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Abstract

This study investigated the mechanical behavior of thin tin-coated steel sheets (tinplate) when subjected to the
Single-Point Incremental Forming (SPIF) process. Tensile tests were performed at 0°, 45°, and 90° with respect to the rolling
direction to determine the anisotropic behavior of the material. SPIF tests were carried out using hemispherical tools with
radii of 2.5 mm, 5.0 mm, 7.5 mm, and 10 mm. For each tool, the maximum forming angle was experimentally determined
through an iterative approach while maintaining a constant target surface roughness. The results show that smaller tool radii
lead to higher forming angles (up to 54°), although they require longer forming times. The limiting strains considerably
exceeded those obtained in the uniaxial tensile test, with the maximum strain reaching 52%. The thickness reduction was
consistent with the strain measurements, and surface roughness was evaluated using microscopy. The study highlighted
the influence of tool geometry on formability, surface quality, and final geometry, providing insights for optimizing SPIF

parameters in tinplate sheet applications.

Keywords: Incremental forming; SPIF; Tinplate; Surface roughness.

1 Introduction

The single-point incremental forming (SPIF)
process, in its common configuration, involves the plastic
deformation of thin metal sheets using a hemispherical-
tipped tool. As shown schematically in Figure 1, the sheet
is clamped between upper and lower supports, allowing the
forming tool access to its central region. The tool performs
both translational (tool path) and rotational movements
(spindle speed). As a dieless forming method, SPIF offers
high customization capability and low implementation
costs compared to conventional stamping processes. Its
applications include the production of spare parts, customized
biomechanical components, small-batch manufacturing, and
rapid prototyping. Some disadvantages of SPIF, such as
limited dimensional accuracy and low production cadence,
have been significantly mitigated through the integration
of data-driven approaches, including neural networks, 3D
model reconstruction, and machine vision [1].

SPIF demonstrates superior formability compared to
traditional forming methods, such as stamping. Numerous
analytical, numerical and experimental studies have been
conducted to investigate its mechanics [2]. Martins et al. [3]

reported that experimental assessments of forming limits in
SPIF resulted in higher values on the forming limit curve
(FLC) than those observed in conventional processes. While
necking is typically considered the limiting criterion in both
cases, studies evaluating sheet thickness variation with depth
for various geometries have shown that plastic deformation
in SPIF occurs primarily through uniform thinning until
fracture, with no evidence of localized necking.

Several process parameters significantly affect surface
finish and formability. According to McAnulty et al. [4], the
most widely studied parameters for SPIF optimization include
tool diameter, depth increment, sheet thickness, tool rotation
speed, and translation speed. SPIF is predominantly applied
to thin sheets of ductile materials with low yield strength,
such as aluminum alloys, which require lower forming forces
than steels [5]. Hussain et al. [6] experimentally assessed
formability in SPIF for AA2024, AA3003, AA1060-H24,
and AA2024-T4 alloys based on maximum forming angle
and thickness reduction. Raju and Narayanan [ 7] studied the
process using a commercial copper alloy sheet of 0.4 mm
thickness. Other researchers, such as Centeno et al. [8],
investigated the forming limits and forces in AISI 304
stainless steel (0.8 mm thick), while [9,10] applied SPIF
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to titanium sheets for cranial implant fabrication. Studies
by [11-13] extended SPIF to polymeric sheets, and more
recently has been investigated in composite materials [14].

Inthe present study, the mechanical behavior of tin-coated
carbon steel sheets (tinplate) with a nominal thickness of 0.19 mm
was experimentally investigated using the SPIF process.

Although tinplate is also used in the white goods
and automotive sectors, its primary application lies in the
packaging industry for the storage of paints, adhesives,
acrosols, and food products.

2 Materials and methods
2.1 Material properties
In this study, the material used was tinplate with a

nominal thickness of 0.19 mm. The material was tested in
aged conditions. The mechanical properties of the tinplate
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were determined through uniaxial tensile tests. To evaluate the
material’s anisotropic plastic behavior, tests were conducted
at 0°,45°, and 90° relative to the sheet rolling direction (RD)
using a nominal crosshead speed of 3 mm/min (107 s!). The
experiments were performed using an EMIC DL2000 universal
testing machine equipped with a 20 kN load cell and a contact
extensometer with a 50 mm gauge length. The specimens were
prepared in accordance with the ASTM ES8 standard [15]. The
specimens were machined on a CNC machining center with
abundant coolant to prevent thermal effects.

2.2 SPIF test preparation

There are several methods to produce incremental
deformation in metal sheets, making it a highly versatile
process. The SPIF process was employed using a ROMI
D800 CNC vertical machining center. A dedicated structure
was fabricated to hold the sheet on the machining table during
forming, as shown in Figure 2a. This fixture enables tool
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Figure 1. Schematic representation of SPIF process, adapted from Martins et al. [3].
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Figure 2. (a) SPIF tooling and (b) adopted tools with hemispherical tips, radii: 10 mm; 7.5 mm; 5 mm; 2.5 mm.
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access to a central area measuring 150 mm x 150 mm. The
tool radius has great influence on the superficial roughness
and the sheet’s incremental formability [16,17]. Based on
this, four tools’ radius were tested: 10 mm, 7.5 mm, 5 mm,
and 2.5 mm, as presented in Figure 2b. The CNC machining
center used is equipped with a Fanuc-OiM controller. A
parameterized G-code program was developed to perform
the incremental forming tests. The experimental procedure
involved forming the sheet into a square-based pyramid.
The test is considered successful when no fractures occur
along the entire length of the pyramid walls. The objective
is to determine the maximum forming angle (v ) for the
given set of parameters.

The program input variables are the tool radius
(R ), target roughness (R, ), and tool path feed rate (¢ ).
From these inputs, the horizontal ( Ax ) and vertical (az )
displacement increments were calculated according to
Equation 1 and 2.

Figure 3a shows a simplified approach aimed at
standardizing the surface quality regardless of the forming
angle. In this procedure, the displacement increments are
defined in order to maintain a constant target roughness.

Ax =Az/ tan(y) (1)

Az=sin(y),[(8 RaR)—(4 Raz) 2)

In this test, the tool’s rotational speed is synchronized
with the translational feed rate to minimize relative motion
(sliding) at the tool-sheet interface. Figure 3b presents a
schematic of the tool tip’s contact region, illustrating the
parameters used to define the spindle speed (n ). Despite
being referred to as a “single point” process, the actual
contact occurs over a fine region extending from point
“a” to point “b”. The peripheral speed is zero at point “a”
(center of the tool) and maximum at point “b”, located at
the distance equal to the radius (r ). Equation 3

Dz

Provides the relationship for calculating the tool’s
rotational speed as a function of the translational feed rate,
tool tip radius and forming angle.

f
" ZﬂRsin(l//) (€)

For the SPIF test, the tool path feed rate was fixed at
500 mm/min and the target roughness at 0.008 mm (8 um).
The tool radius was updated in the program according to
the tool in use, while the forming angle was determined
through an iterative trial-and-error procedure. An initial
forming angle was selected, and after each test, the sheet
was inspected for fracture. If no fracture occurred, the
forming angle was increased; otherwise, it was decreased
according to a bisection algorithm until the limiting forming
angle was identified.

The samples used in the SPIF test had a square geometry
of 200 mm x 200 mm. To measure the deformation after
forming, a standard checkered grid with 5 mm spacing was
applied. An initial attempt was made to use the traditional
electrolytic etching; however, due to the small thickness
of the tinplate, this method negatively affected the sheet’s
formability by creating preferential sites for fracture. As an
alternative, a CNC pen-plotter was employed to mark the
grid using permanent ink.

The grid was applied to the surface opposite the one
in contact with the forming tool. A thin layer of ISO 68
lubricating oil was applied to the tool-sheet contact surface
to minimize friction.

2.3 SPIF evaluation

The square-based pyramidal geometry was selected
for two main reasons. First, it provides a flat surface, which
facilitates the strain and roughness measurements. Second, it
induces a deformation mode that closely approximates plane
strain, the most critical condition in the forming limit curve.
Under this deformation mode, the grid deforms primarily

Figure 3. (a) Targeted roughness and (b) rotation synchronized with feed rate, both as functions of the prescribed forming angle and tool radius.
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Table 1. Maximum forming angle (¥ ) and total incremental forming time ( #,)

Radius 2.5 mm 5.0 mm 7.5 mm 10.0 mm
174 54.0° 48.5° 46.5° 45°
4 175 min 108 min 83 min 66 min
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Figure 4. Uniaxial tensile test: (a) tested specimens and (b) engineering stress-strain curve, at 0°,45°, and 90° according to the sheet rolling direction.

in one in-plane direction. In other words, assuming volume
conservation during plastic deformation, if deformation occurs
in only one direction in the plane, then there is a reduction
in thickness equivalent to this deformation. Accordingly, in
addition to measuring strain in the flat region of the sheet,
the thickness along the wall of the deformed shape was also
measured. The samples were sectioned along the mid-plane
and measured using a micrometer of 0.01 mm precision.
To quantify the strain, the previously applied grid
served as a reference. After the incremental forming process,
the deformed grid was evaluated by the ASAME digital
image correlation software, which provides the strain fields
obtained. Surface quality resulting from the SPIF process
was assessed using a Leica DCM3D confocal microscope.
Measurements were conducted on sample sections oriented
at 0° and 90° relative to the sheet rolling direction, for each
tool radius investigated. This procedure enabled a comparative
analysis of the influence of tool radius and sheet orientation
on the final surface roughness at the tool-sheet interface.

3 Results

3.1 Mechanical properties

Figure 4 shows the results obtained from uniaxial
tensile tests. The tinplate sheet exhibited a yield strength of
355 MPa and an ultimate tensile strength of 390 MPa at 0°
RD. The yield plateau extended for about 7% strain in all
three directions analyzed. Under uniaxial tension, the material
presented a total elongation 0of 25% before the onset of fracture.

3.2 Maximum forming angle

After the iterative experimental procedure to determine
the maximum forming angle for each tool radius, it was

Tecnol Metal Mater Min., Sdo Paulo, 2026;23:€3322
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Figure 5. Influence of tool radius on maximum incremental forming
angle.

observed that reducing the tool radius increases the maximum
achievable forming angle.

For the smallest tool radius of 2.5 mm, a maximum
forming angle of 54° was achieved, whereas for the largest
tool radius of 10 mm, the maximum angle was limited to 45°
(Figure 5). According to the procedure adopted, the vertical
displacement increment is automatically adjusted for each
tool radius to maintain a constant target surface roughness,
aiming to achieve a consistent surface finish across all tests.

However, other aspects of the process were also
evaluated. Table 1 presents the total forming time required for
each tool radius. Although the 2.5 mm radius tool exhibited
the highest forming capability, it also resulted in a significantly
longer forming time, approximately 2.6x longer compared
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to the 10 mm radius tool. Even when considering the same
forming angle (45°) for both tools, the forming time with
the 2.5 mm radius was still 2.2x longer (146 minutes) than
the 10 mm radius tool.

Figure 6 shows the SPIF test samples formed at the
maximum forming angle determined for each tool radius.
An important observation regarding the final geometry of
the stamped parts is the influence of the tool radius on the
sharpness corner. Smaller sharper corners contribute to
greater dimensional stability of the sheet during forming,
which is particularly relevant for thin material such as
tinplate. During the SPIF test the 10 mm tool, a partial loss
of geometric stability was detected, evidenced by irregular
noises associated with the tool path. Additionally, the use
of synchronized tool rotation with the tool path to reduce
friction proved beneficial. This strategy helped prevent
typical geometric distortions caused by friction between
the tool and the sheet, which are often observed in SPIF
process where the tool surface has a relative velocity in
contact with the sheet.

3.3 Limiting strains and thickness reduction

After determining the maximum forming angle as a
function of tool radii, three replicate tests were performed to
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confirm the absence of fracture. Figure 7 presents the average
values of the limiting strains (major and minor in-plane
principal strains) measured on the wall of the samples at 0°
and 90° RD. The minor strain values are close to zero, while
the major strain values are positive, indicating a deformation
mode very close to plane strain, which represents a critical
condition in the forming limit diagram (FLD). These results
highlight the capability of incremental forming to achieve
limiting strains significantly higher than those obtained in
conventional forming processes, even for tinplate sheets.
For all tool radii tested, the major strain exceeded the value
observed in the uniaxial tensile test (approximately 25%),
ranging from 34% to 52% for the tools with a radius of
10 mm and 2.5 mm, respectively.

Figure 8 presents the results of the sheet thickness
measurements. The final thickness obtained for the tool with
a 2.5 mm radius was approximately (0.119 + 0.003) mm,
corresponding to a thickness strain of 48%. For the tool with
a 10 mm radius, the final thickness was (0.140 + 0.002)
mm, equivalent to a thickness strain of 31%.

3.4 Tinplate surface roughness

The tinplate sheet used in this study features a stone-finish
coating. The three most common types of surface finishes are
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Figure 6. Formed sheets after SPIF test using the following tool radius: (a) 2.5 mm, (b) 5 mm, (c¢) 7.5 mm, and (d) 10 mm.
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Figure 7. Major and minor strains measured on specimen wall: (a) 0° and (b) 90° RD.
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bright, matte, and stone finishes, the latter providing a bright
appearance with fine linear textures. A sample in the as-received
condition was analyzed using a confocal microscope, and the
initial surface roughness was measured at (0.49 = 0.01) um.
Figure 9a shows the profile of one of the scanned lines used
to calculate the sheet roughness, while Figure 9b presents a
topographic image of the sample, where the characteristic fine
lines of the stone finish can be clearly observed.

(a)

Tinplate thickness after SPIF test [mm]

Figure 10 presents the roughness of the surface
values of the sheet under two different conditions. In the
first case, Figure 10a, the forming angle was kept constant
at 45°, while only the tool radius was varied. In the second
case, Figure 10b, both tool radius and maximum forming
angle (specific to each tool radius) were varied. The results
show that tools with smaller radii tend to produce smoother
surfaces. In the case of the tinplate, roughness measured
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Figure 8. Final thickness of the tested sheet: (a) measured points and (b) average values.
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Figure 10. Surface roughness for (a) different tool radius with the same forming angle (45°) and (b) different tool radius at their respective

maximum forming angles.
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(b)

Figure 11. Specimens’ inner surfaces for radius: (a) 2.5 mm, (b) 5 mm, (¢) 7.5 mm, and (d) 10 mm.

at 90° RD (and the orientation of the stone-finish coating)
exhibited higher values for all tool radii.

Figure 11 shows the inner surface of the specimens
after the SPIF process. For tools with lager radius (10 mm),
the surface appeared wavy, resembling localized wrinkling.

In contrast, tools with smaller radius (2.5 mm)
produced flatter surfaces, although a distinct surface texture
pattern was still observed.

4 Conclusion

In this work, a tinplate with a thickness of 0.19 mm
was experimentally subjected to the incremental forming by
the SPIF process using pyramidal geometry and different tool
radii. The experimental investigation confirmed that the SPIF
process can significantly enhance the formability of tinplate
sheets compared to conventional forming methods. Smaller
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tool radius led to higher forming angles and greater in-plane
and thickness trains, albeit with increased processing times.
Surface roughness was influenced by tool radius and sheet
orientation, with smaller tools yielding better surface finishes.
These findings underscore the potential of SPIF for fabricating
customized thin-walled components using tinplate, particularly
when high geometric precision and surface quality are required.
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