly impact elastic recovery in stainless steel. Moreover, Ramezani et al. [23] investigated
the springback phenomenon in high-strength steel, indicating that holding time has minimal
effect on springback reduction, while over-pressing has a significant impact. Nur et al. [24]
successfully used a Central Composite Design (CCD) approach to evaluate multiple bending
parameters for AISI 304 stainless steel.

The anisotropy of sheet material characteristics is one of the most important elements
in bending. This phenomenon can affect the springback angle during V-bending. Bending
in a transverse orientation could result in a higher springback angle than in a longitudinal
orientation [25,26]. Sharma et al. [25] studied the bending process of a three-ply clad sheet,
revealing that the clad sheet samples that are transverse to the rolling direction are found
to have the highest springback values. Le et al. [26] investigated the V-bending technique
with V-grooving. They indicated that, because of material anisotropy, springback decreased
with alignment with the rolling direction and increased with sheet thickness.

In addition, Zhou et al. [27] examined the springback behavior of AA7075 aluminum
alloys, considering the impacts of punch size, holding force, and deformation temperature.
According to the findings, the punch radius directly affects how springback angles vary. The
springback angles rise as the blank holder force increases and the deformation temperature
decreases. Zhang et al. [28] proposed a five-stress-state-sensitive (Five-SSS) yield function
to capture tension-compression asymmetry (TCA) across various stress levels. The Five-SSS
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yield function can considerably enhance the forecast accuracy of V-bending springback
compared to other functions since it simulates the TCA in both uniaxial and plane-strain
states. Mithu et al. [29] predicted the springback behavior in V-bending by using Response
Surface Methodology (RSM). This study investigates the optimization of springback in
V-bending by analyzing how load-holding time and heat treatment affect materials such
as aluminum, mild steel, and stainless steel. Extended load-holding times help reduce
springback by promoting stress relaxation, with aluminum showing the greatest reduction.
Annealing substantially reduces springback by softening the material, whereas normalizing
and quenching yield different degrees of reduction, especially in steel.

Overall, previous studies have established that springback is a complex phenomenon
arising from interactions among material properties, sheet thickness, bending tool geometry,
and process parameters. Research on aluminum alloys, high-strength steels, and stainless
steels has provided valuable insights into the general mechanisms governing elastic recovery.
However, the springback behavior of each material system is strongly dependent on its
specific elastic—plastic response, work-hardening characteristics, and deformation history.
Therefore, experimental results obtained from aluminum alloys or high-strength steels
cannot be directly generalized to SUS304 stainless steel. Although previous studies have in-
vestigated stainless steel and AISI 304 in V-bending [22,24], further systematic investigation
is still valuable, particularly regarding the quantitative relationship between springback
angle and the combined effects of key geometric and process parameters. Therefore, the
present study investigates the springback effect in the V-bending process of SUS304 stainless
steel, with particular emphasis on experimentally quantifying the springback angle and
evaluating the effects and interactions of selected bending parameters. The results are
expected to provide a more systematic understanding of the springback behavior of SUS304
and to inform the selection of appropriate process parameters to improve dimensional
accuracy in sheet-metal bending.

2. Materials and Methods
2.1. Materials

In this study, SUS304 austenitic stainless steel sheet was selected as the workpiece
material for the V-bending investigation. SUS304 stainless steel has high strength, excellent
corrosion resistance, and good formability. It is used in many areas, such as food, medical,
pharmaceutical, construction, and the chemical industry. The specimen dimensions were
56.15 mm x 20.57 mm x 1.5 mm (length x width x thickness). The material properties
used in the study are under annealed conditions, based on the SUS304 CO/CQ material
data provided by POSCO (Seoul, South Korea), and are summarized in Tables 1 and 2.
During the bending process, we select the transverse orientation, which carries a lower risk
of cracking than the longitudinal orientation. This orientation could increase the springback
angle compared to the longitudinal one [25,26].

Table 1. Nominal chemical composition of SUS304 stainless steel.

Element

Fe

Si Cr Ni C Mn P S

SUS304

Balance

<1% 18-20% 8-10.5% <0.08% <2% 0.045% 0.03%
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Table 2. Nominal mechanical properties of SUS304 stainless steel.

Thickness Hardness Young Modulus Tensile Test . .
Poisson’s Ratio
(mm) (HV) (GPa) YS (MPa) TS (MPa) EL (%)
1.5 mm 172 193 310 673 56 0.3

2.2. Numerical Simulation

For the numerical simulation, the material model was defined in Simufact Forming
(Version 15.0) based on the mechanical properties of SUS304. The plastic flow behavior was
represented using the Hollomon equation. The strength coefficient and strain-hardening
applied in the material model were K = 1400 MPa and n = 0.44, respectively. The simulation
was conducted in the transverse orientation. The simulation results are presented in Table 3.
This table is designed using the L9 orthogonal array of the Taguchi method with Minitab
software version 20.3.

Table 3. Simulation case with different bending speeds, holding time, and friction coefficients
following the L9 Taguchi design.

Simulation Case Bending Speed (mm/s) Friction Coefficient Holding Time (s) Bending Angle (°)
a. 5 0.11 1 91.05
b. 5 0.16 1.5 90.89
c. 5 0.5 2 90.40
d. 10 0.11 1.5 91.22
e. 10 0.16 2 90.91
f. 10 0.5 1 90.55
j. 15 0.11 2 91.29
h. 15 0.16 1 90.95
i. 15 0.5 15 90.64

The workpiece material parameters are set according to the CO/CQ table for SUS304.
The material is selected from the Simufact forming material library and adjusted to match the
workpiece material parameters. Re-enter the mechanical parameters, such as tensile strength,
elongation, and elastic modulus. Moreover, the outer mesh size is set to 1.5 mm, and the
mesh level is set to 2, yielding a mesh size of about 0.1 mm (1/16 of the outer size), as shown
in Figure 1c. This meshing convergence is configured to balance accuracy and simulation
cost. The loading and unloading speeds are kept constant. After unloading, the material
exhibits recoverable deformation, which is related to its mechanical characteristics [30].

11101 . 6 NOING M Crnae

(a) (b)

(c)

Figure 1. Experiment and simulation: (a) Bending machine JFY TMP8 100 hydraulic press brake (b),
experimental sample, (¢) meshing process.
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2.3. Experimental Procedures

The experimental procedure consisted of three main stages: sheet blank preparation,
bending parameter setup, and V-bending. The SUS304 sheets were cut to the required
specimen dimensions (56.15 mm x 20.57 mm x 1.5 mm) using a CNC laser-cutting machine.
The V-bending experiments were conducted using a JFY TMP8 100 hydraulic press brake, as
shown in Figure 1. The bending parameters were selected to correspond to the conditions
investigated in the numerical simulation. The parameters for the press brake, punch, and
Die are summarized in Table 4.

The punch angle of the press brake punch is 86°; the target punch angle setting is 88.5°,
aiming to achieve an angle of about 90° after bending. The springback angle is calculated
by subtracting the unloaded angle from the loaded angle, with the loaded angle set at 88.5°:

AO = eunloaded - Gloaded (1)

where Af is the springback angle, 0,,,10adeq 15 the unloaded angle, and 6,,,4.q is the loaded
angle, which is equal to 88.5°.
The relative error between the simulation and experiment angles is calculated via

this equation:

) | esim - gexp |
Relative error (%) = — (2)

exp

where 6, is the simulation angle, and 8., is the experimental angle.

exp

Table 4. Input parameters for the press brake punch and die.

Parameter Value/Specification Unit
Punch and die material. SCM440
Punch length 90 mm
Punch angle 90 Degree
Punch tip radius 15 mm
Punch working length 415 mm
Maximum bending force 1000 kN
Bending stroke 21.7 mm
Die length 415 mm
Die angle 86 Degree
Die shoulder tip radius 15 mm
V-width 8 mm
Distance between the punch and die 20 mm
Bending speed 5,10, and 15 mm/s
Holding time 1,1.5,and 2 S

The resulting springback angles were measured using an electronic digital protractor
(TMT333601; TOTAL Tools Co., Suzhou City, Jiangsu Province, China) with a resolution
of 0.05°.

3. Results and Discussion
3.1. Simulation Results

The response table of the bending angle means is shown in Table 5. The results indicate
that the friction coefficient plays the most important role in the bending angle, followed by
bending speed and holding time. This is why controlling the friction coefficient can achieve
high efficiency, which directly impacts the deformation process [16]. The results in Figure 2
show that increasing the friction coefficient and reducing the bending speed reduce the
bending angle. The optimal parameters for the lowest bending angle are a bending speed
of 5 mmy/s, a coefficient of 0.5, and a holding time of 1.0, yielding a predicted bending angle
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of 90.4044°. In addition, the regression equation is calculated as follows, indicating that
the friction coefficient factor has a negative value, meaning that increasing this factor could
lead to a reduction in bending angle:

Bending angle = 91.054 + 0.01800 x Bending speed — 1.484 x Friction coefficient 4+ 0.0167 x Holding time  (3)

Table 5. Response table for means of the bending angle results (normal is best).

Level Bending Speed (mm/s) Friction Coefficient Holding Time (s)
1 90.78 91.19 90.85
2 90.89 90.92 90.92
3 90.96 90.53 90.87
Delta 0.18 0.66 0.07
Rank 2 1 3
Bending speed (mm/s) Friction coefficient Holding time (s)
91.2-

91.14

91.04

90.9

Mean of Means

90.8 1

90.7

90.6

90.5

5 10 15 o 0.16 0.50 10 15 20
Figure 2. Main effects plot for means of the simulation results (nominal is best).

Table 6 shows the Analysis of Variance (ANOVA) for the bending angle results. ANOVA
determines the significance of one or more factors by comparing their means across different
factor levels. The R-squared value is 90.07%, along with low p-values for the regression
(0.006) and the friction coefficient (0.001), indicating statistical significance. With a high
p-value for bending speed (0.124) and holding time (0.871), these factors are not statistically
significant at the 5% significance level. Therefore, this issue could cause the discrepancy
between the predicted optimal condition and the validation result.

Table 6. Analysis of variance table for the bending angle results.

Source DF Adj SS Adj MS F-Value p-Value

Regression 3 0.644333 0.214778 15.12 0.006
Bending speed (mm/s) 1 0.048600 0.048600 342 0.124
Friction coefficient 1 0.595316 0.595316 41.91 0.001
Holding time (s) 1 0.000417 0.000417 0.03 0.871

Error 5 0.071023 0.014205

Total 8 0.715356

S R-sq R-sq (adj) R-sq (pred)

0.119183 90.07% 84.11% 69.39%
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Interestingly, the optimal friction coefficient at a low bending angle is 0.5, which
corresponds to a dry condition. This is the most convenient condition during the bending
process. Therefore, further research has been conducted under dry-friction conditions with
varying holding times and bending speeds. Figure 3 displays the effects of holding time and
bending speed on the bending angle. Under a constant friction coefficient of 0.5, the holding
times were setto 1s, 1.5 s, and 2 s, corresponding to bending speeds of 5 mm/s, 10 mm/s,
and 15 mm/s, as shown in Table 7. Notably, the impact of holding time on the bending
angle is quite similar to the impact of the friction coefficient. This means that increasing the
holding time reduces the bending angle. Moreover, increasing the bending speed increases
the bending angle [16]. The reason is that there is less time for materials to respond and
distribute stress [3]. For example, at a 1.0 s holding time, the bending angles are 90.49°,
90.55°, and 90.74°, corresponding to bending speeds of 5 mm/s, 10 mm/s, and 15 mm/s.
At the same bending speed of 5 mm/s, the bending angle values are 90.49°, 90.42°, and
90.40°, corresponding to the holding times of 1.0 s, 1.5 s, and 2.0 s. Generally, the minimum
bending angle of 90.40° is reached with a holding time of 2 s and a velocity of 5 mm/s.

—a— v=5mm/s
—e—v=10mm/s
—A— v=15mm/s

90.75

90.70

90.65

90.60

90.55

Bending angle

90.50

90.45

90.40

10 1.2 1.4 1.6 1.8 20
Holding time (s)

Figure 3. The effect of holding time and bending speed on the bending angle (degrees).

Table 7. Simulation case with different bending speeds and holding times.

Simulation Case Bending Speed (mm/s) Holding Time (s) Bending Angle (°)

1 5 1.0 90.49
2 5 1.5 90.44
3 5 2.0 90.40
4 10 1.0 90.55
5 10 1.5 90.50
6 10 2.0 90.42
7 15 1.0 90.74
8 15 1.5 90.64
9 15 2.0 90.46

Figure 4 compares friction stress and contact pressure across 9 simulation cases, using
the parameters in Table 7. The friction coefficient is fixed at 0.5, as it yielded the best result
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Friction stress [MPa]

560.00
504.00
448.00
392.00

112.00
56.00
0.00

336.00
280.00
224.00
168.00 ' l '

Contact pressure [MPa]

1340.00
1206.00
1072.00
938.00
804.00
670.00
536.00
402.00
268.00
134.00
0.00

v
NV
\%

V
V'
V

with the lowest bending angle. The results reveal that the friction stress decreases as the
bending speed and the holding time increase. For instance, at a constant holding time
of 1.0 s, the friction stress values decrease markedly from 557.88 MPa to 528.09 MPa and
485.43 MPa as the bending speed increases from 5 mm/s to 10 mm/s and 15 mm/s. At
the same bending speed of 5 mm/s, the friction stresses also slightly decrease from 557.88
to 536.76 MPa and 530.23 MPa when the holding time increases from 1.0 s to 1.5 s and
2.0 s. Interestingly, these values are quite high; therefore, they could lead to a lower level of
springback angle [31]. Similarly, holding time has a minor impact on contact pressure. On
the other hand, the contact pressure increases significantly at higher speeds. At a holding
time of 1.0 s, the values of the three cases are 956.94 MPa, 1055.54 MPa, and 1335.56 MPa,
corresponding to the bending speeds of 5 mm/s, 10 mm/s, and 15 mm/s.

Il Friction stress (MPa)
I Contact pressure (MPa)

1400 8
=3

1200 4

1000 4

<<<

1 2 3 4 5 6 7 8 9
Simulation case

()

Figure 4. Comparisons of friction stress and contact pressure of different cases during the bending
process: (a) friction stress, (b) contact pressure, and (c) comparisons.

Figure 5 compares Von Mises stress and residual stress across nine simulation cases.
The top-left image shows the maximum Von Mises stress during loading, which can reach
750 MPa. The highest stress levels, shown in red and orange, are concentrated along the
bend line because this area undergoes the most bending and plastic deformation. In contrast,
areas further away experience much lower stress below 150 MPa. Additionally, the top-right
image shows residual stress in the part after unloading, peaking at about 540 MPa along
the bend. Finally, the bar chart compares peak and residual stress across all nine cases.
The maximum Von Mises stress (blue bars) remains nearly constant at 740 MPa, indicating
that changes in input parameters have little effect on peak stress. However, the residual
stress (red bars) ranges from 440 to 540 MPa, with case 3 showing the lowest and case 7 the
highest. Remarkably, at a given sample bending speed, increasing the holding time reduces
the residual stress.
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During loading

750.00 Il Residual Stress
675.00 ‘
600.00

525.00

7
Residual stress

1) 2) 3)
450.00
375.00 v v v 700 -
300.00
225.00 4 5) 6)
150.00
75.00 '
0.00
) 8) 9)

378.00

540.00

486.00 . ,,
432.00 f ; ‘
324.00 Y 2 3)
270.00 "

216.00 .
162.00 / )

Il Von Mises Stress

600

(a)

Stress (MPa)

500

Simulation case

108.00 4 S) 6)
54.00 ‘ ) ,
: 400
0.00 D, J 7
W / / 1 2 3 4 5 6 7 8 9
7) 8) 9)
(b)

(c)

Figure 5. Comparison of Von Mises stress: (a) during loading, (b) residual stress after unloading,
and (c) comparisons.

Figure 6 compares the maximum and minimum principal stresses of nine cases. The
results reveal that the maximum principal stress decreases slightly as the holding time
increases. At the same bending speed of 5 mm/s, the maximum principal stress value
slightly decreases from 811.9 MPa to 800.91 MPa and 799.38 MPa when the holding time
increases from 1.0 s to 1.5 s and 2.0 s. However, it increases when the bending speed
increases. For instance, at a constant holding time of 1.0 s, the maximum principal stress
values increase from 799.38 MPa to 817.17 MPa and 853.67 MPa when the bending speed
increases from 5 mm/s to 10 mm/s and 15 mm/s. In addition, the minimum principal
stress exhibits the same pattern of change as the holding time and bending speed change.
Remarkably, due to the high strain-hardening effect, the SUS304 material can suffer a high
maximum principal stress [32]. This phenomenon will be discussed in the following results
of the martensite microstructure. The minimum principal stress variation also has the same
changing pattern as the maximum principal stress. Interestingly, case 7 achieves both the
highest maximum principal stress and the lowest minimum principal stress. This case also
has the largest bending angle of 90.74°.

Figure 7 compares the mean stress and triaxiality for nine cases. The maximum and
minimum mean stress represent the tensile and compressive states of the bending sheet.
These values also have the same changing pattern as the maximum principal stress, friction
stress, and contact pressure, as presented in Figure 4. The mean stress values for nine
simulation cases increase with bending speed, from 406 MPa to 489 MPa. The charts show
no significant difference in stress values across the 9 simulation cases. Case 7 has the
highest stress value when compared to the others. Because Case 7 has the highest bending
speed and shortest dwell time, the tensile and compressive stresses are higher than those of
the others, leaving insufficient time to reduce residual stress and resulting in the greatest
springback angle. Case 3 shows the lowest stress due to the slowest bending speed and
longest dwell time, resulting in the smallest springback angle and the lowest risk of fracture.
The chart comparing the maximum and minimum stress triaxiality values across nine
simulation cases is shown in Figure 7e. First, the green bars show the maximum triaxiality,
which ranges from about +0.55 to +0.65. Since a normal pulling force has a value of +0.33,
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these higher positive numbers mean the material is under strong stretching forces from
multiple directions. This state usually causes tiny holes inside the material to grow and form
cracks, and will be discussed further with the following Forming Limit Diagram (FLD). On
the other hand, the orange bars represent the minimum triaxiality, which remains nearly
the same across all cases, around —2.15 to —2.20. These negative values indicate a strong
pushing force that actually prevents small holes from growing, even though the material
still experiences high pressure.

Maximum principal stress [MPa] principal stress [MPa]
0.00
-210.00 o/
-420.00 ¥
-630.00 3)
-840.00
-1050.00 7
-1260.00
-1470.00 o)
-1680.00
-1890.00 .
-2100.00 /

8) 9)

800 -2050

-2000

600

-1950

400

-1900

200
-1850

Maximum principal stress (MPa)
Minimum principal stress (MPa)

-1800
1 2 3 4 5 6 7 8 9 10

Simulation case

Simulation case

(b) (d)

Figure 6. Comparison of maximum and minimum principal stress of nine cases: (a) maximum
principal stress distribution, (b) comparison of maximum principal stress, (¢) minimum principal
stress distribution, and (d) comparison of minimum principal stress distribution.

In sheet metal forming analysis, the major and minor true strain values are used to
construct the Forming Limit Diagram (FLD). This diagram is used to evaluate the material’s
deformation state, thereby identifying safe zones, the onset of necking, and regions at risk of
failure such as material tearing and wrinkling. Figure 8 shows the Forming Limit Diagram
(FLD) of the simulation at a forming speed of 15 mm/s. All deformation state points
(Elements) remain well below both the Keeler-Baizer and Hill-Swift Forming Limit Curves
(FLCs), indicating that no localized necking or material tearing occurs under this condition.
However, a cluster of elements located in the negative minor strain region (highlighted in
the blue circle) falls into the wrinkling zone. This suggests that while a speed of 15 mm/s
successfully prevents failure due to thinning, it induces localized compressive instability,
leading to potential wrinkling in the formed part, which is consistent with the results in
Figure 6¢,d.
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Mean normal stress [MPa] Triaxiality
500.00 1.00
290.00 0.65
80.00 0.30
-130.00 -0.05 3)
-340.00 -0.40
-550.00 -0.75
-760.00 -1.10 .
-970.00 -1.45
-1180.00 -1.80
-1390.00 215
-1600.00 -2.50

-1600 -
500

a
S
3
"

-1550 4

-1500 4

-1450 4

Maximum mean stress (MPa)
Minimum mean stress (MPa)

1400
1 2 3 4 5 6 7 8 9

[l Maximum triaxiality (d)
Minimum triaxiality

case

©

Figure 7. Comparison of mean stress and triaxiality of nine cases: (a) mean normal stress distribution,
(b) triaxiality distribution, (c) comparison of maximum mean stress distribution, (d) comparison of
minimum mean stress distribution, and (e) comparisons of maximum and minimum triaxiality.
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Figure 8. FLD of the simulation result at 15 mm/s (pink color).
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3.2. Experimental Results

In this study, a friction coefficient of 4 = 0.5 was adopted as an assumed parameter
to describe the dry contact condition between the SUS304 sheet and the SCM440 punch
and die in the experiment, for comparison with the related simulation results, which could
vary from 0.4 to 0.6. Further investigation should be conducted to determine this value.
After obtaining 45 experimental samples across the nine cases (five samples per case),
as presented in Table 8, a comparison between the experimental and simulation results
was performed, as shown in Figure 9. The results indicate that the experiment is aligned
with the simulation results; the springback angle increases as the bending speed rises and
decreases as the holding time increases. The differences in bending angle between the
simulation and experiment are less than 5%, indicating the reliability of using simulation
results for bending prediction and design. In addition, the standard deviation is around 0.1°,
which is relatively small, indicating good repeatability. The presentation of the standard
deviation in Table 8 enhances data reliability by demonstrating experimental variability
and measurement consistency [32].

Table 8. Comparison of simulated and experimental springback angle.

Average Average Average Average
. . : Standard c
No Simulated Simulated Experimental Deviation Experimental
) Bending Springback Bending Angle ©) Springback
Angle (°) Angle (°) ) Angle (°)
1 90.49 1.99 90.53 0.015 2.03
2 90.44 1.94 90.46 0.093 1.96
3 90.40 1.90 90.33 0.104 1.83
4 90.55 2.05 90.63 0.104 2.13
5 90.50 2.0 90.43 0.091 1.93
6 90.42 1.92 90.37 0.126 1.87
7 90.74 2.24 90.81 0.082 2.31
8 90.64 2.14 90.74 0.108 224
9 90.46 1.96 90.51 0.082 2.01
. —&—— Simulation
30-; ——@— Experiment
2 5
©
Xx
8 20
o
[=)]
£
% 1° | I 1 | | I | I 1

-
3]
(%]

4 5 6 7 8 9
Case number

Figure 9. Comparison of simulated and experimental springback angles.

SUS304 stainless steel belongs to the austenitic steel group and, at room temperature,
has a face-centered cubic (FCC) crystal lattice structure consisting of 100% austenite phase.
This structure gives the material extremely high ductility, good corrosion resistance, and, in
particular, non-magnetic properties. However, this structure can undergo transformation
under mechanical stress. During cold forming processes such as V-bending, external forces
generate large residual stresses and plastic deformations within the crystal lattice. This
mechanical energy activates a non-diffusion phase transformation, converting the flexible
austenite phase into the harder and more brittle martensite phase [31]. This phenomenon
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is called strain-induced martensite formation (SIM). The volume of the transformed phase
is proportional to the degree of deformation: the deeper the material is bent, the more
martensite phase is generated.

Figure 10 shows the microstructure of dissimilar bending regions of SUS304. There are
austenite phases and twins within the austenite grains in the undeformed region, as shown
in Figure 10d. At the bending areas, phase transformation occurs from the austenitic phase
into the martensite phase, as shown in Figure 10a—c. The volume fraction of martensite was
determined through microstructural analysis using Image] version 1.54g for two examined
zones: the tensile and compressive zones, as shown in Figure 10e,f. The micrographs were
converted into 8-bit grayscale images, and a fixed grayscale threshold range of 0-103 was
applied to identify the martensite phase and the matrix. This technique only provides
approximate values and requires further analysis using XRD or EBSD. The results indicate
that the proportion of martensite phase transformed after bending was about 27.6% for the
compressive zone and approximately 28.2% for the tensile zone. The results reveal that the
amount of transformed martensite in the tensile zone exceeds that in the compressive zone by
approximately 0.6%. In austenitic SUS304 stainless steel, the plastic deformation generated
by V-bending facilitates strain-induced martensitic transformation. This transformation
improves the transformation-induced plasticity (TRIP) effect and affects strain-hardening
behavior. This result is consistent with findings from another study [33]. The difference
in phase area fraction accounts for the disparity in residual stress [34] and the degree of
work hardening between the tensile and compressive sides. The martensite phase exhibits
significantly higher stiffness and strength compared to the austenite matrix [35,36].

d.
Outer Bending Bending Region]|Inner Bending S, -
Surface Surface S

Martensite

Scale: 50 pm

_\ Martensite

. Austenite

€. ‘ E

Figure 10. The microstructure of dissimilar bending regions of SUS304: (a) Bending region, (b) Outer
bending surface, (¢) Inner bending surface, (d) Base material of SUS304 (etching with HCI + HNO;),
(e) martensite phase of the compressive zone, and (f) martensite phase of the tensile zone.

Table 9 presents some comparisons with other research. The average springback angle
in this study is 2.03°, which is higher than those reported by Adnan et al. [37] and S.
Thipprakmas et al. [38] due to differences in materials. The reason for this phenomenon is
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References

the higher strength and stiffness of SUS304 compared to A6061 and A1050-H4. However, it
is comparable to that of S. Saravanan et al. [39], who achieved 2.80°.

Table 9. Springback angle comparisons with other research.

Materials Thickness Springback References

A6061 2.6 mm 1.69° Adnan et al. [37]
A1050-H14 3.0 mm 1.38° S. Thipprakmas et al. [38]
SUS304 0.8 mm 2.80° S. Saravanan et al. [39]
SUS304 1.5 mm 2.03° This study

4. Conclusions

By combining numerical simulations with experimental testing, optimal process
parameters—including forming force, speed, and punch holding time—can be determined,
and the necessity of lubrication can be evaluated. Some key conclusions can be noted
as follows:

- The friction coefficient factor plays the most important role in the bending angle value,
followed by the bending speed and holding time. Moreover, increasing the friction
coefficient reduces the bending angle. The smallest bending angle is achieved with a
high friction coefficient of y = 0.5 (dry friction) and a low velocity of 5 mm/s. The
simulation study’s lowest bending angle, 90.40°, is comparable to the experimental
result of 90.33°.

- Increasing the holding time and reducing the bending speed leads to a reduction in
the bending angle. The friction stress also decreases as the bending speed and the
holding time increase. The holding time has a minor impact on the contact pressure.
On the other hand, the contact pressure increases significantly at higher speeds. The
proportion of the martensite phase is about 28%.

- The accuracy and reliability of the simulation method are confirmed by a deviation
of less than 5% compared to experimental results. Simulating the V-bending process
plays a crucial role in predicting not only springback but also potential manufacturing
defects, thereby helping to minimize the time and costs associated with repeated
bending trials.
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