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Abstract Incremental sheet forming (ISF) is a promising
manufacturing technology in which complex 3D shapes can
be formed with one simple tool. Compared to conventional
forming processes, for complex shapes, it is more flexible and
economical with higher formability and shorter lead time.
Therefore, ISF is ideally suitable to rapid prototype and
small-batch production, especially in the aerospace and bio-
medical sectors. Over the last decade, although the process has
been experimentally studied extensively, the associated defor-
mation mechanics is still unclear and intensive investigation is
needed. The purpose of this study is to provide further knowl-
edge of the deformation mechanics of the sheet and clarify the
deformation mechanism in a typical cone-forming process
through finite element (FE) simulation approach. In particular,
comprehensive FE models with fine solid elements are
utilised, which allow the investigation of deformation modes
including stretching, bending and shearing. The FE model is
firstly validated with experimental results in terms of forming
forces, and then, the evolution history of all the strain compo-
nents along with the effective strain is presented. The contri-
bution of each strain component to the effective plastic strain
during the cone-forming process is discussed. Moreover, the
characteristic of each strain component is investigated in

detail. It is confirmed from the FE simulation that the defor-
mation modes in the ISF process are a combination of shear-
ing, bending and stretching, although the quantitative contri-
butions in each direction are varied. The effect of step-down
size on material plastic deformation as well as formability is
also investigated.
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1 Introduction

Incremental sheet forming (ISF) is a flexible, economical low-
volume production process which has receivedmuch attention
in aerospace [1] and biomedical [2] manufacturing sectors
over the last two decades. By using this process, complex
parts can be formed directly from CAD data with a minimum
of specialised tooling. Therefore, it has a high potential for
rapid prototyping applications and small-quantity production.
Although substantial research has been performed by re-
searchers in the past few years, there still remains a lack of
intensive understanding of the deformation mechanics of the
forming process which are critical in optimising the process
for better output qualities.

The deformation mechanics behind ISF have been investi-
gated both analytically and experimentally [3–6]. It has been
widely accepted that ISF is characterised by higher formabil-
ity compared with other conventional forming processes [7,
8]. Silva et al. [3–5] extensively analysed the single-point
incremental forming by means of a membrane approach. A
closed-form analytical model was firstly presented, which
provides insight to explain the fundamentals behind the frac-
ture of material and the enhanced overall formability of ISF.
Lu et al. [9, 10] further discussed the role of friction and
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through-thickness shear analytically from the stress state point
of view. It was claimed that the effect of through-thickness
shear caused by friction is two sided. The higher shear stress
not only potentially enhances the deformation stability but
also increases the stress triaxiality and reduces the formability
at the same time. Although the developed analytical model
shows a qualitative agreement when compared to its predic-
tive finite element method (FEM) and experimental results,
the model uses some simplifications, such as neglecting bend-
ing effects, assuming axial symmetry and rigid perfectly plas-
tic and isotropic materials. This limits its further applications.
Emmens and Boogaard [11] summarised that bending under
tensile load plays a critical role in the localised deformation of
ISF process. Unlike the above approach, Mirnia and Darinia
[12] analysed the deformation behaviour of a cone-forming
process based on the upper bound theory. Despite that shear
deformation was assumed as the main deformation mecha-
nism, this approach was shown to be effective for predicting
the tangential forming force. Based onMirnia’s work, Li et al.
[13, 14] further developed the model to take into account
bending and stretching deformation modes and verified the
model with experimental tests. However, the contribution be-
tween each deformation modes needs to be further investigat-
ed and quantified.

The deformation mechanics have been investigated exper-
imentally. Jackson and Allwood [6] experimentally measured
the strain distributions through the thickness of the sheets
along the cross-sectional plane. It was claimed that the defor-
mation mechanism for ISF is stretching and shear in the plane
perpendicular to the tool direction together with shear in the
plane parallel to the tool direction. Interestingly, shear strain in
the tool moving direction was measured as the greatest strain
component. Eyckens et al. [15] measured the strain distribu-
tion during the deformation process by a stereovision system.
It was suggested that the dominant deformation mechanism
depends on the selected forming parameters (e.g., wall angle
and step-down size). The author also studied the strain behav-
iour through a FE model. It was found that a good qualitative
agreement has been obtained for the surface strain, but the
through-thickness shear was not fully captured. However, it
is still difficult to reveal the detailed deformation history be-
hind the ISF solely through experimental works due to its
highly localised characteristic. Therefore, computer models
especially FE technology are widely applied to investigate this
process. Despite the advances in the finite element analysis for
modelling of metal-forming processes and the improvements
in computational speed, the numerical simulation of the
single-point incremental forming (SPIF) process remains a
challenging task. The continuous changing localised plastic
deformation and the complex tool path result in a significant
computation time. Lasunon and Knight [16] confirmed that
the FE model can be used to investigate various capabilities of
ISF processes by validation with experimental testing with

truncated pyramids. Yamashita et al. [17] investigated the ap-
plicability of the dynamic explicit finite element code
DYNA3D for the simulation of an incremental sheet-
forming process of quadrangular pyramids. The effect of tool
path on deformation behaviour was discovered, which shows
that the starting forming position should be at one of the cor-
ners of the final product. Ma and Mo [18] found that the FE
model based on solid elements is more suitable to simulate the
SPIF in terms of deformation prediction. Dejardin et al. [19]
conducted a numerical analysis using LS-DYNA software to
predict the springback effect through the cut ring method. It
was found that the finite element model with shell elements is
not suitable for all tool path strategies to capture the transverse
shear behaviour of the sheet. Future work with a FE model
using elements able to properly account for the shear compo-
nent is suggested. Recently, Smith et al. [20] analysed the
deformation mechanics of both single-point and accumulative
double-sided incremental forming (ADSIF) process by FE
simulation using LS-DYNA explicit software. Solid elements
were used in the described FE model and evolution history to
show plastic strain, hydrostatic pressure and shear strains par-
allel and perpendicular to tool motion. The authors concluded
that the ADSIF could present greater plastic strains, through-
thickness shear strains and greater hydrostatic pressure than in
SPIF and suggested that this might be the reasons for the
increased formability in ADSIF. Al-Ghamdi and Hussain
[20] investigated the effect of relative value of tool radius
and blank thickness (i.e., R/TB) on the formability for SPIF
through both experimental and FE simulation. A threshold
radius Rc≈2.2TB was identified to achieve the conducive de-
formation condition with high compression with low-damage
constitutes.

Previous FE investigations mostly use shell element con-
sidering the reduced computation time, but it is not reasonable
to represent the actual deformation mechanism during the
forming process. To this end, the purpose of the present work
is to develop a comprehensive FE model with fine solid ele-
ments and investigate the detailed deformation mechanism
during the ISF process. In particular, the evolution history
and amplitudes of all the strain components are discussed.
Also, deformation modes of shear, bending and stretching
are examined. Section 2 briefly presents the modelling and
experimental setup for the forming of a truncated cone shape.
The validation of the FE model with measured forces is pro-
vided in Sect. 3. Then, the results and the associated discus-
sion are presented in Sect. 4, followed by the conclusions in
Sect. 5.

2 FE modelling

As the ISF process involves continuously changing localised
plastic deformation as well as large material plastic
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deformation, the simulation must consider high non-linearity
and large plastic deformation. LS-DYNA is a general-purpose
finite element program capable of simulating complex non-
linear problems and can accurately solve dynamic problems
which have 3D elastic–plastic large deformation using explicit
time integration. Therefore, in the present work, the finite
element code of LS-DYNAwas used to perform the numerical
simulation.

In the presented FE model, forming tools were modelled as
rigid bodies and the tool path was predefined using CAM
software. As a benchmark study, the forming process of the
truncated cone was simulated. During the process, the shape
was formed layer by layer with a series of successive contours.
The vertical distance to the adjacent contour was defined as
step-down sizeΔz. Due to changing contact positions and the
three-dimensional tool path, simulations with only a quarter or
a half of the whole part are not recommended [6]. Therefore, a
fully three-dimensional model needs to be realised. To accu-
rately predict the through-thickness shear and bending effect
of the deformed sheet, the element type of SOLID164 is used
in the current model and five elements are meshed through the
thickness direction. The SOLID164 element is an eight-node
brick element, and the default one-point integration option
was chosen due to savings on computer time and robustness
in cases of large deformations. The initial meshing configura-
tion of the metal sheet is shown in Fig. 1 with an enlarged
view of the selected small region d plotted at the top right
corner. Specifically, the sheet was divided into three regions
which allow having different meshing of each region. For the
region which will be contacting with the tool (region B), the
elements are arranged with the same size at 1 mm radially and
meshed into 400 elements circumferentially, which corre-
spond to the size between 0.7 and 1.2 mm. Region A at the
inner base of the cone was meshed freely as the transition zone
towards the centre point of the sheet. For the rest of the sheet

out of the contact region, it was meshed with relatively large
element size as the deformation in this area is quite small and
has little effect for the final results. By using this strategy, the
localised deformation in the contact region in both radial and
circumferential directions can be captured without much dis-
tortion of the elements. As a result, the current meshing is able
to increase the localised precision of prediction as well as
reduce the computing expenditure. The general geometry of
the sheet is square with dimension 300×300 mm, and thus, it
is meshed with 175,000 solid elements. In terms of the bound-
ary conditions in the forming process, nodes that belong to the
four edges of the squared sheet are constrained in all degrees
of freedom. The diameter of the forming tool was 30 mm in
the presented models.

The metal used in the simulation was the aluminium alloy
7075-O sheet with a thickness of 1.6 mm. It was confirmed
from tensile tests that the material can be considered isotropic
since deviations of the stress–strain behaviour in different di-
rections (rolling, diagonal and transverse) are small.
Therefore, the material could be modelled using Swift’s iso-
tropic strain hardening law of σ=K(ε0 + ε)

n. The detailed me-
chanical parameters are listed in Table 1, which were deter-
mined from previous material tests [21]. Only the data of the
stress–strain curve form tensile test before fracture was
imported into the LS-DYNA software, and the strains beyond
the localised point were automatically determined by the LS-
DYNA code. In the code, the vonMises (isotropy) yield func-
tion was used to determine the plastic flow when the stress is
on the yield surface. Based on previous findings, the highest
accuracy in FE modelling will be achieved, whilst mixed
isotropic-kinematic hardening model of Voce–Ziegler has
been selected. But, since this is not the main contribution of
this thesis and the limit of the material testing facility, a simple
material model was used in this FE model. In order to improve
the simulation efficiency, the virtual forming speed was scaled
up by 100 times, in which the ratio of the kinetic energy to the
total internal energy can be controlled within 1 % to ensure a
quasi-static forming process. The determination of friction is
based on our previous work [22] during a groove-forming
process. Specifically, the evaluation of friction coefficients

Fig. 1 The initial meshing configuration of the metal sheet with enlarged
view at the right top corner

Table 1 Mechanical properties of aluminium 7075-O sheets with 1.6-
mm thickness

Material 7075-O

Density (t/mm3) 2.81× 10−9

Young’s modulus (GPa) 70

Poisson’s ratio 0.33

Tensile yield strength (MPa) 92

Ultimate tensile strength (MPa) 198

Plastic coefficient K 352.58

Hardening exponent n 0.221
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was conducted by calculating the absolute value of the ratios
between horizontal and vertical components in the central area
of the specimens, which has beenwidely used byDurante [23]
and Hamilton [24]. According to experimental results, the
absolute value of the ratios shows a slightly growing tendency
in the middle area of the groove caused by the continual in-
crease of the groove depth, which requires more forces to
stretch the sheet during each travel. An average value of
0.18 has been calculated as the average friction coefficient;
hence, this value was used in the FE model. In order to im-
prove the simulation efficiency, the virtual forming speed is
scaled up by 100 times, in which the ratio of kinematic energy
to total energy can be controlled within a limited value.

3 Validation of the FE model

The proposed FE model with solid elements is validated by
comparing the predicted forming forces with experimental
results. In the present work, the forming tests were performed
on a state-of-the-art machine dedicated for the ISF process
designed by AMINO Corporation as shown in Fig. 2. The
machine allows mould-based forming for a maximum size
of 2100×1450×550 mm with a FANUC controller for pre-
cise control. The movement of the two horizontal axes (X and
Y) can have a maximum speed of 60 m/min with a repeatabil-
ity of ±0.05 mm. The vertical (Z) axis is driven by an AC
servo motor with the power of 1 kW that allows a maximum
acting force of 3 kN. Hemispherical tools with the diameters
ranging from 10 to 30 mm were used to deform the material.
The tip of each tool is tungsten carbide, and the body is made
of K110 steel which was hardened and tempered to HRC60.
The forming tool was set not to rotate in this study for all the
tests.

As shown in Fig. 2b, a force sensor was mounted between
the spindle and the tool holder to alleviate the indirect impact
from other structures. The force sensor model K6D175-50
was manufactured by ME-Meßsysteme GmbH, which allows
measuring the three orthogonal force and three torque compo-
nents at the same time. The six-channel signals were recorded

with two NI 9237 data loggers and post-processed with the
LabVIEW SignalExpress software. The forces measured with
this system shown in Fig. 3 were for a 1.6-mm thick alumin-
ium sheet. In this test, as shown in Fig. 2a, a truncated cone
with an outer diameter of 140 mm was formed with a wall
angle of 60° and step-down size of 0.5 mm at a constant speed
of 4000 mm/min. The sheet material used in the present study
was aluminium alloy 7075-O sheet with different thickness
and was cut into 300×300-mm-sized samples.

In Fig. 3, the predicted forming force by the proposed FEM
model was compared with the force measured by the force
sensor. It can be seen that the predicted forces both in vertical
and horizontal components were in good agreement with mea-
sured values, except that the vertical force is slightly
overestimated at the initial stage of the process. It should be
noted that due to the similarity of the two horizontal compo-
nents (Fx andFy), only Fx was plotted for comparison. The
maximum value of Fx can be considered as the tangential
forming force, as it represents the force at 90°, where Fy = 0.
The same trend can be observed from both experimental and
FE simulation results. In one contour, horizontal force Fx

changes in a sinusoidal way between their maximum and
minimum values due to the current tool position relative to
the global absolute axis of the truncated cone. In contrast with
the horizontal force, the amplitude of the vertical force in-
creases during the early phase of the process with small fluc-
tuations between each contour and tends to become steady
with the further increase of the formed depth. The small devi-
ation of the modelled and measured force results for the peak
values may be due to three reasons: (1) 7075-O aluminium
alloy is strain rate sensitive, and artificially increasing the
working speed might adversely affect the accuracy of predict-
ed forming forces; (2) although the same tool path trajectory is
defined in the FE model, the time increment between two
adjacent points is set constant, which may result in a slight
variation of the forming speed. This is reflected from the offset
of the forces obtained from experimental and FE simulation
values shown in Fig. 3. (3) Model boundary conditions might
not have corresponded to reality. In the simulation, the edges
are completely fixed, whilst it may be deflected during actual

Fig. 2 ISF configuration, a
amino incremental forming
machine, a1 a formed truncated
cone and b the implemented force
sensor
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forming processes. However, for the investigation of strain
behaviour and deformation mechanism in this process, the
predicted forming forces during the cone-forming process
are acceptable as conservative measures, although these as-
pects could be further investigated for developing an accurate
force prediction model.

4 Results

In order to investigate and quantify the local deformation be-
haviour in the cone-forming process, four distinct sections (1
to 4 from outer to inner as shown in Fig. 4) along the inclined
wall were selected. Furthermore, strain values with the varia-
tion along thickness direction at each of these sections were
also investigated by checking upper element (the side in con-
tact with the forming tool), lower element (the side without
contact with the forming tool) and the middle element. It
should be noted that the following strain values are presented
in the local Cartesian coordinate system as marked in Fig. 4.
The direction perpendicular to the tool motion and along the
inclined wall is defined as 1, whilst forming direction (circum-
ferential direction) is defined as 2 and thickness direction as 3.

The cross-sectional view of the FE model is presented in the
global Cartesian coordinate system as marked at the lower left
corner in the following figures. In this section, the evolution
history of each strain component and their contributions to the
effective plastic strain during the cone-forming process with
the step-down size of 0.5 mmwill be provided. Since different
values of step-down could be used in industrial applications,
the effect of step-down size on material plastic deformation as
well as formability is also investigated.

4.1 Evolution history of effective strain

Figure 5 shows the evolution of effective strain in the cone-
forming process simulation for sections 1 to 4, from the outer
side (section 1) to the inner side (section 4) of the cone. At
each section, the history of effective plastic strain of both
upper element and lower element are plotted as a function of
the forming depth. The figure shows that the effective strain
values for all the elements are increasing continuously with
the forming depth for all sections, which reflects the inherent
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Fig. 3 Force comparison between FE model and experimental results
(angle = 60, step-down= 0.5mm)

Fig. 4 Four selected critical
sections along the cross section to
check the strain values

Fig. 5 Plastic strain evolution in cone-forming process for upper and
lower elements from sections 1 to 4 (as marked in Fig. 4)
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mechanics of incremental forming process. However, the ef-
fective plastic strain at sections 1 and 2 are relatively small
(less than 0.1) compared with other sections. This may be
explained by the fact that these two sections are located close
to the outer edge of the cone where no substantial plastic
deformation is expected. These already deformed regions
would not be further affected by the forming process. It con-
firms the inherent characteristic of the ISF process that the
major deformation of the sheet is localised around the forming
tool. For this reason, it can also be noticed that the other two
sections (3 and 4) present more severe plastic deformation,
which correspond to the current local contact zone in the cur-
rent tool path. Additionally, by checking the effective strain
value for both sides, an obvious difference can be noticed
between upper and lower elements especially for sections 3
and 4. This difference indicates the existence of the bending
effect. Previous research, from both simulation [19] and ex-
perimental [6] studies, have proved that material bending un-
der stretching was the primary reason for larger plastic strain

on the outer side of the sheet. According to the bending theory
[25], with the same thickness, the element with a smaller local
radius results in a larger bending strain. In the case of the cone-
forming process, the elements at the base corner must have the
smallest radius which is represented as Sect. 3 in the presented
model. This analysis is consistent with the FE simulation as
shown in Fig. 5 that the largest difference of effective strain
between upper and lower values occurred at Sect. 3.

4.2 Strain components

Figure 6 compares the evolution history of six strain compo-
nents along with the plastic effective strain εef. It is shown that
all the values developed monotonically; therefore, it is reason-
able to analyse the strain composition at a certain point. A
column comparison of all six strain components and the plas-
tic effective strain for upper, middle and lower elements at
section 3 is presented in Fig. 7. These values are obtained
when the forming tool is contacting with section 4 at the depth

Fig. 6 Evolution history of all
strain components at section 3

Fig. 7 Strain components for
upper, middle and lower elements
at section 3 at the forming depth
of 20 mm
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of 20 mm. In this study, a feature depth of 20 mmwas selected
due to the following reasons: (a) the long computing time for a
deeper cone (110 h for the current depth), (b) the selected
depth is reasonable to represent the stable deformation process
considering that the failure depth is only 37 mm in the real
experiment and (c) the deformation of the material is localised
so the following forming process has limited effect on the
deformed part. It is noted that the strain component perpen-
dicular to the forming direction (ε11) dominates the total plas-
tic strain at the picked elements with the highest positive
strain. According to the law of volume constancy, the sheet
has to be thinned during this process, which is clearly con-
firmed by the negative thickness strain (ε33) in Fig. 6. The
thinning in the thickness direction could be considered as a
direct indicator for the formability in ISF process since it is
suggested that the fracture of sheet comes from the suppres-
sion of necking before fracture [26]. Not surprisingly, the
strain values in the circumferential direction (ε22) are small

compared with the other two orthogonal directions as the de-
formation in the forming direction is symmetrical and
constrained for extension.

In contrast, shear strain ε23 prevails greatly amongst the
three shear components with negligible ε13. The above results
from FE simulation agree with the experimental measurement
by Jackson and Allwood [6]. It is also noticed that the strain
values are varying through the thickness as shown in Fig. 7.
The lower element on the non-contacting surface was de-
formed with the highest effective strain value, which is mainly
resultant from large-strain ε11 and thickness strain ε33.
However, the in-plane shear strain ε12 takes a significant role
as part of the effective strain value at the upper element. The
above detailed analysis indicates that the deformation mecha-
nism is different in circumferential and its perpendicular di-
rections. More specifically, the deformation mode in the cir-
cumferential (forming) direction is a combination of the trans-
verse shear strain ε23 and also a comparable amount of direct

Fig. 8 Direct strain
perpendicular to the forming
direction (ε11), on a cross section
in ZYplane directly below the tool

Fig. 9 Evolution of the direct
strain perpendicular to tool
motion (ε11) of the elements from
sections 1 to 4
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strain ε22. However, the direct strain ε11 governs the deforma-
tion behaviour in the direction perpendicular to the tool mo-
tion. This confirms that the formation of the inclined wall is
represented by a combination of stretching and bending with
substantial transverse shear. The following sections will dis-
cuss each strain components individually.

4.3 Direct strain perpendicular to the forming direction

It was confirmed from earlier discussion that the direct strain
perpendicular to the forming direction and along the inclined
wall ε11 dominates the magnitude of the plastic strain; there-
fore, a detailed investigation of ε11 is of great importance.
Figure 8 shows the distribution of the direct strain ε11 on a
cross section radially during a cone-forming process. It can be
clearly seen that a circular deformation band is obtained
around the bottom of the cone, which indicates that a consid-
erable amount of direct strain is formed. By contrast, there is
nearly no plastic strain of ε11 at the initial few contours. This is
further demonstrated by Fig. 9. In this figure, the amount of
ε11 for elements at sections 1 and 2 are smaller than 0.04,

which are insignificant compared with the value of around
0.25 at section 4. In the deformation band, the maximum
strain values occurred at the lower surface of the sheet and
with an angle α to the axial direction of the forming tool. This
is consistent with the basic bending theory that the bending
strain is proportional to the distance to the middle surface. For
this reason, obvious bending is recorded around this region,
whilst the rest of the sheet undergoes uniform direct strain
through the thickness. It is also shown that the bending strain
(deviation of strain values between upper and lower elements)
peaks at the forming depth of 10 mm for section 3 when the
direct contact level is just above section 3. Similarly, at section
4, the bending strain is building up as the forming tool is
currently contacting with this section. Therefore, it is conclud-
ed that the bending effect in the direction perpendicular to the
tool motion is greatly affected by the contacting of the forming
tool. More specifically, the bending strain increases with the
approaching of the tool and achieves the maximum value
when the region is currently being formed. Then, the bending
strain reduces to a steady value after the passing of the forming
tool.

4.4 Direct strain parallel to the forming direction

Figure 10 shows the distribution of the strain in forming di-
rection (ε22 tangential direction) along a cross-section plane.
As indicated by the arrow in the figure, the tool is deforming
the sheet leftwards and currently is just above the blue region
on the upper surface. Based on the distribution of ε22, the
deformation zone around the forming tool can be divided into
the following three zones: transition zone, contacting zone and
deformed zone. For the elements on the upper surface, they
undergo a stretching-compressing-stretching process corre-
sponding to the three zones. In the contrast, the elements on
the lower surface experience a compressing-stretching-
recovering process. As a result, the bending effect is intro-
duced due to the deviation of the strain values between upper

Fig. 10 Direct strain parallel to
the forming direction (ε22), on a
cross section in ZX plane directly
below the tool

Fig. 11 Evolution of the direct strain (ε22) of the elements at section 4
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and lower elements. Figure 11 plots the evolution history of
the direct strain ε22 of the upper, middle and lower elements at
section 4. The plot further confirms that the bending effect
does exist when the sheet is plastically deformed. However,
it is noticed that the bending direction is alternating as the tool
passes through the elements.

4.5 Shear strain parallel to forming direction

Figure 12 presents the magnitude of the shear strain compo-
nent in forming direction for upper, middle and lower ele-
ments for all four selected sections. Similar with the effective
plastic strain, the magnitudes of shear strain at sections 1 are
small because of the small amount of plastic deformation.
However, as deformation accrues, much larger values of the
shear strain can be obtained at sections 3 and 4. The above

observation suggests that the shear strain in the forming direc-
tion is proportional to the increase of the plastic strain through
the forming process. Additionally, at all of these sections, the
magnitudes of the shear strain in the forming direction at up-
per elements are comparable to that at lower elements, where-
as the middle elements experience much larger shear defor-
mation. In particular, at the forming depth of 20 mm for sec-
tion 3, the middle element takes on a value of 0.065, which is
more than twice that observed in the lower element (0.030).
This is clearly illustrated in Fig. 13 where a great deal of
transverse shear is elicited in the middle band of the metal
sheet after the forming tool passes. This is not surprising if
considering the deformation along the circumferential direc-
tion as a cantilever beam. It is assumed that the sheet made up
of five layers is subjected to a transverse vertical loading, so
that longitudinal shear stresses must develop to prevent the

Fig. 12 Shear strain evolution
parallel to the forming direction
during cone-forming process for
upper, middle and lower elements
from sections 1 to 4

Fig. 13 Distribution of shear
strain parallel to the forming
direction on a cross section in ZX
plane directly below the tool
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relative sliding between layers. In this case, there is maximum
shear strain at the middle layer, whilst deformation should be
much less at the top and bottom of the sheet because of the
loose restraint of the material.

4.6 Shear strain perpendicular to forming direction

It should be noted the shear component perpendicular to the
forming direction ε13 is much smaller than that of shear strain
ε23. Nevertheless, it is still beneficial to recognise and under-
stand the evolution pattern of it. Unlike other strain compo-
nents, as shown in Fig. 14, the evolution history of ε13 is not
accumulating at sections 3 and 4. A peak value is obtained
only when the forming tool passes through these sections and
then reduces rapidly to zero and negative values. This trend is
easily seen from the inspection of the change of the curvature
at these sections. At the forming depth of 20 mm, as shown in
Fig. 15a, the maximum positive ε13 occurs at section 4, which
is currently being deformed where the sheet is bending up-
wards. Conversely, the maximum negative strain value which
is represented by the blue colour takes place at section 2,
where the sheet is bending downwards. Due to the symmetric

geometry of the truncated cone, a circular band is made up at
the same depth with section 2, which can be seen in Fig. 15b.

4.7 Shear strain in the sheet plan

As mentioned in previous section of the present work,
the ISF process also produces a considerable amount of
in-plane shear strain (ε12 ). However, this strain compo-
nent is not well investigated so far. Figure 16 shows
that the tool tends to drag the sheet in the direction of
forming, shearing it in-plane, especially at the outside
radius of the contact zone when forming a cone. In fact,
the flat base of the cone being formed has experienced
a rigid body rotation about the vertical axis, due to this
shearing. This strain is related to the foreshortening of
the sheet in the forming direction as it is bent down by
the approaching tool. In practice, there is also a signif-
icant variation of in-plane shear strain through the thick-
ness due to plate twisting. The evolution history of in-
plane shear strain during the cone-forming process for
upper, middle and lower elements from sections 1 to 4
is shown in Fig. 17.

Fig. 14 Shear strain evolution
perpendicular to the forming
direction during cone-forming
process for upper, middle and
lower elements from sections 1 to
4

Fig. 15 Distribution of shear strain perpendicular to the forming direction on a cross section in a ZY plane and b ZX plane
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4.8 Effect of step-down

The effect of step-down size on the deformation mechanism
during the ISF process is also investigated. Four FE simulation
cases have been performed with different step-down values
from 0.5 to 4.0 mm as listed in Table 2. All the simulation cases
successfully reached the designed depth (40 mm) except test 1,
in which large hourglass energywas generated due to the severe
distortion of the elements. All calculations were carried out by a
desktop PC with eight threads running simultaneously.

Figure 18 demonstrates the evolution histories of all strain
components for both upper and lower elements at section 3
with the varying of step-down size from 1.0 to 4.0 mm. It can
be seen that the values of all strain components are continu-
ously increasing with the proceeding of the forming process
before contactingwith the forming tool and then followed by a
steady stage after the forming tool has passed section 3
completely at the forming depth of 25 mm. This suggests that
the deformation of the material tends to transfer from a dis-
tributed deformation to a highly localised deformation under
the contact region around the forming tool. At the initial stage,

different strain increments are obtained between the
neighbouring contours if tool paths with different step-down
sizes are adopted. Specifically, as can be seen in Fig. 18,
larger-strain increments at each step are produced with larger
step-down values that are enforced by the forming tool to
achieve the same amount of plastic deformation through fewer
increments. During the forming process, the relations between
strain values of upper and lower elements are inversed for both
strain ε11 and thickness strain ε33. This is due to the changing
of the bending direction in the radial direction of the sheet as
the forming tool passes the section.

Figure 19 compares the strain values for the middle ele-
ment at section 3 with four different step-down sizes at the
forming depth of 20 mm. It is seen that that the effective
plastic strain value decreases with the increase of the step-
down up to 2 mm but remains the same level at 4 mm.
Similar trends can be observed for the amplitude for all the
direct strain components ε11, ε22 and ε33 as well as the shear
strain ε23. However, the shear strain components ε12 and ε13
obtained their peak value at the step-down size of 2 mm, al-
though amplitudes are small compared with other strain com-
ponents. This can be due to the fact that smaller step depth size
leads to smaller tool contour distance between two
neighbouring contours. In the ISF process, material in the
contact zone of the metal sheet is deformed by the tool end
and is hardened repeatedly after each forming contour. In par-
ticular, with small Δz, the amount of already hardened mate-
rial which is deformed by the forming tool in each pass is
higher and may result in more redundant material flow. This
leads to a great increase in the contact stress required to reach
the target deformation. Consequently, higher total strain
values are accumulated in the material with small step-down.
Hence, with small step-down size, although the forming
forces are small due to the limited strain increment in each
step, the final accumulated strain may be large. As a result, the

Fig. 16 Distribution of in-plane shear strain from top view

Fig. 17 In-plane shear strain
evolution during cone-forming
process for upper, middle and
lower elements from sections 1 to
4
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sheet formability will be reduced accordingly. Therefore,
small step depth values should be avoided in consideration
of the formability. As suggested in the present FE simulation,

a step-down size of 2 mm is preferred in consideration of the
strain level and formability.

5 Conclusions

In the present work, FE models with fine solid elements for
the cone-forming process have been established to investi-
gate the deformation mechanism. Firstly, the FE model is
verified by experimental work through the comparison of
forming forces. It is confirmed from FE simulation that the
deformation behaviour in the ISF process is a combination
of stretching, bending and shearing. In addition, the contri-
bution of each strain component to the effective plastic strain
during cone-forming process is discussed. Specifically, direct
strain perpendicular to the tool motion is the major defor-
mation mode in the cone-forming process. This direct strain
could be accumulated to a large value, whilst strain in the
forming direction only alternates at smaller values. Strain
values at both surfaces depend on the bending direction of
the sheet. For the material around the bottom of the cone,
larger strain values are obtained at the lower surface, which
is consistent with the experimental observation that cracks
tend to occur at the lower surface. Shear strain in the forming
direction (ε23) prevails greatly amongst the three shear com-
ponents, and the maximum value occurred in the middle of the
sheet. It is also found that the in-plane shear strain is not

Table 2 FE simulation details
Test no. Wall angle

(deg)
Step-down
(mm)

Sheet
thickness (mm)

Tool diameter
(mm)

Formed
depth (mm)

CPU time (h)

1 60 0.5 1.6 30 20 103

2 60 1 1.6 30 40 200

3 60 2 1.6 30 40 139

4 60 4 1.6 30 40 70

Fig. 18 Strain evolution history with different step-down sizes, a 1, b 2
and c 4 mm
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Fig. 19 Comparison of strain values for the middle element at section 3
with four different step-down sizes at the forming depth of 20 mm
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negligible, especially at the upper surface. Finally, it is also
found that the selection of step-down size could affect the
magnitude of effective strain when the same geometric part
is deformed.
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