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Abstract

The increasing demand for lightweight yet high-strength components in the automotive and aer-
ospace industries has accelerated interest in Incremental Sheet Forming (ISF) as a flexible, die-
less, and cost-effective manufacturing process, particularly for low-volume and customized pro-
duction. Unlike conventional forming processes that rely on expensive dies, ISF offers greater ge-
ometric flexibility and rapid prototyping capabilities. However, its broader industrial adoption re-
mains limited due to persistent challenges such as poor surface finish, springback, and restricted
formability, especially when forming hard-to-deform materials like Stainless Steel Grade 304
(SS304). This study investigates the influence of customized heat treatment on the formability
and deformation quality of SS304 sheets formed via ISF. Sheets were subjected to preheating at
controlled temperatures ranging from room temperature to 700°C, followed by dieless forming
using a CNC machining center equipped with a hemispherical tungsten carbide tool. Key process
parameters, including a step size of 0.3 mm, a feed rate of 180 mm/min, and a tool speed of 500
mm/min, were maintained throughout forming. Comprehensive mechanical and microstructural
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analyses, including tensile testing, surface roughness evaluation, and optical metallography,
were performed. Results revealed significant improvements in formability: ductility increased
from 24.28% to 65%, and surface roughness (Ra) decreased from 9.7993 pm to 5.4809 pm after
annealing at 700°C and tempering at 500°C. Microstructural analysis confirmed grain refinement
and carbide dissolution, contributing to improved plastic flow and reduced surface defects. Inte-
grating controlled heat treatment with ISF significantly enhances forming capabilities, surface
quality, and geometric precision of SS304, making it a viable solution for manufacturing complex,
high-performance components. These findings provide valuable insights for developing more ef-
ficient, defect-minimized, and adaptable forming strategies suitable foradvanced manufacturing
industries.

1. Introduction

Incremental Sheet Forming (ISF) has emerged as a promising dieless manufacturing technique
for producing complex sheet metal parts in low-volume or customized production settings. Unlike
conventional methods such as stamping or deep drawing, which require rigid and costly dies, ISF
utilizes a numerically controlled hemispherical tool to incrementally deform sheet material along a
predefined toolpath. This layer-by-layer deformation mechanism allows greater design flexibility, re-
duced tooling costs, and faster turnaround times [1], [2]. As a result, ISF is increasingly applied in the
automotive, aerospace, biomedical, and defense industries, where rapid prototyping, geometric
flexibility, and the use of high-performance materials are critical [3]. ISF also enables easier forming
of asymmetric and customized geometries that would otherwise be impractical or uneconomical
with traditional methods [4].

How to cite: Despite its flexibility, the ISF process faces significant challenges when forming materials with
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low room-temperature ductility or high work-hardening rates, such as austenitic stainless steels.
Stainless Steel 304 (SS304) is among the most widely used grades in engineering applications due
to its corrosion resistance, thermal stability, and mechanical strength [5]. It is extensively used in
food processing equipment, automotive exhaust systems, architectural panels, and pressure ves-
sels. However, its high strain-hardening coefficient and relatively low formability under room-
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temperature conditions result in poor ISF performance. Researchers have consistently reported is-
sues such as limited achievable wall angles, localized thinning, surface tearing, high tool forces, and
springback when forming SS304 using ISF [6], [7]. These defects not only reduce dimensional accu-
racy but also compromise component quality and forming reliability in industrial applications.

To address these limitations, several studies have explored thermal assistance strategies to
improve the formability of hard-to-deform metals during ISF. Laser-assisted ISF (L-ISF), electric cur-
rent-assisted forming, friction-assisted ISF, and warm ISF have all demonstrated positive effects in
reducing flow stress, improving surface finish, and increasing achievable forming angles [8]. For ex-
ample, Ambrogio et al. [9] used localized laser heating in ISF to reduce forming forces and delay crack
initiation in titanium sheets. Similarly, Xu et al. [10] showed that electrically assisted ISF improved
strain distribution and surface integrity in aluminum alloys. However, these in-situ heating methods
typically require complex and costly integration of thermal systems, precise synchronization, and
safety controls, making them less accessible for broader industrial application [11], [12].

By contrast, heat treatment prior to forming—particularly annealing—represents a relatively
simpler and more scalable approach to enhancing material formability. Pre-heating modifies the
sheet's microstructure before deformation, promoting grain growth, eliminating dislocations, dis-
solving carbides, and relieving internal stresses. Mechanical properties such as yield strength, duc-
tility, and toughness are critical to forming performance, and these microstructural changes directly
influence them [13], [14]. For instance, Fratini et al. [15] demonstrated that warm pre-treatment of
titanium sheets before ISF increased formability by enlarging wall angle limits and reducing fracture
risks. Similar results were reported by Faraji et al. [16], who applied annealing to magnesium alloys
before forming, leading to improved elongation and smoother surfaces.

Although these approaches have proven effective for non-ferrous alloys, the existing body of
knowledge on heat-treatment-assisted ISF of Stainless Steel 304 remains limited. Most current re-
search on SS304 ISF has focused either on in-process heating techniques or toolpath optimization
[17], [18], while relatively few studies have examined the effect of controlled pre-forming heat treat-
ments on forming behavior, microstructure, and final part quality. Kumar et al. [19] highlighted the
importance of heating rates and soaking times in influencing material performance but did not pro-
vide detailed analysis of their impact on SS304 microstructure and surface topography.

This research aims to address this gap through a systematic study of the effects of custom-
designed pre-forming heat treatments on the Incremental Sheet Forming of Stainless Steel 304. The
experiments investigate how annealing parameters (temperature, soaking time, cooling rate, and
cooling method) affect critical formability metrics such as forming depth, surface roughness, spring-
back, and failure modes. Additionally, mechanical performance, including tensile properties, and
microstructural evolution were analyzed using metallography. Establishing correlations between
pre-treatment conditions and ISF outcomes is expected to yield insights that can support the devel-
opment of effective, cost-efficient methods for forming stainless steel components in high-preci-
sion, low-volume production environments.

2. Methods

2.1. Experimental Design

The experimental procedure was designed to investigate the effect of pre-forming heat treat-
ment on the formability of Stainless Steel 304 sheets using the ISF process. As shown in Figure 2, the
workflow began with material preparation, followed by annealing at various temperatures (ranging
from room temperature to 700°C) in a muffle furnace at a controlled heating rate of 30°C/min. After

Table 1. Experimental parameters.

No. Temperature Lubricant Tool Diameter Stepsize  Tool Speed

(°C) (mm) (mm) (mm/mint)
1 0 Grease 11 0.3 200
2 200 Grease 11 0.3 200
3 400 Grease 11 0.3 200
4 600 Grease 11 0.3 200
5 700 Grease 11 0.3 200
6 700 Grease 11 0.3 200
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Figure 2. Process flow of experimental procedure.

soaking, the sheets were air-cooled and subsequently formed using ISF on a CNC vertical machining
center. The toolpath followed a spiral profile to deform the sheet into a conical shape, with forming
angles ranging from 45° to 90°. A tungsten carbide tool with an 11 mm hemispherical tip was used
under fixed forming parameters: a step size of 0.3 mm, tool speed of 200 mm/min, and feed rate of
1000 mm/min, with grease applied as a lubricant. Details of the forming parameters are summarized
inTable 1.

Post-forming, tensile tests were conducted using a Tensilon RTF-2350 universal testing ma-
chine (UTM) in accordance with ASTM E8/E8M standards to determine mechanical properties such
as yield strength, ultimate tensile strength (UTS), and elongation. Surface roughness was measured
both before and after tempering at 500°C using a SURFCOM 2900 surface tester. Microstructural
analysis was performed through metallographic preparation, electrolytic etching with 15% oxalic
acid, and optical microscopy at 20x maghnification. Grain size was evaluated using the linear inter-
cept method. These combined characterization methods enabled a comprehensive evaluation of
formability as a function of heat treatment temperature. The experimental procedure workflow is il-
lustrated in Figure 1.

Fanuc CNC
Controller

% | Emergency
Stop Button

Nikken 4th Axis
Rotary Table

Figure 1. Experimental setup.
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Figure 3. Tensilon RTF-2350 Universal Testing Machine.

2.2. Experimental Setup

A1 mm thick sheet of Stainless Steel 304 was used for the incremental sheet forming (ISF) pro-
cess. The chemical composition of the material was as follows (in wt.%): C < 0.08, Cr 18-20, Ni 8-
10.5,Mn<2.0,Si< 1.0, P <0.045, S < 0.03, with Fe as the balance. The sheet was cut into 160 mm x
160 mm samples and rigidly clamped along all four edges during forming. Forming tests were con-
ducted on a CNC vertical machining center using a fixture with a forming zone of 100 mm x 100 mm.

A muffle furnace was used to heat the stainless-steel sheets prior to forming. The furnace con-
sisted of a small, insulated chamber with a maximum temperature of approximately 1100°C. Uni-
form heat distribution was achieved using a resistance heating element, while heat loss was mini-
mized using high-temperature ceramic fiber insulation. The temperature was controlled by a digital
programmable controller with real-time display. A K-type thermocouple was used for accurate tem-
perature measurement inside the chamber. Heat-resistant gloves were required for manual han-
dling, in accordance with safety protocols. Once the target sheet temperature was reached and sta-
bilized, the thermocouple was removed, and the forming process was initiated.

Due to the elevated temperatures, grease was applied evenly on the sheet surface to serve as
a lubricant during forming. Grease lubrication was also used during room temperature forming to

e i A

Samples for Grinding

k 2 2| 280 l
Metallographic Examination Electrochemical Etching Magnetic Stirring

Figure 4. Metallographic steps for microstructure analysis.
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minimize friction. In both cases, lubrication was applied prior to the commencement of the forming
process. The experimental setup is illustrated in Figure 2.

2.3. Properties Measuring Methods
2.3.1. Tensile Testing

Mechanical property testing revealed significant changes in tensile strength, ductility, and
hardness following the heat treatment process. Tensile testing showed a reduction in ultimate tensile
strength (UTS) for heat-treated samples compared to the as-received condition, accompanied by a
considerable increase in elongation, indicating improved ductility. Among the tested conditions,
sheets heat-treated at 700 °C exhibited the most balanced mechanical performance, offering suffi-
cient strength to meet service requirements while enhancing formability. Tensile tests were con-
ducted using a Tensilon RTF-2350 universal testing machine (UTM) in accordance with ASTM E8/E8M
standards, employing flat specimens with dimensions of 70 mm x 15 mm to determine UTS, yield
strength, and elongation.

2.3.2. Metallographic Analysis

Metallographic analysis was performed using a Nikon Eclipse metallurgical microscope to ex-
amine the microstructural characteristics of the stainless-steel sheets. Sample preparation followed
the standard procedure outlined in ASTM E3, which included grinding, polishing, and etching. Polish-
ing was carried out using silicon carbide abrasive papers with progressively finer grits ranging from
200 to 2000, followed by thorough cleaning to enhance surface clarity. Electrolytic etching was then
performed using a 15% solution of oxalic acid dihydrate (C,H,0,-2H,0, Merck, EMSURE®, CAS No.
6153-56-6) in distilled water, continuously stirred for 1 hour using a magnetic stirrer. A 5V potential
was applied during the etching process to achieve optimal surface contrast. This method was effec-
tive in revealing grain boundaries, phase distribution, and microstructural changes resulting from
heat treatment. The observations were used to assess material transformations and their correlation
with improved formability. Avisual representation of the metallographic procedure is shownin Figure
4.

2.3.3. Surface Roughness Measurement

A SURFCOM 2900 surface roughness tester was used to measure the surface texture and qual-
ity of the stainless-steel sheets. Surface roughness measurements were performed in accordance
with 1ISO 4287, using the average roughness parameter (Ra) to assess surface finish. Initial roughness
measurements were taken before the incremental forming process to establish a baseline for evalu-
ating its effect on the surface condition of the material. This analysis provided insight into the impact
of the forming process on surface integrity and formability. To further study the effect of heat treat-
ment, the deformed samples were tempered at 500°C, and surface roughness was measured again
using the same procedure. These measurements contributed significantly to understanding the cor-
relation between thermal treatment and surface quality in incremental sheet forming.

Figure 5. SURFCOM 2900 for surface roughness measurement.
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Figure 6. Effect of temperature on mechanical properties of Stainless Steel 304.

3. Results and Discussion

3.1. Properties Measuring Methods

Tensile testing was performed using a Tensilon RTF-2350 universal testing machine (UTM) to
measure the ultimate tensile strength (UTS), yield strength, and elongation of the material. Standard
procedures were followed during testing to ensure accurate measurement of mechanical properties
after heat treatment. Load-displacement data were recorded for comparative analysis of the materi-
al's behavior before and after heat treatment. The tensile properties of Stainless Steel 304 at various
heat treatment temperatures are summarized in Table 2.

Table 2 shows that both the yield strength and tensile strength of SS304 decreased as the heat
treatment temperature increased. When cooled to room temperature (after heating), the yield
strength dropped to 631.16 MPa, and at a heat treatment temperature of 700°C, the tensile strength
and yield strength were reduced to 522.29 MPa and 678.36 MPa, respectively. This reduction in
strength is attributed to the annealing effect, which promotes recovery through dislocation rear-
rangement and the relief of internal stresses, resulting in material softening. Conversely, elongation
improved significantly, increasing to 65.00% at 700°C compared to 24.28% in the as-received con-
dition. This increase in ductility indicates that heat treatment enhanced the material's formability,
making it easier to deform via plastic flow during the forming process. These findings confirm that
pre-heating is an effective method for improving formability, albeit at the expense of reduced
strength, making SS304 more suitable for dieless forming processes such as incremental sheet
forming.

3.2. Microstructural Evolution

Microscopic analysis was conducted using a Nikon Eclipse metallurgical microscope to inves-
tigate the material changes induced by heat treatment. The as-received Stainless Steel 304 exhibited
a uniform, fine austenitic grain structure with high dislocation density. Progressive grain growth was

Table 2. Tensile properties of Stainless Steel 304 at different heat treatment temperatures.

Temperature Yield Strength Tensile Strength Elongation
(°C) (MPa) (MPa) (%GL)
0 631.16 749,18 24.28
200 610.54 714,49 25.71
400 574.37 710,62 50.00
600 522.82 697,35 61.66

700 522.29 678,36 65.00
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Figure 7. Microstructure morphology of heat-treated sheets (a) 0°C (b) 400°C heat treatment, (c) 600°C heat
treatment, (d) 700°C heat treatment. All results at 20x magnification.

observed with increasing temperature and soaking time. At 700°C, the grains became more equiaxed
and homogeneous, accompanied by a noticeable reduction in dislocation density and internal
stresses. This microstructural transformation enhanced the material’s ability to undergo plastic de-
formation, as reflected in the increased ductility observed in tensile tests. Evidence of carbide disso-
lution at grain boundaries was also noted, contributing to reduced strain localization during forming.
Mild sensitization effects were observed at intermediate temperatures but were mitigated by full an-
nealing, which dissolved chromium carbides and restored the material’s corrosion resistance. These
microstructural changes and their effects at different stages of heat treatment are illustrated in Fig-
ure7.

Moreover, the line intercept method was applied for quantitative grain size analysis, as shown
in Table 3. The as-received sample exhibited a fine and stable austenitic structure, with an average
grain size of 21.48 pm at 0°C. After heat treatment, grain size progressively decreased, reaching a
minimum of 17.90 ym at 600°C, indicating a well-defined and uniform grain structure due to maxi-
mum recrystallization. However, grain coarsening began at 700°C, where the average grain size in-
creased slightly to 19.73 pm due to prolonged exposure to heat. These grain size variations closely
align with the microstructural evolution observed under the microscope and have a direct impact on
the material's mechanical performance in forming processes, particularly regarding ductility,
strength, and formability.

3.3. Forming Force, Springback, and Geometric Accuracy in ISF

Springback and geometric accuracy were evaluated by comparing the actual formed shapes to
the target geometries after the Incremental Sheet Forming (ISF) process. Untreated Stainless Steel

Table 3. Tensile properties of Stainless Steel 304 at different heat treatment temperatures.

Temperature (°C) Avg. Grain Size (um)
0 21.48
400 20.12
600 17.90

700 19.73
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Table 4. Impact of temperature on strain distribution and formability.

Temperature Grid Depth MajorStrain Minor Strain Cracking Status Formability
(°C) Length (mm) (e_maijor) (e_minor) (Cracked/Uncracked) Index
(mm)

10 30 0.16 0.06 Uncracked 0.62
200 10 40 0.20 0.02 Uncracked 0.90
400 10 50 0.25 0.03 Uncracked 0.88
600 10 60 0.36 0.08 Cracked 0.77
700 10 70 0.37 0.09 Cracked 0.75
700 10 60 0.53 0.14 Uncracked 0.73

304 sheets exhibited significant springback due to residual stresses, resulting in dimensional inac-
curacies as the material partially returned to its original shape [20]. In contrast, heat-treated
sheets—especially those annealed at 700°C—exhibited reduced springback. Heat treatment sof-
tened the material, enhanced plastic deformation, and minimized residual stresses. At this temper-
ature, recrystallization and grain growth improved ductility while reducing elastic recovery. Conse-
quently, the final parts exhibited improved geometric precision, and the heat-treated sheets became
more suitable for precision applications.

3.4. Formability of the Formed Parts

Sheet formability was assessed in terms of maximum achievable forming angle and forming
depth, which reflect the material's ability to undergo plastic deformation without failure. Heat-
treated sheets showed significantly improved forming limits due to enhanced ductility and reduced
residual stresses. A maximum forming angle of 54° was achieved for samples annealed at 700°C,
compared to only 30°C for untreated sheets, confirming the positive effect of annealing on the ma-
terial’s stretchability and overall formability.

When the metal was annealed at 600°C and deformed to a depth of 60 mm, cracking occurred.
Increasing the annealing temperature to 700°C and deforming the sample to 70 mm also resulted in
cracking. However, when the annealing temperature was maintained at 700°C but the deformation
depth was reduced to 60 mm, the sample did not crack, as shown in Figure 8. This indicates that
while formability improves at elevated annealing temperatures, excessive deformation depth still
leads to failure. Thus, there is a balance between deformation depth and annealing temperature that
governs crack prevention. The samples illustrating these deformation modes are shown in Figure 6.
These results suggest that controlled heat treatment can enhance the adaptability of stainless-steel
sheets in incremental sheet forming (ISF) applications. The formability analysis of SS304 at various
temperatures is presented in Table 4.

The Formability Index (FI) was also determined based on forming angle and depth, providing a
normalized indication of material stretchability. The Fl was calculated using the major and minor
strains in the deformed areas according to the following equation:

Formability Index= (Emajor - Eminor)/ Emajor (1)

Here, emajor and Eminor represent the principal strains measured from the grid deformation pattern
on the sheet surface. The Formability Index quantifies the material's stretchability in biaxial

Table 5. Surface roughness measurement of SS304 deformed samples.

Trial Heat Surface Surface Roughness . Min Thick- .
. Max Thick- Average Thickness

No. Treatment Roughness after Tempering ness (mm)

ness (mm) (mm)
(Ra, pym)

1 0 9.7993 8.2374 0.89 0.73 0.81
2 200 8.0866 7.7394 0.90 0.67 0.78
3 400 7.7394 7.3419 0.79 0.65 0.72
4 600 7.0397 6.4527 0.68 0.64 0.66
5 700 6.7725 6.2548 0.60 0.54 0.57
6 700 6.6190 5.4809 0.66 0.58 0.62
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600°C Depth 60

directions and is widely used in sheet metal forming studies. Higher Fl values indicate greater form-
ability. Table 3 presents the results of the formability analysis at different temperatures.

These findings confirm that controlled heat treatment enhances the adaptability of stainless-
steel sheets in Incremental Sheet Forming (ISF) by improving formability and reducing the risk of
cracking.

3.5. Surface Topography

Surface roughness was evaluated to assess the influence of heat treatment on the surface qual-
ity of the incrementally formed Stainless Steel 304 sheets. The results showed that annealed sheets
exhibited significantly smoother surfaces. This improvement is attributed to reduced material hard-
ness and enhanced ductility, which facilitated smoother material flow during forming. Metallo-
graphic analysis confirmed grain refinement at elevated temperatures, supporting the observation
that finer microstructures contributed to minimizing surface imperfections. Grease lubrication fur-
therreduced surface defects by lowering friction between the tool and sheet, thereby preventing tool
marks and surface tearing. The best surface finish was achieved in sheets annealed at 700°C and
formed under grease lubrication. Additionally, tempering at 500°C after forming further improved
surface smoothness by relieving residual stresses and stabilizing the microstructure. Surface rough-
ness (Ra) decreased from 9.7993 pm in untreated samples to 5.4809 pym after annealing at 700°C
followed by tempering at 500°C. The complete surface roughness results are presented in Table 5

3.6. Comparative Assessment of SS304, Aluminium, and Titanium for ISF

The findings of this study are consistent with previous research conducted on other metals,
such as aluminium and titanium, in incremental sheet forming (ISF). Earlier studies have shown that
both preheating and in-process thermal assistance in heat-assisted ISF enhance ductility, reduce
forming forces, increase achievable wallangles, and improve geometric precision [21]. A similar pos-
itive effect was observed in the current study on SS304, demonstrating that controlled heat treat-
ment has beneficial effects on formability and surface quality. While aluminium is highly formable,
lightweight, and easy to process—with rapid prototyping possible and minimal tool wear [22]—it
lacks the strength and corrosion resistance of stainless steel. Titanium, on the other hand, offers
excellent strength-to-weight ratio and corrosion resistance, making it suitable for aerospace and bi-
omedical applications [23]; however, its high material cost, along with the need for high-temperature
forming and oxidation control, limits its broader industrial use. Stainless Steel 304 offers a practical
compromise between formability, mechanical strength, corrosion resistance, and cost. Although
SS304 is more difficult to cast than aluminium, itis generally easier and more economicalto process
than titanium. Under suitable heat-assisted ISF or post-forming conditions, SS304 can be formed
into complex geometries while maintaining structural integrity and surface quality. These compari-
sons suggest that the choice between SS304, aluminium, and titanium in ISF is not only a matter of
geometric design and part performance requirements, but also involves considerations of technical
feasibility and economic viability.

700°C Depth 70 700 °C Depth 60

Figure 8. Conical incremental deformed shapes at different temperatures.
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4. Conclusions

This study systematically examined the influence of optimized heat treatment on the formability
ofincrementally formed Stainless Steel 304 sheets. Exposure to high temperatures during annealing,
followed by tempering at 500°C, enhanced the ductility of the material and significantly improved
both surface finish and geometric precision. The experimental data indicated that heat treatment at
700°C successfully increased elongation by 40.62%, reduced surface roughness from 9.80 um to
5.48 pm Ra, and enabled a maximum forming angle of 54°, compared to only 30° for untreated
sheets. Partial recrystallization was observed at lower annealing temperatures, whereas excessively
high annealing temperatures led to excessive grain growth, resulting in material softening and re-
duced strength. The softening of forming forces in heat-treated sheets promoted better plastic flow,
reduced work-hardening, and improved process efficiency. Geometric accuracy analysis further
confirmed that heat-treated samples exhibited fewer shape deviations, validating the effectiveness
of thermal optimization in controlling final part dimensions. These results demonstrate the potential
of thermal-assisted ISF as an effective approach to increasing the formability of SS304, particularly
for complex components requiring enhanced ductility and surface quality. Future research could fo-
cus on integrating real-time monitoring, advanced toolpaths, and Al-based optimization to expand
the applicability of heat-assisted ISF in broader industrial practices.
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