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Abstract
Single point incremental forming accuracy suffers from contradictory material requirements: while a low yield
strength and low hardening coefficient are favourable in terms of limiting process forces and springback, they
also result in excessive, unwanted plastic deformation in zones bordering processed areas. Dynamic,
localised heat input, for example through radiation of the tool contact area by means of a laser beam, allows
to differentiate material properties in time and space. Experimental results demonstrate that this process
variant results in reduced process forces, improved dimensional accuracy and increased formability for a
range of materials. Initial results also indicate that residual stresses can be significantly reduced by means of
the dynamic heating system that was developed.
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1 INTRODUCTION
Flexible forming methods reducing the need for
dedicated tooling have received a lot of attention in
recent years [1]. While some of the emerging Incremental
Sheet Forming (ISF) techniques still require partial die
sets [1,2], the need for tailored tools is completely
eliminated in the Single Point Incremental Forming
(SPIF) process variant [1]. In terms of hardware, this
process only requires a sufficiently strong 3-axes
positioning system, a generic clamping rig and tool styli
with spherical head. The lack of supporting die structure
during the forming operation however influences the
workpiece accuracy achievable with SPIF. Market
oriented studies [3] indicate that limited precision is the
main obstacle for a commercial breakthrough of the
process.
Analysis of the emergence of geometric inaccuracies in
the consecutive stages of the process, based on
experimental [4] and simulation results [5], unveil
unwanted plastic deformation in the vicinity of the tool
contact area and springback effects as major sources of
inaccuracy (Figure 1).

Figure 1: Programmed toolpath and resulting shape with
unwanted deformation.

Repeated processing can form a possible strategy to
correct the resulting geometric errors [6,7], but drastically
decreases the productivity of the process.

As cause for the unwanted deformation in the vicinity of
the tool-workpiece contact zone, a combination of the
following factors can be listed [8,9]:
- relatively high process forces, resulting in high stress

levels outside the contact zone
- limited yield strength of the sheet material and

hardening effects
With as aim to localise the incremental forming effect, the
above listed observations lead to seemingly contradictory
material requirements. In the forming zone, determined
by the tool-workpiece contact area, a low yield strength
with a limited hardening effect is preferred for the sheet
material being processed in order to keep the process
forces low. However, in the surrounding zone, that needs
to provide the necessary support for achieving an
accurate incremental forming effect, a high yield strength
and a strong hardening effect contribute to a well-
localised deformation and consequently a high accuracy.
Since a single material is being processed, these
requirements seem contradictory. Inventive problem
solving techniques were used to overcome this conflict. A
solution was found in the temporary and localised
reduction of the yield strength and work hardening effect
by creating an appropriate, dynamic temperature field.
Target is to create a heated spot in the dynamic contact
zone between tool and workpiece, while keeping the
surrounding zone at near ambient temperature.
In the following section the hardware setup that was
conceived to achieve this is documented. The resulting
effects in terms of process force reduction, accuracy
improvement, formability increase and residual stress
release are summarized in Section 3.

2 EXPERIMENTAL SETUP
In contrast with other forming processes using elevated
temperatures to improve the ductility of materials [10], the
envisaged process variant of single point incremental
forming is characterised by the dynamic nature of the
required temperature effect. The elevated temperature
can only contribute to an improved ductility of the
material when achieved in the tool-workpiece contact
zone. At the same time the surrounding area should be
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kept at a sufficiently low temperature to assure
appropriate stiffness and a relatively high yield strength.
A localised heated spot, moving with the tool contact
zone in a well-synchronised way, is therefore required.
Preheating or heat introduction outside the contact area,
as is for example applied for laser-supported spinning
[11], is therefore not suitable as a heating strategy. To
achieve the envisaged, dynamic temperature distribution,
a localised heat source is required which should be able
to generate a direct heat input in the tool contact zone.
For this reason, and making use of the absence of a
supporting, die-like structure in the single point
incremental forming process, a machine layout allowing
heat input from the non-processed side of workpiece was
selected (Figure 1).

Figure 1: Single point incremental forming machine
structure with dynamic, laser supported heating.

The setup, that was realised to demonstrate this dynamic
heating principle, consists of a 6-axis robot equipped with
a tool spindle mounted on a strain gauge based
force/torque sensor (working range of Fx,y 6000N,
Fz(tool axis) 12000N and Mx,y,z 1150Nm at a maximum
8kHz sample rate). The robot can provide a 2000N
process force in the 1000x1000mm work area that
corresponds to the vertical clamping table of the test
platform. A 500W Nd-YAG laser with glass fibre beam
delivery system is used as a heating source. The
focusing lens for this system is mounted on a 3-axis
positioning system that is linked to the robot controller.
The degrees of freedom of this positioning system allow
to vary the laser spot diameter and the relative position
between the radiated spot and the tool-workpiece contact
zone, while maintaining synchronised control of the tool
and laser spot position.

Figure 2: Experimental setup with combined
cooling/lubrication system.

In order to assure a sufficiently high temperature gradient
around the heated spot, a cooling system with combined
lubrication function was developed (Figure 2).
The experimental setup was enhanced with an IR camera
system for thermal measurements. However, the nature
of the laser heating and cooling systems limited the
applicability of this measurement method.

3 EXPERIMENTAL PROCEDURE AND RESULTS
By means of the above described setup, a number of
exploratory experiments were conducted to determine the
influence of dynamic, local heating respectively on the
process forces (Section 3.1), the process accuracy
(Section 3.2), the formability (Section 3.3) and the
residual stresses in formed workpieces (Section 3.4).

3.1 Force reduction

Test description
One of the experiments conducted to demonstrate the
influence of a local temperature increase on the process
forces consisted of forming a series of cones in Al 5182.
Starting from 1.25mm thick blanks of size 225*225mm,
which were supported by a backing plate with diameter
180mm, cones with an initial outer diameter of 140mm, a
depth of 20mm and a wall angle of 40° have been
formed. The incremental step size was chosen as 0.5mm
(discrete steps). A tool of diameter 10mm, made of
tungsten carbide (grade Cki 10) and protected with a
high-temperature resistant coating, was used.
A graphite 33 coating was applied to the laser side of the
blank in order to improve the absorption (approximately
60% with coating). Laser spot diameters 8 and 12mm
were chosen, with a dynamic, forward offset of 2.4mm
and no lateral offset compared to centre of the contact
zone location and the feed direction respectively. The
settings of the laser power and the feed rate were varied
in order to obtain different heating temperatures.

Experimental results
Using the force sensor mounted on the robot wrist,
measurements were conducted at a sample rate of 25Hz.
For the purpose of this study, only the force component
orthogonal to the original blank surface (Fz, parallel to
the tool axis) was taken into account as a representative
measure of the total load on the tool and positioning
device. For every test the maximum force and the
average force level during the entire test were registered.

Figure 3: Maximum and average axial forces as a
function of heating temperature.

The temperatures obtained at the tool side of the
workpiece were measured using the IR camera. For this
purpose the emissivity of the coated surface was
determined as varying between 60 and 70% (depending
on orientation angle and workpiece temperature). The
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temperature could only be observed where a pressurised
air jet temporarily removed the coolant (see Figure 2).
During the consecutive tests, temperature variations of
approximately 20°C were observed for static process
parameters. This can be explained by the influence of the
workpiece geometry resulting in changing cooling
conditions. These variations, combined with the
emissivity uncertainty, resulted in the uncertainty
intervals indicated in Figure 3.
As can be observed from the results summarised in
Figure 3, even for a material with a high thermal
diffusivity like Al5182, a systematic temperature rise
through the thickness of the sheet material can be
dynamically imposed. This results in a gradual drop in
process forces, allowing a reduction of up to 50% for the
tested temperature interval.
Similar tests were conducted with materials like 65Cr2
(DIN 1.7017, AISI 5155), confirming the achievable force
reduction with 50% for well-optimised settings of laser
power and coolant flow.

3.2 Accuracy improvement
It is a known fact that forming at elevated temperatures
can help to reduce springback effects [10]. Furthermore,
it can be expected that the reduced process forces, as
illustrated in Section 3.1, will contribute to a reduction of
unwanted plastic deformation in the vicinity of the tool-
workpiece contact zone.

Test description
The forming tests were performed on the robot platform
described in Section 2, which implies an influence of the
limited robot stiffness on the observed part accuracy.
Indeed, with some variation (due to toolpath related
changes in robot configuration), at a load of 1000N an
average deflection of the robot joints and structural
elements in the direction of the tool axis of 1.23mm can
be expected.
65Cr2 blanks of 0.5mm thickness were used to compare
the accuracy in a cold and a dynamically heated forming
test. A 10mm tungsten carbide tool was used to form
conical shapes with outer contour 160mm, a slope angle
of 50° and a depth of 40mm. A backing plate with 180mm
diameter cutout was selected, resulting in a 10mm wide,
unsupported, ring shaped area between the cone and the
backing plate. A toolpath with a discrete step down size
of 0.5mm was used. The feed rate of the robot was set to
1500mm/min for the cold formed test and to 2000
mm/min for the laser supported run. An effective output
power of 160 W with a spot diameter of 9 mm was used.

Figure 4: Obtained workpiece geometry for heated and
non-heated process variants.

Experimental results
The obtained parts were measured using a line scanner-
CMM combination with ± 15μm precision. Scanning was
typically performed while the workpiece was still
clamped, thus eliminating springback effects caused by
changing boundary conditions.

The target CAD geometry used for toolpath generation
and typical sections obtained when forming at room
temperature and with laser supported heating are
depicted in Figure 4.
When taking the stiffness considerations for the robot
platform into account, the obtained accuracy
improvement can only be explained by a systematic
reduction of springback and unwanted plastic
deformation (cf sharper edge obtained in zone A when
using heat supported forming). The groove like geometry
edging the unprocessed bottom of the cone (zone B) also
illustrates the more localised forming effect when using
local heat support.

3.3 Formability increase

Test description
TiAl6V4 sheets of 0.6mm thickness were used to
compare the formability behaviour under dynamically
heated conditions with test results obtained at ambient
temperature.
A 10mm tool, covered with a high temperature resistant
coating, was used to form conical shapes with maximum
outer diameter 140mm and increasing wall angle. A
backing plate with a 180mm opening supported the
workpieces. A similar test setup has been used by
several research teams to determine a representative
measure for the formability of different materials [1]. In
deviation from the procedure described in [1], the
maximum depth for the cones to be formed was limited to
30mm in order to accommodate the tests with low wall
angles in ambient temperature conditions (see Table 1)
A spiralling toolpath with a continuous incremental step
size (pitch) of 0.5mm was used. The initial feed rate of
the robot was set to 1000mm/min. This feed rate was
varied for some of the dynamically heated tests to assure
a constant energy input density for different laser spot
diameters (tests with diameter 14 and 15mm in Table 1).

Table 1: Formability test results for 0.6mm TiAl6V4.

Experimental results
At room temperature (20°C), it was possible to form
cones with slope angles up to 32°, whereas tests with a
higher wall angle resulted in cracks appearing before the
30mm depth was reached (see Table 1).

With an effective power input of less than 200W the
maximum forming angle could be substantially shifted.
Varying the spot diameter and the energy input level
allowed to successfully form cones with slope angles up
to 56°. Optimising the temperature field by adjusting the
cooling conditions may allow to further increase this limit.
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Similar tests demonstrated an increase in formability for
materials with a higher formability at room temperature.
65Cr2 sheets with a 0.5mm thickness could, for example,
be formed into cones with slope angles up to 57° at room
temperature without any cracks appearing before a
40mm depth was reached.
The same material, tool and process parameters were
used to produce samples under dynamic heating
conditions. Assuring a process temperature in the
forming zone of approximately 350°C, parts were made
with a wall angle of 64° without any part failure occurring.
According to the sine law approximation [1], and in terms
of principal strain, the wall angle increase of 7°
corresponds to a strain increase of 44.5%.

3.4 Residual stress reduction
Thermal treatment is generally known as a method to
release stresses from formed parts. However, selective
heating can also be used as a means to introduce
thermal stresses leading to forming effects, as is the
case in laser forming [12]. Thermal fields thus need to be
generated in such a way that the induced thermal
stresses do not negatively affect the incremental forming
process. Strong temperature gradients over the thickness
of the sheet material and extreme gradients in the planar
direction thus need to be avoided in order to prevent
thermal gradient and buckling mode forming effects [12]
to take place.
When appropriate settings for the heat input and cooling
systems are selected, the achieved temperature fields
can, on the contrary, contribute to an in-process stress
release effect. The photographs in Figure 5 show two test
specimen made in TiAl6V4 after unclamping. While for
the left part (A) a 30° cone was created at ambient
temperature conditions, for the part at the right a 50°
cone was generated using dynamic local heating support.
The residual elastic stress levels, that visibly deform the
workpiece upon unclamping when cold formed, are
significantly reduced in the heat supported process
variant.

A B
Figure 5: Obtained workpiece geometry for heated and

non-heated process variants after unclamping.

4 CONCLUSIONS
The preliminary test results presented in this paper
illustrate the effectiveness of local, dynamic heating as a
means to reduce process forces in single point
incremental forming. By achieving reduced stress levels
and by reducing springback effects an accuracy
improvement can be realised. Furthermore it was
demonstrated that the formability of different materials
can be significantly extended. Comparing elastic
deformation during unclamping allows to conclude that
appropriate settings of the local heating and cooling
parameters leads to reduced residual stress levels.
Taking the promising initial results into account, a patent
has been filed covering the dynamic heating principle for
incremental forming support.
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