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Abstract

In this study, the water jet incremental sheet forming (WJISF) process of AISI 304
stainless steel sheets was experimentally investigated. The primary objective was to
study the effects of key process parameters, including pump pressure, nozzle feed rate,
sheet thickness, and the type of backing/support material, on the final characteristics
of the formed part. A full factorial design of experiments (DOE) was employed to
ensure accurate experimental planning, and the results were evaluated using analysis
of variance (ANOVA). Experiments were conducted on sheets with thicknesses of 1 and
1.5 mm, using two different auxiliary materials to enhance the energy transfer of the
forming jet. The experimental results showed that pump pressure and nozzle feed rate
are the most influential parameters on forming depth. Specifically, increasing the
pressure from 70 to 80 bar resulted in a 37% increase in forming depth, whereas
increasing the feed rate led to a reduction in the final forming depth. Furthermore, it
was found that the nozzle diameter and the type of backing material have a direct
influence on surface roughness and wall flatness. The application of molten copper slag
as a backing material reduced bottom thinning, while the use of sand resulted in a
decrease in deformation depth. Overall, the results indicate that water jet incremental
sheet forming is an effective, flexible, and non-contact sheet metal forming technique,
which can be considered a suitable alternative to conventional mechanical incremental
forming processes such as single-point incremental forming (SPIF) and multi-point
incremental forming (MPIF).
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1- Introduction

Metal forming, as one of the important methods in
the manufacturing and production of industrial
parts, plays a fundamental role in various industries,
including medical

automotive,  aerospace,

equipment, and precision instrument
manufacturing. Among the various methods,
incremental forming is considered a suitable
alternative to traditional processes such as deep
drawing and hydroforming due to its high flexibility
and elimination of the need for expensive dies.
Considering the development of fluid-based

technologies and the need for high precision in

metal parts, the use of high-pressure water flow
(waterjet) in forming was investigated as an
alternative method.

Incremental sheet metal forming (ISF) has attracted
the attention of researchers since the 1970s.
Incremental sheet metal forming (ISF) is an
emerging metal forming technology in which the
tool motion is numerically controlled. This process
is economical for forming complex parts in small to
medium batches and offers a short and inexpensive
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method for forming products with relatively simple
but interesting shapes [1].

Incremental sheet metal forming has been proposed
as a flexible process for producing parts with
complex geometries without the need for dedicated
molds. Recent studies have shown that the use of
water jets in this method can increase formability
and prevent excessive thinning of aluminum and
steel sheets [2].

Recent research has shown that the use of water jet
in progressive sheet metal forming can increase the
formability and enable more precise control of sheet
deformation. Furthermore, analysis and
optimization of process parameters in abrasive jet
contour cutting have shown that the careful
selection of parameters such as jet pressure, tool
speed, and sheet thickness has a significant impact
on the surface quality and geometric accuracy of
parts. These results demonstrate the importance of
controlling and optimizing process parameters to
achieve better formability and higher surface quality
in advanced sheet metal forming methods.

The results of the research show that the WJISMF
process, in addition to eliminating the frictional
problems of mechanical methods, is superior in
terms of process parameter control, dimensional
accuracy, and energy saving. However, challenges
such as accurate determination of the effective
pressure distribution, water jet stability, and its
interaction with supporting materials still require
more extensive research.

In this paper, a series of experimental tests were
designed and conducted to investigate the effect of
effective parameters on the additive forming
process of steel sheets using a waterjet machine. In
this method, a concentrated stream of high-pressure
water replaced the rigid mechanical tool and was
used as the agent for applying force to the sheet
surface. The aim of this research was to investigate
how the steel sheet gradually deforms under the
influence of water pressure and to identify the
optimal range of parameters to achieve geometric
accuracy and high depth.

2- Research Methods

In the experiments, AISI 304 stainless steel sheet
was used, which is one of the most widely used
materials in forming processes due to its appropriate
strength, high ductility and corrosion resistance.
The thickness of the sheets was considered to be 1
and 1.5 mm in order to evaluate the effect of
thickness on the amount of deformation and the
final geometry of the part.

The forming process was carried out by a five-axis
industrial waterjet machine shown in Figure 1. This
machine was equipped with a high-pressure pump
with a pressure generation capacity of up to 4000
bar and nozzles with an outlet diameter of 0.26 mm.
The numerical control system of the machine
(CNC) allowed precise adjustment of the nozzle
movement path, distance from the sheet surface and
feed rate. The waterjet nozzle was installed in such
a way that its angle of impact with the sheet surface
was 90 degrees and it was possible to change this
angle in subsequent stages. The movement path of
the water jet nozzle on the sheet was in a spiral with
a fixed radial pitch of 1 mm.

After cutting the steel sheets into 200 x 200 mm
dimensions, they were fixed on the support plate by
special clamps to prevent slipping or vibration
during the process. In some experiments, auxiliary
materials were used to support the sheet. These
materials included sea sand and copper slag, which
were placed in layers behind the sheet to prevent
tearing and distribute the energy of water impact
more evenly. The use of these layers simulated the
conditions of the “soft support mold” in traditional
processes.

Figure 1: Five-axis industrial waterjet machine
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3- Results

Figure 2 shows the trend of depth changes in
response to different levels of the three main factors.
As is clear from Figure, pressure plays the largest
role in increasing the depth; as the pressure
increases from 70 to 80 bar, the average depth
increases continuously and significantly. This
upward trend indicates that increasing the pressure
causes more energy to be concentrated and, as a
result, deeper penetration. In contrast, linear
velocity has a decreasing effect on depth; as an
increase in linear velocity from 2.4 to 4.0 mm/min
leads to a significant decrease in depth. This
behavior is logical and indicates that at higher
speeds, the contact and impact time is reduced and
therefore the depth created is less. The lower the
nozzle speed, the greater the energy input to the
sheet surface from the water jet and the higher the
plastic deformation. A cut cross-section of one of
the pieces is shown in Figure.

Main Effects Plot for Depth (mm)
Data Means

Prssur (Ba) Linearvelocity (mm/min) Nozde dameter (mm)

ﬁ /
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Figure 2: Diagram of the effect of parameters on the forming
depth

Figure 3: Sample formed at pressure of 80Bar pressure, nozzle
diameter of 2.7 mm, and feed rate of 2.4 mm/min

4- Conclusion

In this study, the effect of process parameters on the
incremental forming of stainless-steel sheets was
investigated using an industrial waterjet machine.
The results of the experiments showed that the
pump pressure and the nozzle advance speed are the
most important factors determining the deformation
behavior in the WJISMF process. Increasing the
pressure to 80 bar improved the forming depth and
wall angle, while increasing the nozzle movement
speed decreased these parameters due to the
reduction in the contact time of the water flow with
the sheet and, as a result, the water jet entering the
sheet surface. Increasing the nozzle diameter also
led to a more uniform distribution of force and
smoother sheet forming. The type of auxiliary
material also played an important role in the final
quality of the part. The use of sand was able to help
form parts with flatter walls and reduce wall
stepping, but a higher forming depth was achieved
using copper slag as a support material.
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