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Abstract. Superposing pre-stress on a SS304 sheet metal blank in biaxial tension and performing
a single point incremental forming operation on the stretched blank is investigated
experimentally. By applying a pre-stress to the sheet metal blank prior to incremental forming,
the resulting microstructural change can be affected to obtain functionally graded materials
according to the intended application. In austenitic stainless steels, this variation of the stress
states alters the phase transformation, specifically the martensitic transformation kinetics, by
influencing key process parameters, such as process force, temperature, and equivalent plastic
strain. The phase transformation in truncated square pyramids is measured using magnetic
induction. These measurements validate the effectiveness of the stress superposition method for
achieving the desired mechanical properties based on altering the final microstructure of a simple
geometry.

1. Introduction
For rapid-prototyping purposes and applications that require customizable manufacturing, e.g., trauma
fixation hardware to hold fractured bones together during healing, which necessitate patient-specific
geometries, incremental forming is an excellent candidate among sheet metal forming processes.
Incremental forming is a manufacturing process that focuses on localized deformation as one or more
tools move across a clamped sheet at varying depths according to the programmed toolpath [1]. This
inherent flexibility is essential for low quantity jobs and reducing rapid-prototyping costs. However,
incremental forming is not yet commonly used in industry due to existing gaps in knowledge related to
how the process parameters affect the final part and the adaptability of the process for specific products.

The most common type of incremental forming is single point incremental forming (SPIF), which
uses one tool to deform a clamped blank. This can be performed in a computer numerical control (CNC)
milling machine, i.e., it does not require specialized equipment, and is easily integrated into existing
manufacturing environments [2]. Alternatively, a robotic arm can be used to perform this process in an
industrial setting [3]. For axisymmetric geometries, a SPIF process, commonly referred to as metal
spinning, can be used [4]. These processes are suitable for a variety of materials ranging from steels to
composites to polymers.

Austenitic stainless steels, which undergo strain-induced transformation into a stronger, more brittle
phase, i.c., martensite [5,6], are of interest for many applications, including the automotive, acrospace,
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and biomedical industries. Several studies have investigated the extent to which the phase transformation
from y-austenite to o’-martensite can be influenced by adjusting the process parameters e.g., in SPIF
[7,8] and deep drawing [9]. This also affects the material formability [10] and residual stress
development [11]. Increased phase transformation is desired in areas of the part requiring increased
strength, e.g., mounting locations in trauma fixation hardware.

A novel incremental forming process variant introduced in [12] is tensile stress-superposed
incremental forming (TSSIF), which uses a custom frame to pre-stress the sheet in-plane to affect the
final part properties, e.g., residual stress development. TSSIF is an example of stress superposition,
which is generally defined as the incorporation of additional stresses into an existing manufacturing
process during a single operation [13,14]. By adjusting the intensity of the stress superposition, i.e.,
changing the amount of pre-stress imposed on the clamped blank, the final part properties can be tailored
for the intended application of the final product.

In this paper, the effect of stress superposition on the phase transformation in SS304 truncated square
pyramids formed by SPIF and TSSIF is presented. Force and temperature data are recorded during
experiments. After forming, the geometrical accuracy and final strain state are assessed using a
photogrammetry camera. Magnetic induction is used to measure the phase transformation from y-
austenite to o’-martensite at four locations on each wall of the formed pyramids. Increased martensite
transformation is observed at the base and middle of parts formed by TSSIF, indicating that stress
superposition can be used in incremental forming to create functionally graded materials.

2. Incremental Forming Experiments

2.1. Material, Geometry, and Experimental Setup

Experiments are conducted at the Institute of Forming Technology and Lightweight Components (IUL).
Blanks for incremental forming, with the geometry shown in Figure 1a, are laser cut from sheets of
0.8 mm thick SS304 (EN 1.4307). A dot pattern with 1 mm diameter dots and 2 mm grid spacing is
electrochemically etched onto one side of the blank prior to forming for 3D optical measurements of the
formed part. The investigated geometry is a truncated square pyramid with a 45° wall angle (), 30 mm
height (h), and 85 mm base (b) as shown in Figure 1b. A 5-axis DMU 50 milling machine (DMG Mori)
performs the incremental forming operation by using its computer numerical control to follow the user-
specified toolpath. A custom tensile frame with hydraulic cylinders is placed inside of the milling
machine to serve as the blank holder during SPIF and the means to induce tensile stress superposition
during TSSIF. During SPIF, all four sides of the blank are clamped and fixed in the tensile frame with
the cylinders pressurized just enough to prevent displacement. During TSSIF, the blank is fixed on two
sides while the remaining two sides are pulled in tension along the positive x- and y-axes by the
pressurized cylinders in the frame. In this work, the application of the pre-stress for TSSIF results in an
average of 1% von Mises strain in the forming area, which was determined using ARGUS (GOM Inc.).
The material’s rolling direction (RD) is aligned with the x-axis. The complete experimental setup is
shown in Figure 2.
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(b)

Figure 1. Incremental forming a) blank geometry and b) target part geometry: truncated square
pyramid.

For both incremental forming processes, i.e., SPIF and TSSIF, the following parameters are used.
The hemispherical tool has a diameter (@) of 10 mm, and the step down (Az) is 0.3 mm (Figure 1b).
The tool rotational speed is set to O rpm, i.e., fixed, and the feed rate is 1500 mm/min. The tool follows
a bidirectional toolpath with the start point located in the same corner of the geometry for each layer and
forms the pyramid from the base to the top, i.e., outside-in toolpath. The surface of the blank is lubricated
with a thin layer of deep-drawing oil (Castrol) prior to forming. The forming process time is
approximately 840 s.

! Hydraulic
ylinder

y )

Figure 2. Incremental forming experimental setup in DMU 50 milling machine.

2.2. Data Collection

A three-directional load cell (Kistler) measures the forces from the tool, and a thermal camera
(VarioCAM HD head) measures the temperature field during the process. These data are analyzed using
Catman Easy (HBM) and IRBIS 3 (InfraTec) software, respectively. The geometrical accuracy of the
unclamped part is compared to the computer-aided design (CAD) target geometry using ARGUS. Using
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the electrochemically etched dot pattern, the strain state after forming on the non-tool-side is also
analysed with ARGUS. An FMP30 Feritscope (Fischer Technology Inc.) is used to determine the o’-
martensite volume fraction at four locations along each wall of the truncated square pyramid through
magnetic induction with the conversion factor from the ferrite number to the o’-martensite content
proposed by Talonen et al. [15]. Feritscope measurements, performed on the tool-side of the workpiece,
are repeated three times at each location and then averaged.

3. Results and Discussion

3.1. Force and Temperature Results

In the first half of the forming process (~420 s), the axial force is noticeably higher for TSSIF than SPIF
(Figure 3a). This is due to the differing stress states of the blank and boundary conditions between the
two processes. The biaxial tensile stress superposition in-plane increases the axial, i.e., z- or normal,
force initially during TSSIF since the sheet is less susceptible to bending than during SPIF, and the
geometry is still relatively planar. However, near the end of the forming process (~>600 s), TSSIF
results in axial forces that are approximately equal to those in SPIF.

Correspondingly, the maximum observable temperature in the forming area is higher for TSSIF than
SPIF for the entire forming process until the end, where the temperature is similar for the two processes
(Figure 3b). The insets in Figure 3b are thermal images captured approximately when Location 2 was
being formed by TSSIF and SPIF. Note that the maximum temperature value in the forming area is
located beneath the tool and not visible to the thermal camera, i.e., the total temperature increase is >
50°C. The similar temperatures near the end of the forming process, i.c., at the top of the truncated
pyramid geometry, can be attributed to similar axial forces, heat dissipation, and plastic strain in this
location for SPIF and TSSIF. Note that the four approximate locations for strain and o’-martensite
measurements are indicated in Figure 3.

From Figure 3, the superposed stress is effective as long as the part is still nearly planer (up to ~500 s
and including Locations 1 and 2). For the remainder of the TSSIF forming process, the effect of the
planar superposed stress diminishes. This explains the similar axial force and temperature levels for
SPIF and TSSIF near the end of the forming processes.
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Figure 3. Incremental forming process: (a) axial force (z-force) and (b) maximum temperature
recorded by thermal camera and thermal images captured at Location 2.
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3.2. Geometry Comparison

Springback, resulting from the elastic recovery of the material, occurs when the formed part is removed
from the clamping mechanisms [16]. In the case of TSSIF, springback also occurs in-plane when the
pressure is released from the cylinders in the frame. To compare the geometrical accuracy of the SPIF
and TSSIF processes, a 100 mm subsection of the formed parts, which includes the truncated square
pyramid geometry and ~7.5 mm of the flange, is considered. A section cut is made along the x- and y-
axes through the geometrical center of the truncated square pyramid (see inset figure in Figure 4). The
resulting profiles for SPIF, TSSIF, and the target geometry along the x-direction (solid) and y-direction
(dashed) are shown in Figure 4.

For SPIF and TSSIF, the profiles along the x- and y- directions are nearly symmetrical, and the
deviation from the target heights are ~7 and 5.6 mm, respectively, at the corner near the base of the
truncated pyramid. For TSSIF, all four sides of the truncated pyramid formed by TSSIF have increased
geometrical accuracy in the z-direction near the base of the truncated pyramid compared to SPIF. When
comparing the wall angles in the formed parts, the TSSIF profiles tend to follow the target profile more
closely than SPIF. Overall, the truncated square pyramid manufactured by TSSIF achieves greater
geometrical accuracy than the part manufactured by SPIF with respect to the target geometry.
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Figure 4. Profiles along the center of truncated square pyramids in the x- (solid) and y- (dashed)
directions for target geometry and parts manufactured by SPIF and TSSIF.

3.3. Final Strain State
To compare the final strain state of the parts manufactured by TSSIF and SPIF after removal from the
frame, a 90x90 mm? section is analyzed. The von Mises strain contours are shown in Figure 5. The
white circles represent the four measurement locations along the pyramid walls (see inset figure in
Figure 5b) plotted in Figure 6a. The von Mises strain near the outer edges of the analyzed area, i.e., at
the base, and at the top of the truncated pyramid is nearly zero as expected due to minimal deformation
in these areas of the geometry. In TSSIF, a larger uniform strain region is visible on the truncated
pyramid walls compared to SPIF. For both forming processes, the maximum strain is located along the
diagonals, where the tool changes directions, with a slightly increased strain along the top right diagonal,
which corresponds to the starting point for each layer of the toolpath.

In Figure 6a, discrete von Mises strain values are shown for SPIF (squares) and TSSIF (triangles) at
the four locations, i.e., 1 — 4, for all four faces of the truncated square pyramid geometry (see inset figure
in Figure 6a for color map) on the non-tool-side. As is similarly presented in Figure 5, TSSIF produces
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a larger plastically deformed area along the wall (see the orange to red zone in Figure 5), with higher
von Mises strain values near the base and middle of the truncated square pyramid, i.e., Locations 1 — 3
in Figure 6a. This leads to reduced springback when the stress superposition is imposed in the
experiments as is shown in Figure 4.
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Figure 5. Final strain state of unclamped parts manufactured by a) SPIF and b) TSSIF. Circles
represent Locations 1 — 4 on pyramid wall.

3.4. Phase Transformation

The as-received sheet material is fully austenitic and is subjected to strain-induced transformation into
o’-martensite as a result of incremental forming. In Figure 6b, the o’-martensite volume fraction is
shown for SPIF (squares) and TSSIF (triangles) at the four locations on the tool-side of the truncated
square pyramid geometry. The average of the four sides for each location is also included as solid
(TSSIF) and dashed (SPIF) lines to indicate the phase transformation trends in Figure 6b. Near the base
at Locations 1 and 2, the largest differences of a’-martensite volume fraction are observed between
TSSIF and SPIF, i.e., 0.051 and 0.049, respectively. Assuming that the average von Mises strain of
~0.01 in the forming area after pre-stressing the blank is negligible, this indicates that the effect of the
tensile stress superposition on the phase transformation is strongest in the first few layers of the toolpath.
The increased axial force at these locations in Figure 3a is due in part to the presence of the stronger
o’-martensite material phase. In the middle at Location 3, TSSIF still experiences greater phase
transformation than SPIF, i.e., 0.012, and the largest phase transformation overall for the four locations
measured in the TSSIF part. At the top of the geometry, i.e., Location 4, the effect of the tensile stress
superposition is no longer apparent, and other parameters affecting the phase transformation, e.g.,
temperature, may become dominant since the strain levels at Locations 3 and 4 are comparable for
TSSIF (Figure 6a). The decrease in volume percent of o’-martensite observed for TSSIF when
comparing Locations 3 and 4 may be caused by the increased temperature in the forming area (see
Figure 3b), which is known to inhibit austenite to martensite phase transformation [8,17]. Note that
correction factors based on the material thickness are provided by the manufacturer (but not included in
these results) and may result in martensitic volume fractions up to 1.15 times those reported in this work
[18].
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Figure 6. Truncated square pyramid parts manufactured by TSSIF (triangles) and SPIF (squares): (a)
von Mises Strain and (b) volume fraction of a’-martensite measured on tool-side. Average values
shown as solid (TSSIF) and dashed (SPIF) lines.

4. Conclusions and Future Work

In this paper, biaxial tensile stress is superposed into the single point incremental forming process, i.e.,
TSSIF, to affect the martensitic transformation of SS304 for a truncated square pyramid geometry.
Initially, increased and then, ultimately, similar axial forces and temperatures are observed for TSSIF
when compared to the conventional process, i.e., SPIF. The overall geometrical accuracy of the part
manufactured by TSSIF is greater than that of the part manufactured by SPIF, particularly for the part
height. The stress superposition in TSSIF aids the reduction of the springback in the final part. A larger
uniform strain area along the pyramid walls and increased phase transformation is observed at Locations
1, 2, and 3 of the pyramids manufactured by TSSIF compared to SPIF. Therefore, the methodology of
using stress superposition in incremental forming is successful in influencing the phase transformation
and altering the microstructure in the final part.

Several parameters, e.g., temperature and stress and strain states, contribute to the phase
transformations in this austenitic stainless steel. Additional modelling efforts are needed to better
understand which effects are dominating at varying points throughout the toolpath. Future work will
aim to establish a fundamental understanding of this phenomenon and to more effectively influence the
transformation kinetics with the stress superposition effect, e.g., through higher pre-stress or lowering
the temperature in the process. An additional material characterization method, e.g., electron backscatter
diffraction, will be used to validate the martensite volume fractions.
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