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Abstract

Incremental sheet forming (ISF) has garnered significant scientific attention during the last
decade. The process is highly flexible and provides a new agile production route for the short
series production of sheet metal parts. The primary proposed drawbacks for the process are the
production rate and the obtainable part accuracy, while high formability and flexibility are
considered the main advantages. The evolution of the material properties inflicted by the
forming process itself has received less attention. The introduction of ISF as an alternate
production process for wider use requires knowledge of this evolution.

In this Ph.D. thesis, a forming cell based on an industrial robot is used to study the ISF process
and its effect on material property evolution. Additionally, the effects of the changing material
properties on the process itself are considered. Finally, a method to control the material
properties is presented.

The forming parameters have a major impact both on the formability and on the forming
process itself. By monitoring the forces during the forming process, valuable information about
part and accuracy failure prediction was obtained. Sheet thickness has a pronounced effect on
the forming forces due to the presence of bending in the process. The near quadratic forming
force-to-thickness dependence accounts for the smaller geometrical deviations with higher
sheet thicknesses. At higher forming angles the radial in-plane force becomes dominant and
accounts for geometrical deviations.

Incrementally formed materials exhibit lower than expected strain hardening. The material
property evolution can be analysed using mathematical expressions. FCC structured materials
exhibit higher than expected strain hardening during ISF at low strains. A relative
strengthening plot is presented as a mean to help assess the need for tailored blanks.

A good Johnson-Avrami-Mehl type of sigmoid dependence can be found for strain induced
martensite formation during ISF. The effect of martensite transformation can be observed in
the required forming force. Temperature remains the most effective way to control martensite
formation. A novel method for the control of martensite formation in ISF is also presented. The
stability of the stainless steel affects its transformation tendency. Stable grades enable a higher
degree of accuracy but smaller fractions of transformation.

The comparison of post-forming properties between shear spinning and ISF indicates that the
idealised shear spinning theory is inapplicable to the shear spinning of thin sheets.
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Tiivistelma

Numeerinen painomuovaus (ISF) on ollut huomattavan tieteellisen mielenkiinnon kohteena
viimeisen vuosikymmenen aikana. Menetelma on erittdin joustava ja mahdollistaa uusia
piensarjatuotantotapoja. Menetelméin esitettyjd haittapuolia ovat hidas tuotantonopeus seka
tuotetarkkuus, etuja ovat suuret venymaasteet ja joustavuus. Kansainvélinen tutkimus on
enimmakseen keskittynyt muovattavuuden rajoihin seka tarkkuuden parantamiseen.
Painomuovauksen laajemman hy6dyntamisen kannalta myés materiaaliominaisuuksien
kehittyminen tulee tuntea.

Téassa vaitoskirjatyossa on tutkittu muovauksen johdosta tapahtuvaa
materiaaliominaisuuksien muutosta teollisuusrobottiin perustuvan muovaussolun avulla.
Lisdksi ominaisuusmuutosten vaikutusta itse prosessiin on tutkittu. Tyossa on myos kehitetty
menetelma austeniittisten ruostumattomien terdsten materiaaliominaisuuksien raatalointiin.
Tarkkailemalla voimakomponentteja muovauksen aikana saatiin arvokasta tietoa tuotteiden
tarkkuudesta ja vaurioitumisesta. Levypaksuuden kasvulla on korostunut vaikutus
tarvittavaan muovausvoimaan prosessissa ldsné olevan taivuttavan piirteen takia. Lahes levyn
paksuuden neli6llisen vaikutuksen johdosta muovausvoimaan tuotteiden tarkkuus paranee
levynpaksuuden kasvun myota. Muovauskulman kasvaessa pinnansuuntainen
radiaalikomponentti alkaa hallita prosessia aiheuttaen tuotetarkkuuden huonontumista.
Painomuovatun materiaalin muokkauslujittuminen on maltillisempaa kuin materiaalin
vetokoekayttdytymisen perusteella voisi odottaa. Muokkauslujittumiskayttaytymista voi
kuvata matemaattisten lausekkeiden avulla. PKK rakenteen omaavilla materiaaleilla
muokkauslujittuminen on odotettua suurempaa pienilld painomuovauksen venymilla. Tyosséa
esitetddn suhteellisen lujittumisen kuvaaja avuksi arvioimaan lopputuotteen lujuutta ja
raataloityjen levyjen tarvetta.

Austeniittisten ruostumattomien terdsten tyostokarkeneminen painomuovauksessa osoittaa
Johnson-Avrami-Mehl tyyppisté riippuvuutta. Tyostokarkeneminen vaikutus on ilmeinen
my0s tarvittavassa muovausvoimassa. Lampotilan sdétely on tehokkain tapa kontrolloida
tyostokarkenevuutta. Tyossi esitetddn uusi menetelma tyostokarkenevuuden saatelyyn
painomuovauksessa. Ruostumattoman terdksen stabiilisuus vaikuttaa sen hajaantumiseen.
Stabiilimmat laadut mahdollistavat tarkemman karkenevuuden kontrollin mutta pienemmét
hajaantuneet osuudet.

Muovauksen jalkeisten ominaisuuksien perusteella on oletettavaa, ettei yksinkertaistettu
venytyssorvauksen teoria pade ohuille levyille.
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Introduction

1.Introduction

The trend of sheet metal forming today shows the need for agile,
numerically controlled processes that co-exist with the traditional mass
production methods such as deep drawing and pressing. A distinctive
liability in the traditional, widely-used production methods for forming is
the high cost of tooling and a poor ability for quick changes [1,2,3]. This
results in the need for substantial initial investments and batch sizes, as
profitable production always includes a break-even point (BEP) whereby
expenses equal revenue [4]. Thus, short series production must be realized
by other forming methods.

In recent decades there has been a growing interest in incremental sheet
forming (ISF). ISF is a new, agile forming method for flexible
manufacturing suitable for the low-volume and rapid prototype production
of sheet metal parts. The layer-by-layer forming trajectory is directly based
on the CAD/CAM part models. The forming itself is realized by inducing
local plastic deformation while a numerically controlled tool moves along a
trajectory on the surface of a clamped sheet. By definition, only a small part
of the product is actually deformed at any time, and the area of local
deformation moves over the entire product [1,5,6]. It can be regarded as an
old blacksmith’s method brought to present day standards using numerical
control.

Extensive academic research effort has been used to dissect the method
and its components for enhanced process control [7,8]. It is clear that
generalized metal forming models are insufficient in determining the
behaviour of the ISF process. Research has, however, focused more on the
obtainable geometry than on the product. The evolution of the material
properties and the properties of the final products have garnered less
attention. In order to present ISF as a viable option to traditional forming
methods, this aspect must also be addressed. This dissertation will widen
the knowledge about the evolution of material properties in ISF, their effect

on the process itself and means to control property evolution.
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2.Incremental sheet forming

There has been significant interest in the agile ISF process during the last
decade. Numerous academic papers have dealt with the process from
several aspects and Jeswiet et al. published a comprehensive review of the
topic [6]. The process is highly flexible and does not require extensive
tooling to produce complicated parts. The equipment is suitable for a large
variety of products without major set up systems or expensive investments.
The deformation is highly local and incremental in nature. Thus, the
forming force is part size independent. There are, however, limitations and
drawbacks to the process. A brief description of the process is provided

below to present ISF in a nutshell.

2.1 History

Early versions of the process with their similarities and differences have
been discussed in detail by Emmens et. al [9]. Iseki and co-workers in
Japan are considered as having performed pioneering work on the
modernization of the process itself [10,11]. The first versions relied on
utilizing three dimensional tool paths in a simplified manner. Upon a
suitable development in the robustness and prices of CNC milling
machines, the process gained further interest [6,9]. The possibilities of the
new ISF process were finally realized through the combination of digital
design with the capability for the agile production of asymmetric sheet
metal parts.

Initially ISF was carried out utilizing standard CNC milling machines.
Amino corp. in Japan produces commercial ISF machines that rely on the
same principle. Another approach is to use standard industrial robots for
the forming, as the programming capability and accuracy has increased
significantly. But it has been argued that a drawback is the generally lower
stiffness of the robots [9,12].
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As a process, ISF is very closely linked to spinning and, more particularly,
to shear spinning. The first attempts to explain the process were based on
the theories of shear spinning. An essential difference in practical terms
between the processes is the capability of ISF to produce asymmetric parts

with simple or even no dies [13,14].

2.2 Process structure

The incremental forming process relies strongly on automation and
digitalization. In the basic process setup, the desired part is modeled using
CAD-software. The CAD model then serves as the basis to create the
forming trajectory using CAM-software. The forming trajectory requires
further post-processing to suit the needs and specifications of the forming
platform. Finally, in idealized conditions the desired part is formed from a
clamped piece of sheet metal without the need for additional support
tooling. The basic process structure setup is illustrated below in Figure 1.

CAD CAM g POST- _SFORMING
Part design Forming PROCESS MACHINE
Positioning,
parameters ) > )
configuration Part production
Output Output Output Output
CAD model Forming trajectory Final G-code Completed part

Figure 1. The ISF process structure.

The above mentioned straightforward approach enables a fast and agile
process for the production of sheet metal parts. Geometry alterations or
process parameter changes are easily implemented. For simple geometries,
the chain from the design table to finished product can be fulfilled in
extremely short times. In practice, the aforementioned simplicity is,
however, an idealized situation and usually some simple support setups are
necessary.

The process relies on the idea of layer-by-layer forming whereby the
geometric configuration is sliced into a group of forming contours stacked
on top of each other (Figure 2). Traditionally, forming is performed in
layers followed by a vertical step down (Az) before the next contour. The
trajectory can also be helical, i.e. the forming tool is constantly moving
downwards resulting in a smoother surface finish [15]. The helical path

option is not a standard feature in all CAM software packages.
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blankholder

......
,,,,,,, backing plate y

metal sheet

Figure 2. Basic principle of layer-by-layer forming [16].

To avoid glorifying the process to excess, the main limitation of ISF (as
relates to the product) must be highlighted at the outset. The highly local
deformation and the absence of draw-in elicits a thinning of the sheet in the
deformed area. The thinning accelerates with an increase in the wall angle.
Thus, there exists a limiting forming angle (o) after which sheet rupture
occurs. This restricts the achievable product geometries.

Early on, the parallel to shear spinning was used and the sine law was
introduced to describe sheet thinning in ISF [6,17].

tr = tosin(90° — a) = ty cos a (€))]

In the equation above, tf is the final thickness of a sheet with initial
thickness t, and o is the forming angle of the sheet (Figure 2). In general,
the term forming angle is used but occasionally in the literature the term
drawing angle is also used. Equation 1 dictates that a vertical wall is
unachievable as it would result in an infinitely thin wall. The applicability of
the sine law to ISF has been questioned but in general it gives a
comparatively good estimate of the sheet thinning [18,19].

2.3 Process definition and variations

Asymmetric incremental sheet forming (AISF) was a term initially used for
the process. The purpose was to underline the agility and possibilities of the
process and emphasize its difference from spinning, and, in particular,
shear spinning. Similarly, the term dieless NC forming is often used. The
concept of dieless, however, is not unambiguous. Single point incremental
forming (SPIF), two point incremental forming (TPIF), negative (concave)
incremental forming and positive (convex) incremental forming are terms

frequently associated with the process. The basic principle of ISF variations
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is shown below (Figure 3). Of the variations, SPIF is generally most closely
associated with the term dieless (item a of Figure 3).

-

a) backing plate stationary blank holder counter tool
b) partial die moving blank holder full die

Figure 3. Principles of ISF ( a) concave/negative (b) convex/positive [6].

In positive ISF, a sheet is stretched over a support, whereas in negative
ISF the sheet is formed into the support. The complexity of the support can
vary extensively. In general terms, SPIF usually refers to negative
incremental forming and TPIF to positive [20]. Positive incremental
forming always requires at least a support at the highest point of the
geometry. It is depicted that SPIF only has one point of applied force, but
this would apply only to dieless cases. Similarly, a backing plate must be
used if the desired geometry differs from the form of the blank holder to
prevent unwanted sheet bending. Thus, the term dieless is debatable. In
TPIF, the vertical movement of the blank holder along the slides (item b of
Figure 3) can either be forced or free. In the case of free movement and a
simple support tool, TPIF closely resembles SPIF, as the abutment acts
similarly to the backing plate. To further blur the distinction, a part can
consist of both concave and convex forms. Hence, the focus could rather be
placed on the usage, influence and complexity of the supporting system
rather than on a division between SPIF and TPIF.

The use of dies increases the precision of the process [4]. At its simplest,
the die is a backing plate or a simple supporting tap, as mentioned above.
Plywood, metal, concrete and plastic are examples of materials used for dies
and support structures. By replacing the forming tool with a milling
machine, a forming path can be used in the die manufacture. An accurate,
full die can also be used, but this obviously restricts the agility of the
process.
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A different approach is to strive for a die that is as flexible as possible.
This can be done through the use of a mobile counter tool capable of
providing support at the required location at each time increment during
forming. Such a setup can be performed using the path-synchronous
movement of two industrial robots, provided such option is available [3].

Regardless of the supporting media, its positioning is important. Too wide
of a gap between the support, sheet and forming tool path decreases
accuracy. A gap that is too narrow increases the risk of damage through
excess thinning and possible tearing [20]. A narrow gap also alters the
process conditions and can result in the differences between SPIF and TPIF
observed by Jackson [21].

When striving for increased accuracy and true dieless forming, dynamic
local heating can be used. The basic concept is to further localize the
deformation by decreasing the yield point of the material directly in contact
with the forming tool. Local heating using a laser improves the accuracy
and reduces the forming forces and residual strains [22]. The drawback is
the complicated setup of the system, as the heating, cooling and forming

must be simultaneously controlled.

2.4 Material formability

One of the most interesting aspects of incremental forming from a scientific
point of view is the enhanced formability of materials. ISF has elicited far
greater amounts of possible deformation in comparison to traditional sheet
forming methods.

Until recently, the usual method to produce sheet metal parts has been to
use punches and dies manufactured according to the shape of the
component. Traditionally, the forming limit diagram (FLD) is used as an
aid for the design of the product. The diagram describes the formability in a
minor-major strain plane and allows for failure prediction in forming
operations (Figure 4). The diagrams, or rather the forming limit curve
(FLC) in the diagrams, show whether material of a particular thickness can
be successfully formed. For ISF, however, the traditional curve does not
apply. The level of strain encountered in ISF can be in excess of three times
the amount of bearable strain in deep-drawing (Figure 4, right) and usually

occurs in nearly plane strain conditions.
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FLC in incremental forming
fic FAILURE o7 ]

un-deformed D [j []

deformed

tension- tension- o1 i FLC in conventional forming

compression tension e ———————— T
~Eminor Eminor 02 01 00 01 02 03 04 05 06 07 08 09 10
Emin

Figure 4. Schematic representation of FLD (left), ISF and conventional forming [23] (right).

Test methods such as the bulge or Nakazima test used to determine the
traditional FLDs are, in principle, quite different in their strain conditions
as compared to ISF [24]. This could account for at least a part of the
differences encountered.

The process mechanics for ISF are described as a localized plastic zone
limited to a small area between the tool and the sheet with the presence of
hydrostatic pressure, which allows for the high strains [6,25]. It is here,
however, that the consensus stops. Different approaches and theories have
been proposed regarding the deformation mode and its effect on enhanced
formability. The parallel to spinning and the suitability of the sine law
caused the first approach to be based on pure shear (out-of-plane shear),
but this was without experimental verification, as pointed out by both
Jackson and Emmens [21,25,26]. Plane strain conditions were observed by
the actual measurements of test pieces, and stretch was proposed as the
deformation mode [4,5,8,27].

More recent detailed studies on formed parts have revealed that the
deformation is a combination of stretch and shear. A fairly constant
through thickness shear is observed along the tool travel direction [21,28].
A combination of shear and stretch is observed in the transverse direction
of tool travel and shear becomes more dominant with an increasing wall
angle. This through thickness shear can indeed influence the delay of the
onset of localized necking [28]. Furthermore, the traditional FLC is only
valid for negligible through thickness shear. In addition, in ISF shear is
possible at intermediate stages even if not detectable in the finished
product [25].

Although the applicability of the traditional FLDs to ISF is debatable,
there is still a drive to define such a curve. Through the utilization of several
different geometries, a composite FLD can be achieved to establish a safe
boundary for safe forming [29]. On the other hand, the forming limit curve
for ISF is characterized as a straight line in the tension-tension region of the
FLD (Figure 4 left). The line has a negative slope and can be expressed as

the summation of the major and minor strains (gmajor+&minor) [30,31]. Using
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this curve, the number of experiments to find a limiting value can be
dramatically reduced as proposed by Hussain et al. [23]. The setup relies on
an axis-symmetric geometry in which the wall angle is continuously
steepening towards a vertical one as the forming progresses. An arc of a
circle is utilized for wall steepening and with knowledge of the initial values
of the geometry, the instantaneous forming angle can be calculated at any
given forming depth. Upon failure, the sheet thickness is compared to the
value predicted by the sine law. The limiting value is defined by the point at
which the measured value exhibits a deviation from the calculated value.
However, the steepening geometry exhibits slightly better formability
compared to a fixed wall slope and should be taken into account in product
design. The measurements above of the achieved wall angles rely on the
calculated value linked to the forming depth. Spring back, in addition to the
rigidity of the test setup and the forming apparatus, can cause the end
geometry to differ from that which is intended. Therefore, at least the most
significant process parameters should be included in the derived FLD’s
intended for ISF. In the most extreme cases, the diagrams are forming-
apparatus specific. Similarly, rotational symmetric geometries are able to
twist around the centreline, as asymmetric parts lack this characteristic and
exhibit geometrical deviations due to over bending [32]. Additionally,
distinct corners in geometries exhibit bi-axial straining conditions [33]. A
small radius of curvature in a part combined with the improper selection of
the tool size can lead to detrimental bi-axial strains that enhance fracture
[34].

In practical terms, the straightforward approach is to find the maximum
forming angle for given conditions and verify that the requirements of the

forming geometry are below this value.

2.5 Effect of process parameters

Although the basic concept of ISF is simple, it is greatly affected by the
different process parameters involved. The parameters used are practically
unique for each operation as they depend on the geometry, material and the
process requirements. From a process perspective, minimizing the forming
time and maximizing the accuracy or surface finish operate inversely. The
incremental nature of the process means that as the level of detail increases
so does the production time. The final parameters are, in practice, a
compromise between speed and accuracy [35].
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2.5.1 Vertical step down (Az)

The vertical step down (Az) between consecutive layers of forming paths
has a significant effect on the process. In the case of helical trajectories, the
step down is the vertical distance between paths at consecutive laps. For
swifter forming, a larger step down is preferred, but it has its drawbacks. As
the forming tool moves, it leaves a small grooved trace along the forming
trajectory on the sheet surface. Typically a smooth surface is preferred,
therefore overlapping trajectories are necessary as they level of the traces of
the individual ones. For geometries with a constant wall angle, the step
down choice is straightforward and can be based on the roughness of the
desired surface. If, however, the wall angle alternates, the choice is more
complex. For a constant vertical step down, the horizontal distance between
forming trajectories alternates with the wall angle of the geometry as

presented in Figure 5.

Figure 5. Effect of the forming angle on the distance between trajectories with constant Az.

As the step down is increased, it also induces more deformation at each
increment. The increasing step down has an adverse effect on formability as
sheet failure occurs earlier [5,8]. The increased straining also increases the
required force for forming [36]. The increased force levels can have a
negative effect on the process and lead to inaccuracies or even damage,
depending on the robustness of the forming setup. The choice for the
vertical step down is often the operator’s responsibility and based on

experience.

2.5.2 Tool size

The starting point for the tool size selection is the geometry, as the
requirement for the minimum forming radius (detail) must be satisfied. A
large tool size would be beneficial to minimize the process time but as with
vertical step down, the motivation for the tool size is multidimensional.

A larger tool radius is beneficial to dissipate the traces of the forming
trajectories as the groove is less pronounced. In addition, an increased
radius provides a larger area of contact. Thus, for a given surface
roughness, the increased tool size allows for larger vertical step down. The
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previous comes with two main drawbacks. The first drawback occurs with
the increased contact area of the tool which directly translates to the
required forming forces. Secondly, as the tool size increases, the process
shifts from a local incremental one towards a stretch forming process. This
is observed in the decreased formability of materials with an increasing tool
size [6,37]. The tool size also has a combined effect on the process with the
vertical step down. Lower values of tool diameter/Az correspond to a higher
stability of the process [38]. Equally, the right ratio of sheet thickness to
tool diameter has been found to promote formability [39].

2.5.3 Tool speed

The tool speed is divided into two different values: the rotation and feed
rates. The first value is the speed at which the spindle rotates along its axis.
The feed rate is used to describe the speed of the tool travelling along the
forming trajectory.

The effect of spindle rotation is, however, unclear. It has been argued that
it significantly enhances formability and would be related to the local heat
generated by friction [37,40]. In this case, a local softening is assumed to
enhance formability. The heating can, however, have a negative impact on
the performance of the lubrication. It must, however, be noted that it is
fully possible to perform forming with a stationary non-rotating tool
without a loss in formability. Also forming where the spindle is allowed to
rotate freely can be used: here the possible rotation of the spindle is caused
by friction. Generally, a slower feed rate is regarded as enhancing
formability [37,40].

2.5.4 Other parameters

Although material, sheet thickness and lubrication are not process
parameters by definition, they have an impact on the process.

Materials differ in formability and strength and have an impact on the
process parameter selection. The material choice itself is based on the
product and its requirements. The initial sheet thickness is decided based
on formability and the desired properties of the product. Tailored blanks
can be used if a uniform final wall thickness is sought [41]. An increased
sheet thickness is found to enhance geometrical accuracy [42]. The most
significant impact of thickness is on the forming forces [36]. Lubrication is
needed to ensure the desired surface quality and prevent sheet or tool
failure. In conditions of poor lubrication or an ill-suited tool or sheet

material choice, metal powder particles appear as a result of adhesive and
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abrasive action. The particles act detrimentally through abrasive wear and
lead to poor surface quality or premature failure [7,36,43].

2.6 Forming strategies

As noted earlier, although the ISF process is, in theory, agile and
straightforward, constraints remain. The restrictions can be roughly
divided to three categories: geometrical, accuracy and speed limitations.

The geometrical limitations in this context are derived from the
achievable forming angle. Different strategies to overcome these limitations
have been presented.

2.6.1 Forming angle limitations

The forming angle limitation emerges as a common problem when trying to
introduce ISF as an alternative forming method to traditional processes.
Part geometries are based on the constraints of the old processes. Thus,
problems are encountered when introducing them to ISF.

The obvious solution would be to introduce ISF based part design. In the
absence of this, at present, alternate approaches can be used. A simple and
convenient method, when possible, is to rotate the geometry around the x
and y axes to avoid exceeding the limiting forming angle in the z axis
direction. The rotated geometry then requires the use of additional help
surfaces to construct and assemble a new forming geometry [6]. The basic
principle of geometry re-orientation is presented below (Figure 6, left). The
main advantage of this approach is the ability to use single pass forming
even if the total forming time increases due to the forming of the help
surfaces.

A multi-stage forming strategy can be used if re-orientation is inadequate.
The strategy relies on multiple forming through pre-forming stages that
finally lead to the final geometry. The material is stretched from a larger
area into the final product and even vertical or undercut walls become
possible [1,3,44,45]. Different multistage forming strategies are presented
in Figure 6 (middle and right).

11
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Figure 6. Schematic presentations of re-orientation and multi stage strategies [1, 45].

In the three stage forming strategy (Figure 6, middle), the first forming
pass is downwards followed by an upward and a downward pass enabling a
final wall angle of 81°. In the five stage strategy (Figure 6, right), only the
first pass is required to be top down. Vertical walls are possible with the
correct path combination. The strain paths become clearly different in
multistage forming and diverge significantly from the plane strain
conditions encountered in single stage forming [45.]

The sine law presented in Equation 1 is inapplicable to multistage forming
in its basic form, but a modified strategy that takes to account the

intermediate stages can be adopted [6].

sinay

tf - tp sin ap (2)

In the above equation, t; is the final wall thickness, t, the pre-form wall
thickness, of the final wall angle and o, the wall angle of the pre-form.

As mentioned earlier, the process parameters affect the outcome and can
be the deciding factor between the success and failure of a desired

geometry.

2.6.2 Geometrical accuracy limitations

A distinct limitation of the ISF process is the geometrical accuracy obtained
for the formed parts. In the basic setup, the forming trajectories are based
solely on the CAD geometry and produced by CAM software intended for
milling operations. The complex interaction of elasticity, plasticity and
spring-back during the forming operation thus leads to inaccuracies in
practical forming. Tool path compensation strategies and process

parameter manipulation can be used to enhance the dimensional accuracy

[3,4,42].
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Tool path compensation

Tool path compensation relies on the idea of changing the original CAD-
based forming trajectories to take into account the effect of the process
itself on the accuracy. The compensation can be realized by two
approaches: either by trial and error or through simulation [3,46].

The trial and error method is based on learning from realized errors in
forming and, thus, always requires the forming of test pieces. The
manipulation of the forming trajectories can then either be manual or
through the use of mathematical tools, which can lead to a time consuming
iterative operation unsuitable for actual production.

The simulation-based approach can be sub-divided to feature recognition
or actual process simulation. Feature recognition is built on the idea that
different features make different impacts on the process. Mathematical
tools are used to analyze features and feature interaction behaviours in
order to build mathematical models. The analysis is based on actual
forming operations. Once completed, the feature based model can be
directly used for compensated tool path generation without the need for
further iterative pre-forming [46].

In pure simulation-based approaches, the process is simulated using FE
modelling. Simulation results are then used to change the process
parameters and adjust for path compensation. The main drawbacks of FE
analysis are its argued suitability for ISF and the slowness of the
simulation. Simulations of the forming apparatus deflection itself can also
be used to enhance accuracy [3,27,46]. The basic concept is
straightforward: geometrical deviations are corrected by changing the tool
path. As the forming operation is a function of several parameters, the
solution is, in practice, more complex.

A practical example is the common inward bulging of the walls
encountered when forming truncated square cones. The original forming
trajectory is a straight line but results in a curved projection that, in reality,
is longer than the original straight line. A correction by over-bending in the
opposite direction results in less bulging but waves are formed as the

projection becomes even longer [32,46].

Process parameter manipulation
Another robust and simple, although not fully viable, method to increase
accuracy is achieved by minimizing the vertical step and tool diameter

[4,32,42]. However, this results in increased process times.
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Geometrical accuracy enhancement can also be achieved through the use
of multistage forming. Instead of striving to sidestep the forming angle
limitation, the method is used to increase accuracy and control the final
thickness distribution of the part [1,32]. The multistage method can be
regarded as a process whereby the total vertical step down is reduced and
the final geometry is the result of successive forming operations. In
addition, the intermediate shapes help increase the stiffness, and thus the

local spring-back is reduced.

2.6.3 Speed limitations

In an incremental type process, the forming time is directly proportional to
the part size. A high process time is one of the main obstacles in practical
applications. To reach a certain result, the tool must travel along the
forming trajectory from the beginning to the end. The total forming time is
derived from the forming trajectory length divided by the tool speed [47].
By influencing the length of the forming trajectory, the production time can
be affected. A larger tool diameter helps enhance the surface quality and
speed the process. A large tool tolerates greater vertical step down for a
defined surface roughness, as the deformation is spread over a larger area
[40]. As mentioned earlier, an increase of the tool diameter detrimentally

affects formability as the process approaches stretch forming,.

Forming trajectory optimization before forming

Generally the vertical step down (Az) is set to be constant due to limitations
in CAM software. For process speed enhancement, a large step down is
preferable. The step down must thus be chosen so that the required level of
surface roughness for the most gently sloping area of the geometry is
fulfilled. This eventually leads to excess forming trajectories at the steep
parts of the geometry if a constant Az is used. By revising the approach and
using a constant Ay (Figure 5), the problem can be reduced. For further
enhancement, an approach that considers the forming angle, tool shape and
maximum ridge height can be applied. The ridge height in this context is
the depth of the groove left by the forming tool [48].

Forming trajectory optimization during forming
By identifying failure behaviour on-line from the process, the success rate
can be raised by changing critical parameters.

In the basic setup for the production of complicated geometries, the
individual details of the product dictate the largest possible tool diameter
for forming. Simple geometries lack the constraint of detail, and the tool
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size restriction is based on formability. To hasten the process, both the step
down and tool size are maximized even if both variables decrease
formability. Formability refers both to the material and apparatus.

A proposed solution is the monitoring of forming forces. An on-line
failure prevention strategy can be implemented by identifying critical
behaviour [7,38]. This strategy relies on the monitoring of the forming force
evolution trend and the identification of critical values. Once reached, the
system takes action by changing the vertical step, tool diameter, or both, to

avoid failure.

Hybrid forming

To circumvent the constraint arising from the incremental nature of the
process, a combination approach can be used. The lead time for ISF can be
greatly reduced by applying mass production methods to produce semi-
finished products. Incremental forming can then be applied to finish the
products. The method can be used with a tailoring or a finishing approach.
In a tailoring approach, each end product can be individual. A finishing
approach uses ISF to induce the final details on the end product that cannot
be formed by the mass production method [48]. The combination of stretch
forming and ISF reduces production time, enables a more uniform
reduction of thickness and enhances accuracy [47]. An additional advantage

is the better suitability of the process simulation.

Short series production

An alternate hybrid forming approach involves short series production.
This refers to production where the batch size is ill suited to any process.
The method relies on the use of traditional methods for the actual forming.
The tools themselves are, however, produced using incremental forming. In
this method, shell elements of the tools are formed by ISF. The shells are
then supported by a filling material. Concrete and glass fibre reinforced
plastic (GFRP) fillings are capable of enduring the process forces. This

enables both time and capital savings in the press tool production [49].
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2.7 Aim of the work

The aim of this thesis is to gain additional knowledge about the incremental

forming process. This new knowledge can be used to further improve

process control and introduce ISF as a viable option to traditional forming

methods. The aims are discussed below:
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The generally lower stiffness has been posited as a drawback for
the use of industrial robots in ISF platforms. “In this thesis, the
performance of the above-mentioned robot platform will be
validated. This is realised by extensive formability testing for a
wide variety of materials and process parameters. The results
are compared to ones published in the scientific community.”
Process parameters chosen have an impact on the forming, but
also the process itself is affected by the parameters, as the
operation can be regarded as an equilibrium type of process. “The
effect of process parameters on the process forces is monitored
and factors affecting the formability and accuracy are
investigated.”

Aside from the process itself, the material properties are also
affected by forming and its parameters. “A material property
evolution approach is used to enhance knowledge. The approach
relies on analyzing the forming process by inspecting the
material properties after forming.”

Relying on measured material data only limits the applicability of
test results. “By using data fitting with mathematical expressions,
the process data and material behaviour is considered by
analyzing similarities, differences and trends.”

Incremental forming differs from traditional sheet metal forming
processes through its agility and the formability. “The material
property modelling approach is used for further process
consideration and to create control algorithms.”

The materials used in this work can be divided into two groups:
materials exhibiting strain-induced phase transformation and
materials lacking strain-induced phase transformation. “The effect
of ISF and additional forming methods on the behaviour of
materials is considered. The determination of the tendency to
form and the ability to control strain induced martensite may

offer a route to fabricate products with exceptional properties.”
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3.Experimental

3.1 Materials

The materials used for the present work can be divided into two categories:
stable and metastable. Metastability can be viewed as a non-equilibrium
state that may persist for a very long time. External agitation can disturb
this state and, in the case of austenitic stainless steels, can lead to phase
transformation. Stable materials lack the preceding characteristics of strain
induced phase transformation. The materials in this work can also be
divided into two categories on the basis of their crystallographic structure,
namely face-centred cubic (FCC) and body-centred cubic (BCC).

3.1.1 Metastable austenitic stainless steels

To clarify the occurrence and effect of strain induced martensite during
incremental forming, four metastable stainless steels with different
stabilities were used, consisting of two EN 1.4301 (AISI 304) grades, an
unstable EN 1.4318 (AISI 301 LN) grade and a relatively stable EN 1.4404
(AISI 316 L) grade. The two AISI 304 grades differed in their Maso
temperatures. Maso temperature is defined as the temperature at which
50% martensite is transformed at a true strain of 0.3. Below the Maso
temperature, the martensite transformation tendency is enhanced, thus the
higher the Mg, temperature, the more unstable is the austenitic structure
of the steel. The composition of the steels together with their grain sizes and
the Maso temperatures are listed in Table 1. The Mgy, temperatures were
calculated according to the Nohara equation [50]. The mode of strain
affects the fraction transformed. Simple tension produces more o
martensite than plane-strain tension for a given equivalent strain [51].
Thus, the Mgso temperature can be regarded more as an indicator of the
tendency to undergo phase transformation, as the value does not take into
account the mode of strain. For austenitic steels the crystal lattice is a face-
centred cubic (FCC).
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Table 1. Composition (wt. %), grain size (ASTM) and Maso temperature (°C) of the steels.

C N Cr Ni Mn Si Cu Mo Co do  Madso
304_1 0.047 0.042 181 8.14 17 0.55 0.37 0.34 0.13 9.2 -12.5
316L 0.025 0.039 16.6 10.19 126 0.4 0.4 2.07 0.09 9.3 -674
304_2 0.033 0.024 18.31 8.29 152 0.38 0.2 0.1 0.1 8.9 9
301LN 0.026 0.14 1753 6.47 111 041 0.26 0.14 0.08 9.6 22

The term, stability, used with the austenitic steels refers to their tendency
to form martensite and should not be confused with the other group of
materials below termed stable. The materials below lack the tendency for
deformation induced phase transformation.

3.1.2 Stable materials

To clarify the material behaviour, material property evolution and its effect
on the ISF process, materials without phase transformation tendency were
also used. Two of the materials were deep drawing grades. The first was a
hot dip galvanized DX53D (1.0355) grade with a polyurethane based colour
coating on both sides. The second was a cold rolled, non-ageing quality EN
10130 (DCo4). A ferritic EN 1.4016 (AISI 430) grade was chosen to
represent stainless steels without phase transformation. As the high
formability of materials is a characteristic of ISF, the use of materials that
are traditionally used in demanding conditions was of great interest.
Copper and silver have been widely used for crafted products for centuries
due to their formability. The copper used was Cu-DHP R240, which is a half
hard tempered (EN 1172), high residual phosphorus grade. Ag 925 was used
to study the behaviour of silver. Ag 925 is sterling silver, which by definition
contains 92.5% silver and 7.5% copper for formability and price reduction
purposes.

Among the stable materials, the steels have a body-centred cubic (BCC)
crystal lattice whereas the silver and copper have a face-centred cubic (FCC)
lattice.

All of the materials in this work are from the same batches in order to

avoid material-based interferences in the results.
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3.2 Methods

3.2.1 Incremental sheet forming

A comprehensive incremental forming schedule was generated for the
materials. The forming was performed with the robot assisted incremental
sheet forming (RAISF) setup at Aalto University. It is based on a strong
industrial robot performing ISF and is capable of performing both SPIF and
TPIF. The tool paths of the test geometries were done using CAM software
and the trajectories are based on the CAD models. Virtual production cell
software and interpret software were used to program the robot. The
material was deformed by pressing and sliding a non-rotating tool on the
surface of the clamped sheet. The tool attachment system was fixed and
does not allow for free or controlled spindle rotation. Lubrication was
always applied prior to forming. The forming tool relied on a separate
clamp section with replaceable inserts for the convenient change of tips.
The base material for the tips was a hard metal with the brand name KX40
(10% Co and 90% WC). Both coated and non-coated tips with different
diameters can be used. The forming apparatus setup and the tool tip with
replaceable inserts are presented below (Figure 7).

Figure 7. RAISF setup at Aalto University and the tool tip clamp system

Forming of specimens for tensile testing

To study the effect of incremental forming on the tensile properties of the
materials, a test geometry and specimen preparation schedule was
designed. The test geometry is a square cone whereby, after forming, two of
the faces are in the original rolling direction (RD) of the sheet and two faces
are transverse to it. For all of materials tested, a minimum of three different
forming angles were used: 30°, 45° and 60° which results in cones with
different levels of strain. The tensile test specimens were prepared from
each face of the pyramid shaped cones. In this way it was possible to
prepare specimens in the longitudinal and transverse directions,
considering both the rolling and ISF deformation directions (Figure 8), and

thus cover all four combinations. The colour coated cones were formed
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using convex incremental forming, and thus a square shaped support rod
was used. The clamping fixture was free floating on the slides. All other
forming was performed with concave forming and the square shaped
clamping fixture acted as the backing plate. The orientation and layout of
the test specimen in relation to forming and original rolling direction (RD)
were identical for all of the tested materials.
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Figure 8. Schematic presentation of the test specimen layout and dimensions

Forming limits

Two different geometries were used in the material formability testing as
well as two approaches on formability. A circular cone shaped geometry
with a step-wise steepening wall was used to determine the limiting
forming angle of the materials. Forming continued until the rupture of the
test piece and the corresponding forming angle was determined from the
forming depth.

For colour coated specimens, a square cone with a constant wall angle was
employed. Cones with silk screen printed grids were formed with 5 degree
intervals until rupture. The grids for each cone could then be used to
calculate the strain inflicted by ISF. Additionally, the surface of each cone
was examined to determine the formability limits for the coating. Convex
(positive) ISF was again used for the colour coated cones and concave ISF
for all other materials.

Strain induced martensite

Two forming strategies were utilized for o’ martensite formation testing.
The primary strategy was a speed approach. Using five different forming
speeds (10, 20, 40, 80 and 100 mm/s), cone shaped test geometries in
which the wall steepness altered stepwise from steep to shallow (60° -> 45°
-> 30°) were formed. The wall angle affects the amount of strain and the
speed affects the temperature, as there is less time for the sheet to cool on

consecutive forming laps.
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Additionally, a set of temperature controlled forming tests were
conducted to determine if the phase transformation during ISF could be
influenced. A test setup capable of both heating and chilling was fabricated
using a cylindrical container acting as a backing plate. Prior to forming, the
container was filled to capacity with liquid and covered with a sheet of test
material. The deforming test geometry displaced the excess liquid into a
receiver container. A standard radiator fluid chilled to -18°C was used to
cool the cooling tests and water was heated to 70°C for the heating tests.

The temperatures during the forming were measured with a laser
equipped pyrometer (Raytek RAYMX4PD) with an emission coefficient of

0.4.

Force measurement

To determine the forming forces at various process conditions, a special
tool capable of Fy, Fy and F, force measurements was used (Figure 9). The
Fx and Fy are the in-plane forces that stand for the tangential and radial
forces. The in-plane forces were measured using strain gages in the tool
connected to a Wheatstone bridge. F,, i.e. the vertical force, was measured
by a standard force measurement sensor attached to the forming tool. A
floating replaceable forming tip and a connecting rod relayed the vertical
force to the measurement sensor. The measured signals were logged using a
16-bit NI USB-6210 logger capable of 250 kS/s logging rate.

Load ced
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Figure 9. Schematic representation of the force measurement module.

3.2.2 Comparative forming methods

To further increase knowledge of the process and its material property
evolution, comparative testing was conducted using other forming

methods.

21



Experimental

Stretch forming

A widely used mass production method for sheet metal parts is stretch
forming. The process usually relies on a male and a female die between
which the sheet is formed. Similar to ISF, the sheet is clamped and no draw
in of the material during the process is possible. Forming tests were
performed using a 300/200 ton hydraulic press for the process and
material behaviour analysis of colour coated sheets.

Cold rolling

To examine the deformation mode and its effect on material property
evolution, an extensive cold rolling schedule was performed. Each material
was rolled to three different reductions (strains) as close as possible to ISF
equivalence. Only two reduction grades were used for silver. The rolling of
the test materials was conducted at Aalto University with a laboratory scale
Carl Wezel BW 250/250 1 MN rolling mill. The rolling experiments for the
sterling silver were performed with an identical rolling mill at the Mint of
Finland (Suomen Rahapaja Oy). Tensile test specimens were prepared from
the cold rolled material samples.

Shear spinning

Final comparative forming tests for material properties were performed by
shear spinning. Early on parallels between shear spinning and ISF have
been drawn between the two processes [6,21,25,26]. Two materials (DCo4
and AISI 430) were formed for comparative purposes by a company
specialized in metal spinning (Painosorvaamo Painopojat Oy). As spinning
is capable only of axis symmetric parts, circular cones were formed. Three
different spinning angles were used (30°, 45° 60°) and tensile test

specimens were prepared from the deformed cones.

3.2.3 Measurements

Extensive testing was applied to clarify the effect of forming on the material

properties.

Tensile testing

All materials in the present work were tensile tested to establish the effect
of deformation on the mechanical properties. The tensile tests were
performed using a servo hydraulic 100 kN MTS 810.22 tensile testing

machine. On the basis of the limiting size of the forming geometries, a

22



Experimental

tensile test specimen was designed. The same specimen geometry (Figure 8
right) was used in all of the testing.

Martensite measurement

Transformation from austenite to o’ martensite plays an important role in
the mechanical behaviour of steels. Talonen et al. found that a ferritescope
can be used for measurement with the application of a correction factor
[52]. It enables a fast, easy and convenient measurement of the martensite
content. The operational principle of the ferritescope is based on the
determination of the magnetic permeability of the material. A Dr. Forster-
Institute type 1.053 ferritescope was used to determine the amount of o’
martensite in the test samples. It bases its measurement on magnetic
permeability so a correction factor of 1.7 was used to calibrate the results.
The transformation tendency was determined by measuring the amount of
martensite for both incrementally formed test pieces and cold rolled test
pieces. The martensite measurements were performed at the Outokumpu

Stainless Oy test laboratory in Tornio.

Optical strain measurement

An optical measurement microscope capable of in-plane x-y movement was
used in the strain measurements of the silk screen printed grids on the
colour coated sheets. The original square grid size was 2x2 mm.
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4.Results and discussion

4.1 Enhanced formability

Several academic papers have established the enhanced formability in
incremental forming as compared to traditional mass production methods
for sheet metal forming. Forming and formability in relation to materials
and processes were studied in Publications I and II. The enhanced effect of
tool spindle rotation on formability has been herein addressed, but as the
Aalto University RAISF setup relies on a non-rotating tool, it is necessary to
validate its effect on formability. Table 2 lists the limiting forming angles
(omax) achieved for materials formed by the RAISF system and the values
found in the literature. None of the literature references mentioned using a
fixed non-rotating tool. It evident from Table 2 that the RAISF system
performs as well as the reported CNC based setups.

Table 2. Achieved limiting forming angles and sheet thicknesses for different materials.

RAISF Literature

Material ¢, to (mm) Material Omax  to(mm)  ref.
301 LN 72° 0.8 Al 3003-O 71° 1.21 [6]
304 72° 0.8 DCo4 65° 1.0 [6]
316 L 71° 0.8 Copper 65° 1.0 [6]
430 69° 0.7 Al 3003-O 72° 1.2 [36]
DCo4 73° 0.75 AA 3003-O 69° 1.2 [37]
Cu-DHP 71° 0.7 Al 1050 A 68° 1.0 [16]

As presented above, the RAISF process performance is in agreement with
other ISF setups and thus the results achieved in the work are comparable
with the results reported in the literature.

4.1.1  Formability approached using colour coated sheets

Pre-painted sheets combine the strength and formability of steel with high
corrosion resistance. The result is a ready-for-production material without
the need of additional post-processing. The forming of colour coated sheets
was used for two different approaches, namely, the determination of the
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strain trend and the sheet applicability to ISF. Silk screen printed grids on
the surface of colour coated sheets were used to approximate the strain
inflicted by the ISF process.

For large strains in the plastic range, the method of calculation can give
rise to significant differences and, thus, the true (logarithmic) strain was
used. The measured elongation from the silk screen printed grid was
converted to true strain by stretch using Equation 3 (shown below). The
elongation in the tool travel direction was negligible and the realized strain
was a result of sheet thinning. Based on the forming angle, the true strain

by stretch was calculated using the sine law of Equation 4 (Figure 2) below.

e=lIn (1—1) (3)

lo
Emajor = In(1/ cos a) (4)

Above, ¢ is true strain, , is the original length, 1, the elongated length and
o is the forming angle. In Equation 4, the strain is denoted by emajor to
underline that sheet thinning is countered by elongation in the major in-
plane direction. The advantages of using true strain is that it is numerically
equal in tension and compression but opposite in sign and, above all, is
additive in successive stages. The measured and calculated strains are
plotted in Figure 10, showing a good correlation. This is not surprising
since the sine law relies on predicting the sheet thinning based on the
applied angle in plane strain conditions without considering the physical
mechanism of strain. Both strain by stretch and strain by out-of-plane
shear fit the thickness predicted by the sine law. Equally one can expect the
combination of the two strain modes to fit the predicted thinning, which is

the case below in Figure 10.
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Figure 10. The measured and calculated strain by stretch for the colour coated sheets.
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4.1.2 Considering the strain

As sheet metal working operations are mostly performed in more complex
conditions than uniaxial tension, the treatment of strain needs to be
considered in more detail. A general approach is through the concept of
effective strain (eerr), which considers the principal strains. The principal
directions in forming are an orthogonal set of directions in the material.
The strains in these directions are called the principal strains. The strains
are usually, however, expected to remain orthogonal during the forming
operation. Locally, such a set can always be found. Material models for the
strain hardening are also commonly related to this effective plastic strain.
For metal forming, a commonly used approach is the application of the so-
called von Mises criterion. Stress is associated with strain in metals, and a
critical value of stress must be reached to start plastic deformation. For the
von Mises criterion, it is possible to define a single parameter to
characterize failure, namely the effective stress (cer). The effective stress is

a function of the applied stresses that determines if yielding occurs [24,53].

Oeff = \/% [(oy — 02)% + (02 — 03)% + (03 — 01)?] (5)

Above o1, 62 and o3 are the principal stresses. Effective plastic strain is a
mathematical function defined such that the incremental work per unit

volume can be expressed as [54]:
dW = O-Effdgeff = O-ldgl + O-2d£2 + U3d£3 (6)

Above ¢, &2 and g5 are the principal logarithmic strains. More complex,
however, is how the strain is built. Therefore an analysis should be based on
momentary changes in the dimensions, or strain increments. In the case
where straining is not proportional, the effective strain (e.) must be found

by integrating de.sr along the strain path.

dé = deypp = \/g (de? + de + de?) @)

If the straining is proportional (constant ratios of de;:de.:de;) the
equivalent (von Mises) strain can easily be expressed in the principal

directions as:
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=€ = E(sf+s§+s32 8

For the plastic deformation of metals, the constancy of volume, or
incompressibility, is a good and often used approximation. Hence, the sum
of the principal strains is zero.

81+€2+€3=0 (9)

It should however be noted that the classical treatment of the principal
strains from the sheet surface may lead to inaccuracies in determining the
strains in incremental forming. Traditionally for experiments, the strains
on the surface are determined from a deformed grid pattern. In the case of
out of plane shear, the principal strains are not in the plane of the surface.
It has been shown that the principal strains achieved when forming by

shear are greater than those achieved by forming by stretch [55].

4.1.3 Comparison of formability using colour coated sheets

A set of stretch forming tests was performed for the silk screen printed
sheets to examine the behavioural differences of the material in the two
forming methods. The load in stretch forming is biaxial tension (Figure 4)
and inevitably leads to sheet thinning; the true strains are positive in the
major-minor strain plane and negative in the thickness direction. The test
sheets were formed until rupture, and the corresponding strains were
measured and calculated using Equation 3. The average of all of the
measured rupture strains (maximal strain) for the sheets obtained in the

minor and major directions are presented in Table 3.

Table 3. The average of the measured rupture strains for the stretch forming tests.

Direction True strain
Emajor 0.102
Eminor 0.065

A simplified approach was used to compare the achieved levels of strain in
both processes. In incremental forming, the achieved strain is a
combination of stretch and shear, which results in a slight underestimation
of strain, if treated purely as stretch. Additionally, measuring the strain
from the deformed grid will not reveal the true history of how the strain is
built. This was deemed acceptable as a convenient and easy-to-use method
to estimate the different strains is lacking.
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Adopting the assumptions of the incompressibility of the material
(constancy of volume), a proportional strain ratio and the von Mises
criterion, the total effective strain can be expressed in its simplified form by
Equation 8 [24,54]. The elongation in the ISF deformed silk screen print
grids was almost purely lengthwise and thus seemed to occur nearly, if not
exactly, in the condition of plane strain. In the condition where one
principal strain is zero (g3 in the case below), the two remaining strains are
equal with opposite signs (Equation 10). The effective von Mises strain in

plane strain condition can thus be expressed as:

Eeff = \/2(812 +£12 +0) = J%(Zslz) = ’2812 = %gl (10)

The effective strains reached were calculated for a comparison plot. The
effective strain for stretch forming was calculated using Equations 8 and 9.
Similarly, the effective strain for ISF was calculated using Equations 4 and
10. The surface of the formed sheets was further visually inspected using an
optical microscope for coating behaviour. The mechanism for failure of the
pre-painted sheets is different for stretch forming and incremental forming.
In stretch forming, no traces of coating failure were evident prior to the
sheet failure. In ISF, coating failures were present well before sheet failure.
The effective strain plots and the observed surface conditions are portrayed

in Figure 11 below.
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Figure 11. Schematic plot of effective strain and the surface condition as function of forming
angle.
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As expected, the level of achieved strain in stretch forming is inferior to
that of ISF. For stretch forming, the formability of the base material limits
the applicability of the colour coated sheets. Incremental forming reaches
considerably higher strains before failure for both the coating and sheet
material. The achieved level of effective strain (g.4=0.64) in ISF before signs
of surface failure is over threefold (~3.8) the strain for sheet failure in
stretch forming (e.4=0.168). It is noteworthy that the coated sheet is well
suited for ISF without extra precautions, and in practical applications the
coating endurance limits the applicability.

The calculated strains presented above are a simplification and based on
strain by stretch. They are presented as a mean to establish a level of
measurability between the processes. The same approach for strain
approximation has been reported elsewhere [56,57]. As mentioned earlier,
recent studies have determined the strain mechanism in ISF to be a
combination of stretch and shear. Likewise, the above values achieved for
ISF apply to the particular conditions only, as the process conditions (i.e.
tool diameter, step down and sheet thickness) have a significant impact on
formability.

4.2 Process conditions

In ideal conditions, the final product is an accurate representation of the
original CAD file, the practice, however, is different. The forming process is
affected by the pre-set forming parameters and also by the response of the
forming process itself. The effect of the forming parameters is well
addressed in the literature [5,6,8,35,36]. The effect, however, of the
forming geometry itself is less well covered. In Publication III, the effect of
force and frictional conditions in incremental forming was studied. The
force requirement for ISF increases with an increase in the forming angle
(o), step down (Az), tool diameter and sheet thickness. The results of the
present work are in agreement with similar papers and confirm the validity
of the measurements [36,58]. Figure 12 presents the trend of the vertical
forming force for three wall angles. Initially, there is a rise in the vertical
force until a peak value is reached, this stage being dominated by bending.
With further forming, stretching and work-hardening dominate the
behaviour of the force curve and a more or less steady state is reached. At
higher forming angles there is, however, a decline in force after reaching
the peak value. The decline is pronounced at yet higher forming angles [7].

The high forming angle evokes a high amount of work-hardening, which is
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simultaneously countered by forceful sheet thinning as is also expressed by
the sine law. This is evident in Figure 12 below.
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Figure12. Vertical force trend for three forming angles on 0.5 mm thick deep drawing grade.

The values of the force curves presented above depend on the applied
process parameters and portray the trend of the behaviour. To reduce the
amount of tests for the force measurements, a geometry with a variable wall
angle was used. This reduced the number of forming tests to a third. Each
test resulted in a single force curve for each test condition. The geometry
together with a measured force curve with the transition zones marked is

presented in Figure 13.
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Figure 13. The standard forming force test geometry and the presentation of a resulting force
curve.
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The increasing effect of tool diameter and vertical step on the forming
force is presented below (Figure 14). The increase in tool diameter results in
a larger contact area. Thus, an increase in required forming force was
observed as shown for a 45° forming angle in Figure 14 (a). The effect of the
vertical step down is presented in Figure 14 (b). It is evident that the
required forming force increases with increasing the step down. This causes
elevated stress levels in the vicinity of the forming tool that account for the
reported higher formability observed with a smaller step down [5,8].
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Figure 14 (a) Effect of tool diameter on vertical forming force for DC04, and (b) the effect of
vertical step on the forming force for DCos.

The force proportions are greatly affected by sheet thickness, step down,
forming angle and tool diameter. The sheet thickness has a pronounced
effect as the ratio between forces grows with increasing thickness. The
effect of sheet thinning on the vertical force is evident in Figure 14 (b) and
in line with other reported results [36,58].

With dissecting, the forces active in the process become the Fy, Fy and F,
components. The first two are in-plane and the last is the vertical forming
force component.

The pronounced effect of the sheet thickness on forming force is evident
when examining Figure 15. The figure plots both the vertical force and the
combined in-plane forces for different sheet thicknesses. The relation of the
thickness between the thickest and thinnest sheet is 1.67. The relation
between the vertical forces is, however, ~2.5 for all three forming angles.
Likewise, the ratio between the vertical and the combined in-plane forces

grows with increasing sheet thickness.
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Figure 15. Forming forces for DCo4 grade sheets with a 10 mm tool diameter.

Considering the in-plane forces in more detail further reveals the
complexity of the process. This is illustrated in Figure 16 where the separate

31



Results and discussion

force components are plotted. The in-plane forming area is presented as a
top view of the co-ordinate system and a schematic of the force output is
also presented. As the tool travels in the in-plane direction, the force output
measured is opposite in sign due the forces opposing the movement. The Fy
and Fy forces represent the tangential and radial directions. In the present
case as the forming tool is stationary (non-rotating) and the forming
trajectory is a square, these values change. In one full revolution (before the
vertical step down), each of the two separate force components (Fx and Fy)

represent the tangential and the radial value twice.
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Figure 16. The in-plane co-ordinate system, force output schematics and force components
for a 30° forming angle of a DCo4 0.5 mm thick sheet.

The sketched squares with an arrow are used for clarity above in the force
component plot. The arrow illustrates which face of the pyramid is
currently under deformation. Simplifying, the radial force represents the
geometrical aspect of the process and the tangential force the frictional
conditions. This is however under idealised conditions and is discussed
later in more detail.

The effect of sheet thickness and geometry (forming angle) on the process
is evident in the curves presented below. The radial force visualizes the
effect of geometry. Figure 17 (left) shows how the ratio between the normal
and radial force is greatly affected by the forming angle. The radial force
increases as the forming angle increases. In practical terms, the bending
force of the tool increasingly starts to distort the process as its magnitude
approaches the forming force (Fz). This inevitably affects the accuracy of
the final product and becomes a contributing factor to part failure. The
ratio of the forces is higher for a higher sheet thickness which explains the
reported smaller geometrical deviation when forming a thicker sheet [42].
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The ratio of tangential and vertical forces is presented below in Figure 17
(right). The tangential force seems un-affected by the forming angle.
However, the sheet thickness clearly affects the ratio of forces.
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Figure 17. The relation of the separate in-plane forces with the normal force (Fz).

From Figure 17 it is evident that the tangential and normal forces share a
congruent behaviour and the radial force exhibits a diverging behaviour.
Bending has been proposed to have a significant effect on the process of
incremental forming [25,57,59,60]. This is also evident when examining the
behaviour of the sheet and tool contact both visually and by hand during
forming. In general sheet metal bending operations, sheet thickness has a
quadratic influence on the required bending force [24, 54]. From a forming
point of view in ISF, bending influenced deformation can be expected to
manifest in two directions: in the vertical direction as the tool presses into
the sheet and in the tangential direction, i.e. the tool travel direction. In
Figure 18, the dissected forces in the vertical and tangential directions are
considered. Each plot contains three curves: the measured force, a linear
expectation and a quadratic expectation. The linear curve is calculated
based on the expectation of a linear force increase with sheet thickness as
expressed by Equation 11. The quadratic curve is calculated based on a
quadratic force increase with sheet thickness, as expressed by Equation 12:

Flinear = Fo (f_;) (11)

2
ti
Fouadratic = Fo (E) (12)

Above, F, is the measured force for the thinnest sheet thickness, t, is the
corresponding sheet thickness, and t; is the comparison sheet thickness.
Figure 18 reveals that the actual vertical forming force shows close to
quadratic behaviour, but is nonetheless smaller. The tangential force
exhibits close to linear behaviour, but increases at higher forming angles.

The curves support the axiom of bending having a significant role in the
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forming process. As stated earlier, the vertical force is responsible for the
actual forming of the part, whereas elongation in the tangential direction
can result in geometrical deviations. The high rate of increase in the
tangential force with higher sheet thickness is a consequence of the
increasing normal force. With a higher normal force, the forming tip
penetrates deeper into the material, with equal tip radius, and thus the
bending of material in the tool travel direction becomes more significant.
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Figure 18. Measured and calculated (linear and quadratic) forces as a function of sheet
thickness for the vertical and tangential force.

The behaviour of the radial force with increasing sheet thickness is nearly
linear as evident in Figure 19. This is expected as the radial force is related
to the geometrical aspects of the process rather than the actual forming
where bending with deformation would be present. The effect of the sheet
thickness on the force components is most significant for the vertical force
and least significant for the radial force. Hence, as the sheet thickness
increases, the vertical force (actual forming force) becomes more dominant
than the other two due to the near quadratic dependency. This accounts for
the reported smaller geometrical deviations when forming thicker sheets
[42].
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Figure 19. Measured and calculated (linear and quadratic) radial force for DCo4.
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A beneficial effect of friction on the process itself was proposed by Kim et
al. [8]. Additionally, for simulation purposes an estimate for the friction
coefficient is required. It has been proposed that it would be possible to
determine the friction coefficient as the ratio between the tangential and
normal forces [40,61,62]. As mentioned earlier, there is a through thickness
shear that affects the travel direction of the forming tool (tangential
direction) that is insensitive to the forming angle [28]. Determining the
friction coefficient in the manner mentioned above would result in an
erroneous result, as the tangential value thus always includes a portion of
deformation. Additionally, it would also give different friction coefficient
values for different sheet thicknesses with otherwise identical process
conditions. This is clearly illustrated in Figure 17, right. The different
behaviour of the rates of force evolution for the vertical and tangential
directions with sheet thicknesses presented in Figure 18 further underlines
this.

The ratios between the tangential and radial forces are presented in
Figure 20. It is evident that the sheet thickness also has a pronounced effect
on the in-plane forces. The ratio of forces decreases with an increase in the
forming angle and eventually the radial force becomes larger than the
tangential one. This is consistent with reported findings [58]. The angle for
this transition is, however, affected by the sheet thickness, as clearly

indicated in Figure 20.
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Figure 20. The effect of the forming angle (°) and sheet thickness on the ratio of in-plane
forces.

Excess in-plane forces contribute to undesired process deviations as
simplified ISF tooling is generally designed only take into account the
vertical effect of the forming. Thus, the separate force components should
be considered in process monitoring instead of a force sum [36].
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As presented above, the determination of the friction coefficient from the
process conditions is awkward. The choice of lubrication and tool coating
can be used to affect the process forces. The effect of frictional conditions
on the force is minor compared to the surface finish and forming success as
presented in Publication III. Improper lubrication is unable to withstand
the high pressure between the tool and sheet, which leads to premature
failure.

The vertical force exhibits a nearly quadratic dependency on sheet
thickness and thus becomes the most significant of the force components as
sheet thickness increases. As a consequence, the effect of the in-plane
components and their detrimental effect on accuracy diminishes. At high
forming angles, the relation between the vertical and the in-plane forces

diminishes and geometrical deviations are more prone to occur.

4.3 Material property evolution

As shown, the strains encountered in ISF can be significantly large.
Additionally, these strains are combined with complex deformation
behaviour. It is thus of interest how the material properties evolve as a
result of the deformation encountered in ISF. Publications I, IT and IV and
V have discussed the material property evolution but the subject is

approached from different aspects.

4.3.1 Strain induced o’ martensite

In austenitic stainless steels, deformation can induce martensite formation.
The induced martensite is related to the austenite (y) instability close or
below ambient temperature. Straining induces the formation of two kinds
of martensite: ¢ and o’. For strain induced martensite, the magnitude of
plastic deformation determines the formation and it consists solely of lath
type martensite. The transformation routes have been proposed as y—»e—>a’
and y—o’. Additionally both routes have been shown as possible for the
same steel [63,64,65]. Formation can be divided into nucleation and growth
as described by Olson and Cohen [66]. As a phenomenon, the occurrence of
strain induced martensite has been known for decades. However, its
occurrence in incremental forming, its effect on the process or its impact on
the products has received almost no attention so far in the scientific

literature.
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The tendency of martensite transformation for the different austenitic
stainless steels in the present work (Table 1) is presented in Figure 21. The
highest martensite formation tendency (close to 100%) is observed in the
steels 301LN (Maso 22°C) and 304_2 (Mgso 9°C), while the grade 304_1
(Mago -12.5°C) reached at best approximately 60% of martensite, and in
316L (Mago -67.4°C) the highest value reached approximately 20%. Thus,
the alloys having the least stable austenite phase (highest Madso) exhibited
the most phase transition. The stabilities of the steels are different and, as
expected, so are their tendencies for martensite transformation in the
forming process. This is clearly evident when comparing the two AISI 304
grades.
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Figure 21. Martensite forming tendency as a function of forming angle at different forming
speeds.

Temperature measurements during the forming process confirmed that
the greatest heating occurred when the higher forming speeds were applied.
Increase of the forming speed leads to a decrease of the martensite
formation, as there is less time for the sheet to cool and thus the forming
temperature is higher. The current temperatures associated with the
forming speeds in the figure above are valid only for the present case. This
emphasizes the importance of considering the entire process for optimal
control, this will be considered in more detail later.

The amount and formation of martensite depends on the steel
composition, stacking fault energy, temperature, amount and rate of
deformation. The rate of deformation has been proposed to affect the
transformation through adiabatic heating [63].
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By adding a simplified temperature control unit to the forming setup, the
effect of temperature and strain rate on the ISF process was evaluated.
Figure 22 displays the martensite forming tendency in the ISF process with
forming speeds of 20 and 50 mm/s at different externally controlled test
temperatures (-18°C, 23°C, 70°C). As expected, the martensite formation
decreases with increasing temperatures. For the AISI 316L grade, the
structure is nearly austenitic at the highest temperature for all forming
angles. The external temperature of -18°C results in higher martensite
formation (highest fraction ~35%), which is even more profound with the
slow processing speed. The results with the AISI 304_1 sample clearly show
how the martensite formation is promoted by the cooling and slow
processing speed and a nearly martensitic (95%) structure is obtained.
Again, heating is very effective in suppressing the formation. Combined
with the higher speed at 70° C, the amount of martensite remains below
10%.
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Figure 22. The effect of process temperature on o’ martensite forming tendency for AISI
304_1 and AISI 316L at two different forming speeds.

It is evident that forced cooling is capable of increasing the transformed
fraction and heating is capable of reducing it. A slight difference is,
however, present between the transformed fractions at different forming
speeds. The higher forming speed results in a slightly higher local
temperature trailing the forming tool. This temperature rise is caused by
the strong adiabatic heating and the poor heat conductivity of stainless
steels.

The results above support the theory that adiabatic heating rather than
the strain rate affects the transformation. The effect of temperature is,
nevertheless, more significant than that of strain rate on the control of
transformation.

High strength, high rate of strain hardening and spring-back are often
listed as contributing factors to the difficulty in the forming of stainless
steels [6]. Also, the effect of over bending on the geometrical accuracy was

mentioned earlier [32]. As shown above, there is a tendency for martensite
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to form during normal ISF conditions. The FCC-BCC martensitic
transformation can give rise to a volumetric expansion of up to 2-4%
[67,68]. This may well be an additional contributing factor to the
geometrical complications related to the forming of austenitic stainless

steels. The foregoing further validates the need for accurate process control.

4.3.2 Strain hardening

The ability of metals to plastically deform depends on the ability of
dislocations to move and the atom planes to slip. Impeding either one
results in the increased strength of the material. The increasing pinning
effect of dislocations with deformation significantly affects the hardening.
By incrementally forming at different forming angles, different levels of
straining are achieved. Extensive tensile testing was performed to

determine the effect of ISF on the post-forming properties of the materials.

Materials lacking strain induced phase transformation

The stress encountered in tensile testing can be treated in two different
methods: nominal and true stress. The nominal stress value is calculated
using the original cross-section area of the test specimen (Equation 13).
This leads to inaccuracies at increasing strains as the actual cross-section is
reduced. The effect of the reduction of cross-section is countered by
calculating the stress using the actual cross-section as expressed by

Equation 14.

_ _F
ONominal = 0o = Z (13)
F
OTrye = 0 = 2 (14)

Above, F is the load, A, the original cross-sectional area and A the
instantaneous cross-sectional area in the tensile test specimen. As expected,
the pre-straining inflicted by ISF elevates the strength of the material,
though the rate and extent differ, as presented in Figure 23.

For DCo4, a (Figure 23, left) constantly rising trend for nominal stress is
evident with an increase in the ISF angle as source of pre-strain. The total
increase in strength between the as-rolled material and the material pre-
formed to an angle of 60° is ~2.5. The ferritic stainless steel AISI 430,
however, exhibits softening (Figure 23, right) after an initial rise in strength
(max. ~1.6). Similarly, the formability of the materials degrades with
increasing pre-strain. All of the tested materials exhibited the same trend of
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work-hardening with strain, however, the amount of hardening varies for
the materials.
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Figure 23. Post-ISF tensile test curves for DCo4 and AISI 430 steel grades.

The effect of strain on the yield strength (YS) and the ultimate tensile
strength (UTS) for the materials is plotted in Figure 24. The value of pre-
strain is calculated using Equation 4 to convert the ISF forming angle into
true logarithmic strain. The nominal value for stresses is used. The choice
of the nominal stress value is based on the common practice to determine
the UTS values as nominal. For the yield stress, the difference between the
nominal and true values is small, as the change in the cross sectional area is
negligible at the point of yield.

Of the ferritic steels, the DCo4 grade exhibits a constantly rising trend for
both YS and UTS values, while the AISI 430 grade exhibits a decline at the
highest forming angle (Figure 24, left). The two FCC structured materials,
copper (Cu-DHP) and silver (Ag 925), show a constantly rising trend
(Figure 24, right). Cu-DHP was acquired in a half hard state which accounts
for the moderate amount of hardening.
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Figure 24. Yield strength and ultimate tensile strength as a function of pre-strain for BCC
structured materials (left) and FCC structured materials (right).

For the present properties, the crystallographic structure itself was found to
be insignificant as compared to the alloying effects.
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Materials exhibiting strain induced phase transformation

The metastable materials also show a trend of strain hardening although
higher. Tensile tests of the AISI 304_1 grade (Figure 25, left) show a clear
increase in strength and a decrease of strain with an increase of the forming
angle. The plot shows the stress-strain curves for three different forming
angles and the as-rolled material. The yield strength of the material after a
60° forming angle is about 1300 MPa and, thus, over threefold the value of
the as-rolled material (about 400 MPa). The true strain to fracture, in
tensile testing, for the as-rolled material is more than 0.5, while that for the
forming angle 30° is about 0.4, and the values for the forming angles 45°
and 60° are 0.25 and 0.1, respectively. The results of the tensile tests with
the other studied steels showed a similar behaviour.

The above mentioned increase in strength is nonetheless partially caused
by the occurring phase transformation which is evident from the
transformation curves in Figure 21. The effect of the martensite fraction on
strength is plotted in Figure 25 (right) for AISI 301 LN. As the martensite

fraction increases so does the strength, although formability decreases.
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Figure 25. The effect of forming angle on strength for AISI 304_1 (left), and the effect of
martensite fraction on strength for AISI 301 LN pre-formed to 60° at different speeds
(right).

The strong martensite phase sustains higher stress than austenite in a
mixed structure but is able to deform plastically. As the stress is higher in
martensite, it acts as a reinforcing phase. The flow stress of martensite has
a higher temperature dependence and makes a more significant
contribution at low temperatures [69]. From the plot above, it is evident
that the strength of the material decreases when a higher forming speed has
been applied, as the speed has affected the forming temperature in the
present case. The same trend is observed for all of the metastable materials.
The effect of speed and forming angle on the yield strength evolution for
two grades is plotted left in Figure 26. An increased forming temperature
decreases the post-forming yield strength and the phenomenon is more
evident with increasing instability of the steel. Thus, the more unstable
grades are more sensitive to the process conditions. The yield strength for

41



Results and discussion

the four metastable grades is plotted in Figure 26 (right) and the strong
effect of the martensite transformation is evident. The difference in
strength at small angles is moderate, but evolves to significance as the pre-
strain (forming angle) increases.
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Figure 26. Post-forming yield stress as function of forming angle at different forming speeds
for the AISI 301 LN and the AISI 304_2 graded (left), and the increase in the post-ISF yield
strength for the four austenitic stainless steel grades at equal forming conditions (right).

Above, the hardening for both groups of materials is evident but the

metastable group (austenitic stainless steels) exhibits a clearly higher rate
of hardening.
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4.4 Considering and fitting material property evolution

The change in material properties as a result of incremental forming
provides an interesting viewpoint to the process. However, the measured
data by itself can be considered trivial and deemed limited in its
applicability to enhance process control or understanding. Thus, empirical
models which describe material behaviour provide an essential amendment
to plain test data.

4.4.1 Strain hardening

The measured values from the tensile testing have been presented above in
various types of stress-strain relations. A frequently used approach is the
description of these curves using mathematical expressions. This allows the
curves to be treated by certain parameters which can be applied to analyze
formability. Several equations exist for portraying this behaviour. Some of
the frequently used are the ones by Hollomon, Ludwik and Voce [24,54,70].
Of these, the power law of Hollomon is the most common as it includes the
nu-exponent, which is related to the strain hardening of the material. One
should, however, bear in mind that these equations rely on empirical
relations without any physical meaning.

o = Kye™H (Hollomon) (15)
o=o0y+ K™ (Ludwik) (16)
0=B—(B—Ae ™W* (Voce) (17)

In the above, ¢ and ¢ are the true stress and true plastic strain, and oo is
the yield stress. The other parameters are constants. To avoid
misconceptions, the n values of the equations are marked with separate
subscripts to underline that the exponents are not equivalent [70]. For the
present work, the approach of Ludwik was chosen as the basis for data
fitting. The fitting procedure itself was performed using the solver function
in a commercial spread sheet software.

Figure 23 is revisited in Figure 27 where Equation 4 is applied to calculate
the values of offset strain for the tensile test curves for forming angles 30°,
45° and 60°. For the tensile test curve of the un-deformed material, a fit
applying the Ludwik equation was used. This was to approximate the
behaviour of the material at larger strains. The fit was applied from the
point of yield to the point of maximum load. The calculated offset strains
correspond to true strain by stretch, which involves a degree of inaccuracy

and underestimation of strain. This was deemed acceptable as an applicable
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method for calculating the actual strains, i.e. both stretch and shear for
incremental formed material is lacking. In reality the offset strain curves
would shift further right, but as the degree is uncertain, the above method
of Equation 4 was applied.

The behaviour of the incrementally formed material shows a distinct
trend of a more moderate strain hardening. This was observed with the
results for Paper I, and was referred to in a later paper by Emmens et al. for
DCo6 [57]. In a paper by Hagan et al., similar behaviour for Al3003 can be
found [56]. For AISI 430, however, the behaviour is more complex, as
mentioned before. The material exhibits a clearly lower trend of strain
hardening but also shows a clear trend of softening after reaching a peak
value. This is absent for DCo4, which exhibits a constant trend of
hardening. At the highest forming angle (60°), the tensile test data for
DCo4 is 18% higher but for AISI 430 it is 90% higher than that of the

incrementally formed one.
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Figure 27. True stress strain relations for DCo4 and AISI 430, including offset strains and a
Ludwik fit.

The behaviour is congruent also for copper (Cu-DHP) and silver (Agg25)
as shown in Figure 28. Both materials exhibit a similar trend to AISI 430
where the rate of strain hardening for the incrementally formed material is
very limited. However, the hardening trend still remains positive for both
materials. At moderate forming angles, the hardening tendency of the FCC-
structure exceeds that of the tensile test curve. This again demonstrates the

demanding task of material behaviour modelling for incremental forming.
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Ludwik fit.
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Metastable stainless steels equally exhibit the trend of moderate strain
hardening in incremental forming. The behaviour is, however, more
complex. The tendency for martensite transformation has a clear impact on
the tensile properties. This is evident in Figure 29 where tensile test curves
for AISI 301LN are portrayed for two different forming speeds together
with a curve for the as-rolled material and its Ludwik fit. The incrementally
formed material exhibits eventually a slower rate of strain hardening, but
with a higher work-hardening at low forming angles.

For the offset curves at intermediate forming angles there is a clear impact
of the martensite transformation as a 250 MPa difference in yield strength
occurs. The difference levels off at high forming angles. The behaviour is
fully explained by the martensite formation. The material has a high
tendency for martensite formation as portrayed in Figure 21. At low
forming angles only small fractions are transformed and the difference
between the two speeds is small. As the forming angle increases so does the
difference in the transformed fractions between the two speeds. This is
observed both in increased strength and decreased formability. At high
forming angles, the difference in the transformed fractions decreases,
transformation approaches completion even for the higher forming speed.
At low forming angles, the majority phase austenite (85-95%) dominates
the behaviour of the mixed structure despite the difference in transformed
fractions. Thus, the strength and post formability are nearly equal. At
intermediate forming angles, the lower forming speed produces almost 70%
martensite compared to 30% at the higher speed. As a consequence both
formability and strength differ. For the highest forming angle (60°) there is
only a small difference in the martensite fractions. However, it still causes a
difference both in the strength and the formability.

The above clearly demonstrates the difficulties of modelling the stress-
strain dependence of materials exhibiting strain induced phase
transformation. This imposes challenges in the process and product

property control for incremental forming.
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Figure 29. True stress strain relations for AISI 301LN including an offset strain and Ludwik
fit.

Additionally, the above reveals a difference of behaviours between FCC
and BCC structured materials. The face-centred cubic structure materials
exhibit a higher rate of strain hardening at low forming angles as compared
to the body-centred ones. Further, the above underlines the importance of
choosing the correct forming and test methods for fitting to establish
constitutive equations for incremental forming. Extrapolated tensile test
data from as-rolled material are clearly inadequate for modelling strain

hardening behaviour in incremental forming.

4.4.2 Phase transformation

The formation of martensite can be divided into stages of nucleation and
growth, the formation has been shown to follow a sigmoid Johnson-
Avrami-Mehl type of behaviour. The degree of plastic deformation defines
the transformed amount [66]. In Figure 21, the forming speed was used to
produce different process temperatures. However, the speed combinations
apply only to the present deformation conditions. The procedure of
increasing applicability through data fitting was presented in Publication VI
and detailed information about fractions and temperatures in Publication
IV and Publication V. The measured data can be fitted using Equation 18 in
two stages. First, for each material, the different temperatures and
corresponding fractions are fitted to obtain each individual value for the a
and b parameters. In the second stage, the obtained parameter pairs (a and
b) for each material are fitted to find the temperature dependence.

b

X=1—e%% (18)
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X is the transformed fraction (0-1) of martensite, ¢ the amount of strain, a
and b are material parameters. A good linear dependence was found for all
four materials as shown in Figure 30. Table 4 lists the fit results for the
material parameters a and b, as well as the correlations for each fit for all
four materials. The relation of strain (¢) and forming angle (o) in this case

was determined by Equation 4.
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Figure 30. Plot of calculated and measured martensite fractions for the austenitic stainless
steel grades.

Table 4. Material parameters a, b and fit correlation (R2) for fitted transformation equations.

Grade a b R2
304_1 0.0189T-2.3934 0.0145T+1.6057 0.9987
304_2 0.0419T-6.29 0.0166T+1.4066  0.9906

316L 0.0083T-0.9336  0.0087T+2.2579 0.9921
301LN  0.1214T-16.68 0.0123T+1.67 0.9949

As presented earlier, using the external temperature control, a small
difference in the transformed fractions between the forming speeds
remains. This is caused by adiabatic heating and the poor heat conductivity
of stainless steels. For enhanced model accuracy, the forming speed should
be included in the fit.
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4.5 Effect of material property evolution on the ISF process

ISF can be considered as an equilibrium type of process, the course of
events interacting constantly with each other. The forming apparatus and
the process parameters have an impact on the material which,
respectively,has its impact on the apparatus.

4.5.1 Forming force trend

As discussed earlier, the measured force curves for ISF display a certain
type of trend, for steeper wall angles a peak is present before a decline in
the measured forming force value [7,36,58]. The previous work has
however concentrated on materials lacking strain induced martensite
transformation. As presented above, the austenitic stainless steels exhibit a
forceful martensite fraction-dependent increase in strength with strain. The
effect of this strengthening on the vertical forming force is presented in
Figure 31. The effect of strengthening is approached here by the material
stability and temperature. It is evident that with a lower forming speed, i.e.
a lower temperature in the present setup, a higher force for deformation is
required for the austenitic stainless steels. This is a consequence of the
martensite transformation, as the softening effect of temperature on flow
stress in such vicinity of ambient temperature is negligible. For the AISI
304_1 grade, in Figure 31, the difference between the forming speeds is the
most pronounced and is a consequence of the higher sensitivity to the
forming parameters for the formation of strain induced martensite, as
revealed by Figure 21. There is no decline in the force for the AISI 304_1
grade at the 60° forming angle at either speed. For the AISI 316 L grade, the
small fraction of martensite transformation at the higher speed is unable to
prevent the decline of force. The rate of transformation itself is not
considered but as the forming trajectories overlap, the effect of martensite
strengthening is observed at consecutive laps.

The elevating effect of phase transformation on the forming force is not by
itself surprising. A higher strength material requires a higher forming force.
Surprising, however, is the scant attention that it has received in academic
papers. In particular, no previous papers were found considering the effect
of process conditions (phase transformation) on the incremental forming
process.

The vertical force trend for DCo4 is plotted (right) in Figure 31. As
expected, in the absence of phase transformation, the forming force is

insensitive to the forming speed and a force peak is also evident. This

48



Results and discussion

validates that there is no temperature-related effect on lowering the flow
stress. Phase transformation, not softening related to temperature, is

responsible for lowering the forming force.
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Figure 31. The trend for vertical force evolution for AISI 304_1, AISI 316 L and DCo4.

The forming of all materials above was performed with the same vertical
step down and tool diameter. The sheet thickness for the austenitic steels
was 0.8 mm and 0.75 mm for the DCo4 grade.

Due to the unique process setup of incremental forming, the process
conditions allow for wide variability and controllability. Forming force
prediction has been proposed as a means to enhance the accuracy of the
process. This enables the modelling of the robustness of the process setup
and allows for the necessary actions for path correction. For such models,
based on the observations above, in the case of austenitic stainless steels,
the phase transformation must also be considered. Proposed, simplified
regression models based on the tensile strength and process parameters
excluding the temperature effect are clearly inadequate [58]. Additionally, a
generalised model for the austenitic steels is insufficient, as the stability of
the austenitic phase has a significant effect on the process.

4.5.2 Formability

Austenitic stainless steels are increasingly used in industrial applications
since they are superior in formability. A great deal of work has been done
on the optimisation of composition to promote formability [71]. The rate of
martensite formation is critical in maintaining stability against necking in
tension. Depending on the forming process, different hardening rates are,
however, wanted. Deep drawing favours stability while stretch forming
favours a high rate of work-hardening. The formation of strain induced
martensite has been proposed as a significant contributing factor to the
high formability of stainless steels in incremental forming [72].The effect of
the forming speed on the rupture angle for three different austenitic

stainless steels is presented in Figure 32.
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Figure 32. Formability as a function of forming speed.

The increase of the forming speed translates into a reduction in the
transformation tendency of martensite due to temperature, as presented
above. For the stable AISI 316 L grade, formability is reduced as the
transformed fraction decreases. For the two more unstable grades, AISI 301
LN and AISI 304_2, the case is the opposite. Formability increases as the
transformed fraction decreases with an increase in the forming speed. The
grade demonstrating a larger transformation tendency (AISI 301 LN) also
has a lower formability. As mentioned, martensite deforms in a mixed
structure. However, martensite is brittle and sustains less deformation
before failure. Full martensitic transformation should thus be avoided for
increased formability. Especially, full transformation at lower angles is
detrimental as formability ceases. Considering process conditions in Figure
32 as well as Figure 21, equal fractions of martensite and austenite promote
formability the most in the present case. Thus, the formation of martensite
cannot be the sole factor for enhanced formability. For a high tendency of
transformation, high formability favours a moderate rate of transformation.
For a low tendency of transformation, formability favours an increased
transformation.

Considering the application or generation of forming limit diagrams for
ISF, as mentioned in section 2.4, in the case of austenitic stainless steels,
the transformation tendency must be noticed.

4.6 Modelling and controlling product properties

4.6.1 Modelling product properties

A point that has been less addressed concerning ISF relates to the
properties of the final part. The mainstream research has generally focused
on formability, accuracy and the deformation mechanism. A few papers
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have dealt with the forming of tailored blanks with the intent of opposing
the sheet thinning and striving towards a constant wall thickness [1,41]. The
preparation of blanks such that a complex geometry has a constant wall
thickness may prove difficult. From a practical point of view, knowledge of
the strength for the formed part is of greater importance. As presented
above, the post-ISF properties exhibit a clear increase in strength that is
countered by sheet thinning. This was addressed in Publication V by
introducing a relative value for the expression of the strength evolution.
The value enables a simple and swift evaluation of the material properties.
Under this method, new, relative values are calculated using values from
the tensile tests. The measured tensile values for different pre-strains were
divided by the tensile value for the un-deformed material in each case as
expressed by Equation 19:

o
Orelative = — (19)

Jo

Where o; is the tensile strength of the pre-strained material and o, is the
strength of the un-deformed material. The relative value is a convenient
method to examine the extent of hardening and can be used for comparison
purposes. The relative strengthening of the above presented materials is
plotted in Figure 33. The superior strengthening of the austenitic stainless
steels is evident even for the AISI 316 L grade with moderate martensite
transformation. The strengthening in the figure is plotted against the pre-
strain, which is calculated from the forming angle using Equation 4.
Furthermore, a limiting curve is introduced into the plot. This curve
represents the limit of the sheet thinning and relative strengthening, i.e. the
amount of relative hardening required, to counter the loss of strength
brought by sheet thinning. Values above the curve translate into conditions
where the relative hardening exceeds the thinning effect. Values below the
limit curve denote conditions where the deformed, thinned sheet is weaker
than the original sheet. The limiting curve in Figure 33 is calculated using
Equation 20:

) ) (]

Olimit = T = cosa (@)1 (20)
0

Where o, is the strength of the un-deformed material, t; is the thickness

after deformation and t, is the thickness before deformation.
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Figure 33. Relative post-ISF strength for the tested materials and the limiting curve.

The relative value of strengthening can be plotted against the desired
value of deformation. The relative plot with the limiting curve is a
convenient method to estimate, for example, the need for tailoring of blanks
or the requirements for sheet thickness to ensure the sufficient strength of
the final product. The chart can be utilized as a practical guide for the
consideration of forming parameters.

Above, the plot is based on plotting measured values. For the increased
applicability of material properties, data fitting is a necessity. However, as
presented earlier, the fitting of the tensile curve for the as-rolled material is
clearly inaccurate. Additionally, from a product endurance point of view,
the yield strength is determinative. When modelling the structural
behaviour of products, yielding marks the point where the equilibrium of
strength and geometry is rubbed. The measured material data, i.e. the yield
stress values for the different process conditions, were fitted to construct
constitutive equations for the different materials using the approach by
Ludwik.

As the empirical equation of Ludwik (Equation 16) is unable to cope with
softening after an initial hardening, a modification was deemed necessary
for AISI 430. An exponential term for softening was introduced to the
original equation, as portrayed in Equation 21.

O = Oy + KLEnL + Ae® (21)
Above, orm denotes the modified Ludwik equation. A is the softening
parameter and the other parameters are the same as presented earlier. The

extracted parameters for the Ludwik model are presented in Table 5. The

as-rolled values correspond to the fit of the stress-strain curve for the
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tensile test of the as-rolled material. ISF values correspond to the fit of the
measured yield stress values for incremental forming. For the austenitic
stainless steels, the ISF fit is based on the values obtained from specimens
incrementally formed at 40 mm/s. The softening parameter A, equals zero
for all materials except AISI 430.

The difference in material behaviour between fitting tensile test data and
incrementally formed material is evident in the table below. The ratio
between the K, values for the two fits, for the different materials varies
between 1.67 and 2.46. The ratio difference for the strain hardening
coefficient exhibits a distinct difference by varying between 1.9 and 5.1. The
highly metastable 301LN grade exhibits the lowest ratio, however, the
coefficients exhibit the highest absolute values. This is a result of the high
tendency for phase transformation, regardless of the forming method. The
ferritic 430 grade exhibits the highest ratio, notably for the strain
hardening. This is a direct result of the experienced strain softening in
incremental forming. Further, it should be noted that the fit for the as-
rolled material is based on the stress-strain curve whereas the ISF fit is
based on the yield stress values of the 0.2 % offset strain. Models for
stainless steels require additionally consideration of the forming conditions
as the phase transformation has a significant impact on the evolving

material properties.

Table 5. Parameters for the modified Ludwik equation for the tested materials

Go nL KL Rz
DC04 As-rolled 230 0.64 502 0.985
ISF 230 0.27 273 0.9987
Cu-DHP As-rolled 257 0.92 384 0.9990
ISE 257 0.32 156 0.9996
Ag 925 As-rolled 205 0.82 577 0.9890
ISF 205 0.19 237 0.9997
AISI 304_2 As-rolled 326 0.84 1632 0.999
ISF 326 0.32 973 0.9987
AISI 316L As-rolled 320 0.77 1517 0.999
ISF 320 0.22 795 0.9996
AISI 301LN As-rolled 374 1.00 2708 0.986
ISF 374 0.52 1419 0.9993
AlSI 304_1 As-rolled 301 0.78 1565 0.999
ISF 301 0.35 906 0.9879
AISI 430 As-rolled 350 0.68 900 0.9850
(A=-94.774) ISF 350 0.13 441 0.9999

The relative strengthening chart above (Figure 33) is suitable for practical

purposes in process assessment. A more useful tool is obtained by utilizing
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the thinning compensating Equation 22 directly in CAD software. This
calculation opens new prospects for process and product design.

As draw-in is absent in the process, the forming angle exclusively affects
both thickness and properties of the final part. Naturally stainless steels are
an exception, as the forming temperature has an impact. The sophisticated
CAD software presently available enable the performance of structural
analysis for the part if model properties are known. The generation of the
CAD model will not take into account the effect of forming angle on
thinning, as ordinarily the generation of the CAD model for forming
trajectories relies on producing shell models with constant wall thickness.
Thus, thinning must be included in the property model as a function of
forming angle. In practical terms a single material property model
describing both strengthening and thinning as a function of forming angle
is adequate. This enables the direct utilization of the original model without
the need for additional part modelling as the effect of thinning is perceived.

Othin_comp = Oq * COSQ (22)

In the above equation, o, is the calculated strength for forming angle a.

Similarly, the relative strengthening graph can be replaced by a single
relative limit curve which considers both strengthening and thinning
(Equation 23).

— Ya
Orelative limit = %o *cosa (23)

Above, o is the forming angle, o, the calculated yield strength for a
forming angle o, and o, the original yield strength. Values above unity
translate to a higher absolute strength for a selected forming condition
compared to the original strength and thickness of the as-rolled material.
Values beneath one translate to a point in the geometry where the absolute
strength is less than that for the original sheet.

From the above, it is clear that constitutive models for ISF must rely on
ISF data. It is evident that the models must rely on actual material
behaviour. Tensile test data of as-rolled materials will result in inaccurate,

faulty results.

4.6.2 Controlling product properties

For austenitic stainless steels material model generation offers wider

possibilities for process and product control (Publication VI). This is
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realized by the ability to predict and control the formation of strain induced
martensite. Above it was shown that the process conditions affect the
formation of martensite in incremental forming and, equally, it was shown
that models considering this transformation can be constructed with high
correlation. Phase transformation plays an important role on the
mechanical response of the steel as it significantly affects the strengthening
behaviour. The effect of martensite is clear in Figure 34 where otherwise
identical deformation history, except for martensite fraction, is presented.
An increase in martensite from 65 to 100% results in an elevated yield
strength from 1350 to 1720 MPa but at the expense of formability, as the
strain to rupture decreases from 7% to 3%.
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Figure 34. Strength and formability diagram for AISI 301LN, with different martensite
fractions. Material incrementally formed to 60°.

As martensite has significant effect on the mechanical response of the
material, a logical continuum is to utilize the created transformation
kinetics model and apply it for control. This can be achieved by solving the
transformation equation as a function of one of its parameters. For a
predefined geometry and material, only the deformation rate and
temperature can be affected. Temperature clearly has the most pronounced
effect on martensite transformation. Thus, temperature is a suitable control
parameter for the process. Solving Equation 18 analytically is tedious as
both variables a and b (Equations 25 and 26) include the effect of
temperature (Table 4). Equation 18 solved as a function of temperature
becomes Equation 24.

T = Ae~fT-9+B (24)
a=(cT—d) (25)
b=(T+g) (26)
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A=In(1-M)/c (27)
B=d/c (28)

Above, T is temperature (°C), M the martensite fraction (0-1) and ¢ the
strain. As temperature is present on both sides in Equation 24 an iterative

approach was chosen. Thus, the solving procedure becomes:

TOM = Ag~/T"~9+B (29)
TV =T° + (T°" - T%)a (30)
TIn = Ag~/T'~9+B (31)
T2 =T + (T — THa (32)

Where, T? is the starting temperature value for iteration, o is a relaxation
factor used for the iteration process. A maximum of 50 iteration steps were
allowed for convergence. The above described approach was used to extract
process window charts for the different metastable grades. The charts were
constructed from the measured data set or values close to it, results failing
the above convergence constraint were omitted.

The charts can be used for process design. Figure 35 shows calculated
temperature and forming angle combinations for six pre defined martensite
fractions for the different grades. To suppress the martensite formation (0.1
M%) for all forming angles, a temperature above 126 °C is required for AISI
304_1 whereas 112 °C is sufficient for AISI 316L. Equally, the charts can be
used to find the right temperature conditions for a predefined martensite
fraction at constant or variable forming angles. The temperature scales for
the materials are divergent. A wide temperature range translates into a
more easily controllable process, as the material is less sensitive to
temperature variations. As a drawback, reaching the fraction extremes may
prove difficult. For a narrow temperature range, fractions are more easily
reached but higher demands are set on temperature control. The
temperature range follows the stability of the steel, the wider the
temperature range, the higher the stability. Unstable grades are highly
sensitive to the control temperature.

The chart data can naturally be used to create a more sophisticated
control algorithm instead of relying on the iterative process. For enhanced
control, forming speed dependence should be added as is evident in Figure
22. In production, tool spindle rotation, heat guns or coolant fluids can be
used for temperature control, as the process operates in the vicinity of
ambient temperatures. Laser heating has equally been successfully applied
for temperature control, thus only for geometry enhancement [22]. Relying
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on forming speed for temperature control is awkward as the ISF process is

already slow by its nature.
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Figure 35. Process charts for correct temperature and forming angle combinations for
reaching pre defined martensite fractions.

The charts show the formation of strain induced martensite, thus strain is
always required for transformation and high fractions are unreachable at
low strains. The control curves display a sigmoid shape and rely on the
measured data in Figure 21. For increased accuracy and applicability, wider

processing windows for measurement data would be beneficial.

4.7 ISF in relation to other forming methods

As mentioned, the formability in ISF exceeds that of the traditional forming
methods. These high degrees of deformation are commonly reached in
normal part production, due to the nature of the ISF process. A dissimilar
rate of strengthening has also been presented above. Of practical interest is
how this increase in strength compares to other forming methods and
whether additional information can be revealed on the basis of this
information. Forming processes for comparison were chosen such that

equally high degrees of deformation were possible.
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4.7.1 Cold rolling

Although not a sheet forming method in the wider sense, cold rolling is
used extensively for the production of the metal sheets used for forming.
The compressive nature of the process in the roll gap enables large
deformations. In addition, the strain condition in cold rolling of thin sheet
is close or equal to plane strain, which is the same as reported earlier for
ISF measurements.

The effect of deformation on the mechanical properties of the BCC-
structured materials is presented in Figure 36. The rolling reduction is
converted to pre-strain values using Equation 3 and the ISF forming angle
is converted using Equation 4. Again, the von Mises strain is not
considered. It is evident for both materials that rolling enables a greater
increase in strength. This applies for both the yield strength (YS) and the
ultimate tensile strength (UTS). For the DCo4 grade, the strengthening is at
best around 25% higher for rolling. Strain hardening for the AISI 430 grade
is even larger (~50%), which is partly explained by the lack of softening that
was experienced for the material in ISF.
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Figure 36. Strengthening as function of pre-strain for cold rolling (CR) and ISF.

Comparing the relative strengthening of the materials further reveals the
complexity of the process, as observed below. The steels (Figure 37, left)
show a clearly larger and almost equal rate of hardening for cold rolling
compared to ISF, resulting in a relative strengthening of 2.5-2.7. The two
FCC-structured materials (Figure 37, right) behave differently. For sterling
silver (Agg25), cold rolling increases the strength more than ISF. The half
hard copper exhibits a deviating behaviour, as incremental forming is able
to strengthen the material more than rolling. The gap, however, is levelled

at higher strains.
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Figure 37. Relative strengthening as function of pre-strain for cold rolling (CR) and ISF.

The results indicate the complex process conditions encountered in
incremental forming. If models to predict material behaviour in ISF are
desired, they must rely on the extensive deformation data produced by
incremental forming. Reaching equal deformation with alternate forming

methods will not ensure the validity of the model data.

The strengthening of austenitic stainless steels by cold rolling is almost
equal to that of incremental forming. It is nonetheless affected by the
martensite transformation, which is confirmed by comparing the
strengthening for the different grades in Figure 38. Cold rolling is able to
elicit higher strength than ISF at higher strains except for the unstable AISI
301 LN grade at a low deformation speed (Figure 38, left). At moderate ISF
speeds (temperatures), rolling always elicits higher strength (Figure 38,
right).
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Figure 38. Strengthening and relative strengthening as a function of pre-strain by cold
rolling (CR) and ISF for metastable stainless steel grades.

All austenitic stainless steels exhibit an over threefold relative
strengthening. For AISI 301 LN, an even four-fold strengthening is
exceeded at the present strains. However, at small strains, ISF always elicits
higher strength than rolling, as is the trend for all FCC-materials.
Martensite is responsible for the extensive strengthening of the stainless
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steels in incremental forming. Above, for the materials lacking phase
transformation cold rolling produced higher strength throughout, both for
the BCC and FCC structured materials. Thus, martensite can be the only
explanation for the otherwise identical conditions. This is further addressed
below.

The unstable grades (304_2 and 301 LN) are more sensitive to
temperature changes for the martensite transformation than the stable
grades, as observed in Figure 21. The ISF forming speed has a strong
correlation with the deformation temperature in the present case. An
increase in the forming speed elicits a higher forming temperature. This is
further clarified in Figure 39 (left) where the transformation tendency
between ISF at different speeds and rolling is compared for the unstable
301 LN grade. A slight difference in ISF speed significantly affects the
transformed fraction and, thus, the strength.

In cold rolling, however, the temperatures remain close or equal to the
ambient temperature due to the conditions in the roll gap. The material is
always at the ambient temperature prior to rolling and the adiabatic heating
can be expected to diminish through heat conductivity to the rolls. Thus, as
the process temperature for rolling is presumed to be lower than for ISF in
the present case, a higher fraction of transformation is expected for rolling.
Figure 39 (right), however, depicts a different trend as the stability of the
steel increases. For the stable 316 L grade, incremental forming evokes
more strain induced martensite as compared to rolling. The stable grades
are more insensitive to small temperature differences in the processes and
the deformation mode becomes dominant. This is evident from Figure 35,
which validates the insensitivity to temperature for the stable grades. The
deformation mode affects transformation, it has been shown that a change
in the deformation mode from uniaxial to multiaxial enhances the
formation of martensite [73]. Isolating the temperature effect from the
results above shows that ISF produces higher fractions of martensite than
rolling for equal amounts of elongation thus validating the complex
deformation mode of incremental forming, which is explained by shear
present in two orthogonal strain directions [21,28].
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Figure 39. Transformed fraction of martensite as function of strain for cold rolling and ISF.

Cold rolling is able to increase the strength of the austenitic stainless
steels more than incremental forming. The gap between the measured
strengths, however, is moderate and is notably affected by the process
conditions. The measurements above indicate that the phase
transformation has a significant effect on the strength. The deformation
mode in incremental forming promotes more phase transformation than
rolling under equal elongation. Thus, the higher increase in strength for
rolling is countered by a higher tendency of martensite formation in
incremental forming.

4.7.2 Shear spinning

The first theories for the deformation mechanism in incremental forming
relied on pure shear through the parallel to shear spinning. Recent studies
have proven though that the deformation is a combination of through
thickness shear and stretch. However, in practice it would be logical to
assume a similarity between the deformation mechanisms in the two
processes, as their basic setups are very similar. In an early paper by
Kalpakcioglu, shear was found to be the deformation mode in shear
spinning [74]. The paper, however, relied on the following assumptions: the
straining in the minor in-plane direction and the straining next to the
mandrel were ignored. Additionally, the experimental theory was derived
from a 12.7 mm thick plate. The thickness was proposed as one of the
reasons for the discrepancy with the results obtained by Jackson with a 3.2
mm thick plate [21]. In practical ISF applications a thinner sheet is often
used.

Based on the post-forming material property difference between rolling
and ISF noted above, additional testing was performed using shear
spinning. Two ferritic steels were chosen to exclude the phase
transformation effect. Additionally, the ferritic stainless steel AISI 430

exhibited unique deviating properties through softening at higher strains in
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incremental forming. This softening was absent in cold rolling (Figure 36),
as presented earlier. The comparison of the evolution of yield strength for
DCo4 and AISI 430 is presented in Figure 40. The same angles of
deformation (30°, 45° and 60°) were used both for spinning and ISF.
Equation 4 was again used to convert the forming angle to strain values (¢)

in the figure below. Equation 3 was used for the rolled samples.
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Figure 40. Yield strength as function of strain for three different forming methods.

As observed, the level of hardening for cold rolling is clearly higher for
both materials. The trend for hardening in incremental forming and
spinning is almost identical for both materials. More interesting, however,
is the behaviour of AISI 430 in shear spinning. It exhibits the exact same
softening trend as ISF at a higher strain.

Earlier it was established that deformation clearly affected the post-
forming properties of the material. Different deformation methods have
clearly produced different properties. In the present case, spinning and ISF
produce equal material properties. Based on the similarity of the processes,
this would suggest a very similar or even identical deformation mechanism,
which, based on recent research, is a combination of shear and stretch [21,
28]. Thus, based on the above, it is valid to assert that the idealised
spinning theory based on pure shear does not apply to the shear spinning of
thinner sheets.

Shear spinning of the test pieces was performed by hand with a forming
bar against a mandrel. The nose radius of the roller, at the end of the
forming bar, was equal to the radius of the ISF tool tip. The corresponding
ISF tests were performed without a die. It has, however, been depicted that
SPIF and TPIF employ differing mechanisms [21]. Above, the post forming
properties are congruent for the two processes. The deformation conditions
seem equal for forming with and without a die. From a post forming
property aspect, the proposed difference in mechanism is absent. A
conceivable explanation for the difference is an improper choice of gap
between the tool and support.
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5.Conclusions

The objective of this work is to clarify the behaviour of both the process of
and material in incremental sheet forming. Based on the results of this
thesis and the attached publications, the following conclusions may be
drawn.

A forming platform based on an industrial robot is well suited for both
incremental forming and research of its process. It was shown that it is
indeed possible to perform ISF with a fixed, non-rotating, tool without a
loss in formability. The achieved formability limits completely correspond
to others obtained within the scientific community. Additionally, the
formability was extended to pre-painted material and its suitability to ISF
was validated, as well as the diverging rupture conditions to those of stretch
forming.

The process parameters that are used have a major impact on the process
conditions and the most significant are: the forming angle (o), step down
(Az), tool diameter and sheet thickness. Sheet thickness has a pronounced
effect on the required forming force. It is associated with bending, which
affects the deformation process and has a near quadratic influence on the
increase of vertical forming force (Fz) with sheet thickness. The in-plane
forces show close to linear dependence with sheet thickness. Thus, with
increasing sheet thickness, the vertical force becomes dominant and
accounts for the smaller geometrical deviations when forming thicker
sheets. With an increasing in the forming angle, the forming forces
increase, however, the forceful sheet thinning at higher wall angles
counteracts the increase in the vertical forming force. The combined in-
plane forces show a continuous increase with the forming angle. This
increase is, however, caused by the radial force, which is associated to the
forming geometry. It has a very high dependence on the forming angle and
is equally affected by the sheet thickness. Its value approaches that of the
vertical force and becomes a major contributing factor to process failure at
high angles. The proposed method of determining of the friction factor
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from the ratio of tangential and vertical forces in literature is erroneous, as
the sheet thickness affects the ratio and, in addition, the tangential force

always includes a portion through thickness shear.

For austenitic stainless steels, the material property evolution can also be
affected by the formation of strain induced martensite. The formation
tendency of martensite in incremental forming and its strong dependence
on temperature and material stability was established. The transformation
curves for martensite formation in ISF follow a sigmoid shape. It was
shown that the effect of the strain rate on the transformation is linked to
the adiabatic heating and the poor heat conductivity of the stainless steels.
It was shown that through simple temperature control in ISF, the
transformed fraction could be affected and that temperature is the most
effective means to affect transformation.

For all materials, except AISI 430, increased straining by incremental
forming continuously increases the post-forming strength. The increase of
deformation detrimentally affects the post-formability of the materials (i.e.
the amount of bearable deformation). For AISI 430, a unique decrease in
strength was observed at higher ISF strains. Strain hardening of the
austenitic stainless steels exhibits a strong dependency on the formation of
stain induced martensite. An increase in the martensite fraction results in
higher strength for equal straining conditions, however, with diminishing

formability.

Material properties and the property evolution of the ISF parts are of
interest for presenting the method for wider industrial use. By using
mathematical expressions to analyse the measured material data,
interesting material property evolution trends could be found. The rate of
strain hardening was found to be lower for ISF material than expected,
based on extended tensile test curves. Additionally, the FCC structured
materials exhibited a higher than expected rate of strain hardening in ISF at
low strains.

A good Johnson-Avrami-Mehl type of sigmoid dependence was found for
the measured martensite transformation data in incremental forming. A
high correlation fit was found with linear temperature dependence for the
material parameters.

The material property evolution affects the process itself, and is of
importance for increasing process accuracy and control. The evident impact
of phase transformation on the forming forces and the need to consider
process conditions were established. The rate of martensite production is

critical in maintaining stability against necking in tension. Depending on
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the forming process different rates of hardening are desirable. It was shown
that high martensite transformation cannot account for the high formability
of stainless steels in ISF. Suppressing martensite transformation was found
to be beneficial for the formability of unstable grades and the enhancement

of transformation beneficial for the stable grades.

Modelling property and process evolution offers means for control. Sheet
thinning of the formed part has been proposed as a drawback for the
process. A concept of relative strength plot was introduced. For parts that
have a uniform thickness, the use of tailored blanks has been proposed.
From a strength perspective, a relative strength plot that includes a limiting
curve can be used. The relative curve depicts the relative increase in
strength with deformation, while the limiting curve shows the relative sheet
thinning with deformation. In the plot, values above the limiting curve
show increased strength and the values beneath depict a decreased strength
of the product as compared to the un-deformed sheet. The constructing of
the plots must, however, rely on ISF data to ensure correct material
property evolution.

Temperature was found as the most effective means to control martensite
transformation. As martensite has a high impact on material properties, the
transformation can be used for property control. Solving the martensite
transformation equation as a function of one of its parameters enables the
construction of a temperature control function. This function can be used to
construct processing maps which indicate the required process
temperatures to achieve the desired martensite fractions. The temperature
control curves equally follow a sigmoid shape. Stable stainless steel grades
exhibit a wide temperature range for control, and the unstable grades a
narrow range. Thus, unstable grades require more accurate control as they

are more sensitive to temperature.

The properties of incrementally formed products as compared to other
forming methods is of interest when introducing this new method for wider
use. Incremental forming and rolling can produce equally high grades of
deformation. The rate of strain hardening for cold rolling is higher than
that of incremental forming, but with a high dependence on material. FCC
structured materials exhibit a higher degree of stain hardening at small ISF
strains. Thus, reaching equal deformations with alternate forming methods
will not ensure the validity of the data for ISF models.

For austenitic stainless steels, incremental forming produces higher

fractions of martensite than rolling for equal amounts of elongation.
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Shear spinning is often referred to when considering incremental forming
due to the similarity of the processes. Recent studies have shown the
mechanism in incremental forming to be a combination of shear and
stretch. The theory of shear spinning suggests pure shear to be the
deformation mechanism in shear spinning. Thus, the processes have been
regarded as separate. Shear spinning produces, however, equal material
properties as incremental forming. The unique strain softening observed
with AISI 430 further underlines this. It is legitimate to allege that the
idealized spinning theory based on pure shear does not apply for the shear
spinning of thinner sheets.

Despite its shortcomings, ISF may be considered as a viable alternative to
traditional sheet forming methods. With further research, as process
knowledge increases, many of the current challenges can be solved. The
agility of the process and the possibility for flexible process parameter
control can generate new processing routes and products with exceptional

properties.

Future work of interest in the field would be to compare evolving material
properties against competing forming methods such as deep drawing and
pressing. From a product point of view, finding fatigue limits for individual
parts or part assemblies produced by ISF would be valuable. Establishing
recognized and fast modelling of the process would also be beneficial.
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Errata

Publication I, Figure 6. Text should indicate 65° forming angle, not 25°
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