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Abstract Single-point incremental forming (SPIF) uses
one small hemispherically ended tool moving along a pre-
defined toolpath to locally deform a completely peripherally
clamped sheet of metal such that the sum total of the local
deformations yields the final desired shape of the sheet.
While SPIF is characterized by greater formability than con-
ventional forming processes, it suffers from significant geo-
metric inaccuracy. Accumulative double-sided incremental
forming (ADSIF) is a substantial improvement over SPIF
in which one hemispherically ended tool is used on each
side of the sheet metal. The supporting tool moves syn-
chronously with the forming tool, therefore acting as a local
but mobile die. ADSIF results in considerably enhanced
geometric accuracy and increased formability of the formed
part as compared to SPIF. In light of the aforementioned
advantages of ADSIF as compared with SPIF, an investiga-
tion of the mechanics associated with the ADSIF process,
which has yet to be presented in the literature, is warranted.
The present study sheds light on the differences in deforma-
tion mechanisms between SPIF and ADSIF. Finite element
analyses are performed to simulate deformation in the two
processes, and a detailed analysis of the deformation history
is presented. It is shown that the presence of the supporting
tool in ADSIF elicits substantial differences in the plastic
strain, hydrostatic pressure, and shear strains as compared
to SPIF. The implications of these trends on the prevalent
modes of deformation in ADSIF along with possible expla-
nations for increased formability observed in the process are
discussed.
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1 Introduction

Incremental forming is a low-volume production, or rapid-
prototyping, process which has received much attention
in the automotive, biotechnology, aerospace, and defense
manufacturing industries due to its increased formabil-
ity, reduced forming forces, and the removal of the need
for product-specific dies. Single-point incremental forming
(SPIF) is the simplest form of incremental forming. In SPIF,
a sheet of material is clamped peripherally and deformed
locally using a single tool moving along a predefined tool-
path. The accumulation of these local deformations amasses
to impart a final desired shape to the sheet. SPIF is char-
acterized by increased formability as compared to conven-
tional processes but is plagued by a lack of geometrical
accuracy of the final product [5]. Double-sided incremental
forming (DSIF) was an improvement on the SPIF process
in which a second tool was used on the opposite side of the
sheet, acting as a local support for the forming tool, which
improved the geometric accuracy as compared to SPIF.
However, loss of contact between the tools and the sheet was
observed as deformation increased which resulted in inad-
equate geometrical accuracy of the formed component [5].
One solution proposed to alleviate this issue involved using
combined force and displacement control such that the sup-
porting tool maintains contact with the sheet throughout the
forming process [8]. While this approach was determined to
successfully maintain contact between the supporting tool
and the sheet during DSIF, the control mechanism requires
the determination of parameters which depend on the shape
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of the part being formed. The parameters used in this control
strategy have to be obtained via iterative experimentation
which reduces the highly advantageous flexibility of the
incremental forming process.

Accumulative  double-sided incremental forming
(ADSIF) is a recently developed [6] enhancement of DSIF
which can significantly improve geometric accuracy and
increase formability without using any shape-specific tool-
ing or dies and with no loss of contact between the sheet
and the tools during forming. In a conventional out-to-in
(SPIF or DSIF) toolpath (Fig. 1a), the tool moves in the
negative Z-direction by an incremental depth AZ, deforms
the sheet along a shape-specific XY-profile at that depth,
then moves down by another AZ, and repeats the process
until the tool reaches the final depth of the component to be
formed. In ADSIF (Fig. 1b), the toolpath is designed such
that the tools form an annulus of the material to the speci-
fied incremental depth AZ and then travel outward in the
plane of the sheet forming another annulus of undeformed
material until a depth AZ, thus causing the previously
formed annulus to move in the negative Z-direction to a new
depth that is twice the previous depth. This process repeats
until the entire component is formed. Figure 2 shows a
schematic of the tool positioning strategy in ADSIF. The
top tool (forming tool) is positioned based on its diameter,
the incremental depth, and the local normal of the desired
shape at the contact point as in conventional out-to-in tool-
paths. The positioning of the second tool is such that the
line joining the centers of the top and bottom tools passes
through the desired contact point of the top tool (Fig. 2).

This strategy can also be generalized to form com-
plex free-form components with features on either side of
the sheet (Fig. 3a). It has been shown experimentally that
ADSIF results in improved geometric accuracy (Fig. 3b)
and increased formability (Fig. 3c) as compared to SPIF
and DSIF. It is important to note here that the components
shown in Fig. 3¢ were formed with the same wall angle in
the ADSIF, SPIF, and DSIF cases. The reason that a lower
depth of the formed components is shown in the case of
SPIF and DSIF out-to-in toolpaths is that the forming pro-
cess was stopped once the sheet metal had fractured. On the
other hand, the sheet did not fail during the ADSIF process.

A significant amount of research related to incremental
forming processes has focused on pinpointing the funda-
mental mechanics of the plastic deformation evolution and
fracture in order to fully utilize the increased formability
observed in the process. Jackson and Allwood [4] conducted
an experimental investigation of incremental sheet forming
(ISF) for both the two-point incremental forming (TPIF) and
SPIF processes. The TPIF process is similar to the SPIF
process but utilizes a prefabricated stationary die on the
opposite side of the sheet from the tool. The authors con-
cluded that the primary deformation mechanisms in both
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SPIF and TPIF are bending, stretching, and shear perpen-
dicular and parallel to the tool motion. Furthermore, they
showed that the shear along and perpendicular to the tool
motion is much higher in ISF than in conventional form-
ing processes. This is different from the previously popular
assumption of pure shear through the thickness of the sheet
with plane strain along the component wall. It was also pro-
posed that the shear perpendicular to the tool motion was

Desired
Shape

(b)

Fig. 1 Schematic of (a) conventional SPIF out-to-in toolpath and
(b) ADSIF toolpath
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Fig. 2 Tool positioning strategy in ADSIF

caused by (1) material build-up as the tool progresses along
the profile of the feature and (2) tool rotation. Jackson and
Allwood [4] also commented on the increased forming limit
seen in ISF processes and proposed that increasing shear
during plastic deformation might be the reason for increased
formability.

The aforementioned work was also supported by
Allwood and Shouler [1] who devised a method using a
generalized forming limit diagram (GFLD) which incorpo-
rates the possibility of all six components of the symmetric
stress tensor to be nonzero. This GFLD therefore takes into
account the characteristic deformation mechanics of nor-
mal stresses and through-the-thickness shear in incremental
forming, unlike traditional FLDs in which the underlying
assumption is that the deformation is plane stress. Emmens
et al. [2] attempted to explain the enhanced formability
seen in incremental forming processes by reviewing six
modes of deformation, i.e., (1) contact stress, (2) bending
under tension, (3) shear, (4) cyclic straining, (5) geometrical
inability of a shear band to grow, and (6) hydrostatic pres-
sure. However, they did not pinpoint the contributions of the
deformation mechanisms towards increasing formability in
ISF processes beyond that of traditional processes.

Silva et al. [9] used a membrane analysis incorporating
hydrostatic pressure-dependent damage and ductile material
failure. Based on experimental observations for the SPIF
process, they also proposed that fracture in SPIF is not pre-
ceded by localized necking. However, Silva did not directly
include through-the-thickness shear effects in the model
which are a significant deformation mechanism in incre-
mental forming. Silva et al. [10] later conducted a study
to characterize the mechanics of deformation in SPIF by
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Fig. 3 a Complex geometries formed using ADSIF on both sides of
the sheet. b Improved geometric accuracy of ADSIF as compared with
SPIF and DSIF, and c increased formability in ADSIF as compared
with SPIF and DSIF for a 50 degree cone

utilizing a finite element method framework. In this work,
Silva proposed that the governing mode of deformation was,
in fact, stretching and that fracture occurs without observa-
tion of necking. However, the effect of shear on material
localization and necking was still not included.

Malhotra et al. [7] used finite element analysis (FEA)
with a damage-plasticity model based on Xue’s fracture
model [11] to simulate the SPIF process and characterize
localization [12] in order to investigate material failure dur-
ing forming explicitly. They reported that the fracture depth,
or formability, and the forming forces compared very well
with experimental observations. An in-depth analysis of the
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deformation history from the FEA was performed to quan-
tify the individual effects of local bending and shear on
sheet metal failure during SPIF. Drawing from observations
made during the aforementioned work [7] as well as exper-
imental observations of ADSIF, the same authors proposed
that increased compression of the sheet along with increased
through-the-thickness shear might be responsible for the
increased formability observed in ADSIF as compared to
SPIF [6].

Fan et al. conducted sheet metal forming simulations of
the deep drawing process and discussed the necessity of
proper selection of process speedup parameters for low-
speed forming processes in explicit FEA in order to avoid
inertial effects. They further examined the effect of increas-
ing the feed rate in the simulation and found that there were
large variations in the punch force [3]. In order to con-
duct the FEA study on the SPIF and ADSIF processes in
a reasonable amount of time, the feed rate in the simula-
tions were increased drastically over the experimental feed
rate, and erroneous inertial effects were observed. For the
present study, the authors have developed a modeling pro-
cedure which can greatly improve the capability of process
speedup in sheet metal forming processes which are char-
acterized by highly localized deformation, e.g., the SPIF,
DSIF, and ADSIF processes.

In light of the previously mentioned advantages of
ADSIF over SPIF as well as previous works covering the
deformation mechanics in SPIF, the governing mechanisms
promoting increased formability in ADSIF as compared
with SPIF deserves closer attention. The purposes of the
present work are to (1) develop a FEA modeling pro-
cedure for SPIF and ADSIF processes, (2) pinpoint the
differences in deformation mechanics of SPIF and ADSIF
using the deformation history obtained from the FEA, and
(3) discuss the possible reasons for increased formability
in ADSIF based on the deformation mechanics. The FEA
model developed herein to characterize the differences in
the two processes is implemented using a piecewise linear
elastic-plastic constitutive model to govern the stress—strain
behavior of the sheet material. Simulations were performed
for SPIF by forming a 40° cone and for ADSIF by forming
a 35° cone with the same process parameters. Appreciable
elastic springback has been experimentally observed in the
SPIF process leading to the choice of different target wall
angles to ensure that the actual formed angle and depth in
the two cases is similar. The choice of the target wall angles
were selected based on the experimental experience of the
authors. Section 2 briefly discusses the experimental setup
and machine for performing the SPIF and ADSIF processes
in order to provide physical reference for the process mod-
eling technique used in the FEA. A detailed overview of the
process parameters, material model, and meshing utilized
within the simulations is described in Section 3. Section 4
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gives a comparison of the mechanics observed from the
deformation history for each process. A discussion on the
impact of each type of deformation mechanism is outlined
in Section 5, followed by concluding remarks and future
work in Section 6.

For the purposes of this study, the focus is only on SPIF
and ADSIF because the conventional out-to-in DSIF pro-
cess (Fig. 1a) is characterized by a loss of contact between
the sheet and the supporting tool [5], and intuitively, the
ADSIF process will have a hybrid set of mechanics com-
prising those seen in the SPIF and DSIF processes.

2 Experimental setup

In the SPIF experimental setup, a square-shaped sheet of
material is peripherally clamped along all outer edges. A
conventional out-to-in toolpath is used in which the defor-
mation begins with features on the neutral plane of the
sheet and ends at the locations of the deepest features of
the final product geometry. Analogous to the SPIF experi-
mental setup, a sheet of material in the ADSIF process is
peripherally clamped in the machine along all outer edges.
The ADSIF process requires the use of two tools, one on
either side of the sheet (one for forming and the other
for acting as a local die). To synchronize the motion of
the two tools in ADSIF, the speed of the first tool (form-
ing tool) is set by the user, and the speed of the second
tool (supporting tool) is automatically calculated based on
the preprogrammed displacements of the forming tool and
the relative locations of the forming and supporting tools.
The experimental setup used for these experiments was
previously developed by the co-authors and is shown in
Fig. 4. The maximum in-plane forming area for this setup
is 250 mm by 250 mm with strain gauge-based load cells
mounted on each tool for measuring forming forces during
the forming process.

For the SPIF experiment, a cone with a wall angle of
40° was formed on a 0.5-mm-thick AA2024 sheet using
a 5.0-mm diameter tool. The toolpath used was a conven-
tional out-to-in contour toolpath with an incremental depth
of 0.025 mm at a feed rate of 5 mm/s. The rotational degree
of freedom of the tool was completely constrained during
deformation. The lubricant used at the tool-sheet interface
incorporates a petroleum jelly base with suspended graphite
particles. The lubricant is applied liberally throughout the
entire experiment which drastically reduces the impact of
friction for the process. For the ADSIF experiment, a cone
with a wall angle of 35° was formed using two 5.0-mm
diameter tools, one on each side of the sheet. The sheet
material, sheet thickness, incremental depth, tool feed rate,
and lubricant used in the ADSIF process were the same as
those used in the SPIF process.
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Fig. 4 a Prototype incremental forming machine fabricated at North-
western University. b Closeup view of the sheet clamping system

The difference in the designed wall angles for SPIF and
ADSIF is to ensure that the final wall angles of the formed
feature are similar such that a comparison is justified. SPIF
is characterized by a significant amount of elastic bending
outside the desired forming area as well as a large amount

of springback of the wall after the process is completed.
This phenomenon results in the final wall angle of the cone
that is formed with SPIF being lower than the designed wall
angle (the target wall angle as implemented in the toolpath).
Therefore, to make a cone with a final wall angle of about
30° (the actual wall angle) using SPIF, the designed wall
angle used to create the toolpath was set to 40°. In ADSIF
on the other hand, the geometric accuracy is significantly
better, and bending of the sheet outside the forming area is
minimal, thus the target wall angle is set to 35° to obtain
a 30° final wall angle. Figure 5 shows a schematic of the
designed geometry used in the simulations.

The cone geometry shown in Fig. 5 was selected for
analysis because of its constant wall angle. By removing
the variation in wall angle from the process, we can eas-
ily analyze and compare the process mechanics of SPIF and
ADSIF without considering their dependence on the formed
wall angle. The particular wall angle chosen for this analysis
was selected because, experimentally, it has been found that
the likelihood of fracture for this component is extremely
low. Since the objective of this work is to analyze the defor-
mation mechanisms in two different forming strategies, it
is ideal to confine our attention to parts which will not
fracture. Finally, the cone geometry is a widely used geom-
etry in the incremental forming research community which

(b)

Fig. 5 Profiles of cones used for (a) SPIF and (b) ADSIF simulations
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Table 1 Material properties of AA2024 calibrated from tensile tests

p (kg/m?) E (GPa) v ay0 (MPa)

2,680 73.1 0.3 282

enables easy comparison of previous and future research
with the results presented in this work.

3 Finite element analysis

The finite element analyses described in the present work
were performed using LS-DYNA explicit for both the SPIF
and ADSIF processes. LS-DYNA was selected as the FEA
solver due to its well-established reputation in explicit anal-
ysis in terms of better speed of computation as compared
with other solvers and also the wide variety of numerical
methods which can be implemented for analysis. Explicit
FEA was selected for the study because the simulations
undergo many small deformation increments during which
contact has to be reestablished for a very large mesh size,
and thus an implicit solver would be much more time-
consuming. Explicit simulations also scale much better than
implicit simulations when solving on parallel computing
clusters (as was used here).

The components shown in Fig. 5a, b were formed in
the simulation of the SPIF process and ADSIF process,
respectively, with the aim of examining the deformation
mechanics in the two processes. A piecewise linear elastic-
plastic material model was used to govern the mechanical
response of the AA2024 sheet during the deformation pro-
cess. The material properties for AA2024 were calibrated
from uniaxial tensile testing and can be found in Table 1,
and the stress—strain behavior is illustrated in Fig. 6.

A schematic of the FEA model used for the simulations
is shown in Fig. 7. To simulate the completely peripher-
ally clamped sheet, as described in the experimental setup,

700
600
500

400

true stress ( MPa )

300

0 0.2 0.4 0.6 0.8 1
plastic strain ( ep )

Fig. 6 True stress—strain curve used to model AA2024 material
response in FEA during deformation
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Fig. 7 Schematic of FEA model showing (a) an exploded view of the
solid model, (b) the meshed model (excludes tooling), and (c) the two
tools used to deform the sheet in the ADSIF process

a fixed encastre boundary condition was applied to the
eight corner nodes of the sheet. Therefore, the material was
impeded from flowing into the forming area during the
process. Additionally, a rigid shell enclosure (Fig. 7a, b)
consisting of a top clamp and a bottom binder was added
along the outer peripheries of the top and bottom surfaces of
the sheet. This shell enclosure prevented movement of the
clamped region of the sheet in the Z-direction, i.e., normal
to the sheet, and friction between the shell enclosure and
the sheet provided a further impediment to flow of material
into the forming region. The tools were modeled as rigid
bodies (Fig. 7c), and friction between the tool/s and work-
piece was neglected. Although friction is present to some
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extent, it is assumed for the current study that there is no
effect of friction between the tool/s and workpiece due to the
liberally applied lubricant discussed previously. The impact
of friction on the mechanics of the ADSIF process will be
investigated in future work.

The Flanagan—Belytschko stiffness-based hourglass con-
trol formulation for explicit analysis was used to reduce
any zero-energy deformation modes that might have devel-
oped during the deformation of the sheet in the simulations.
Because the experimental feed rate of the tool/s in the SPIF
and ADSIF processes is a quasi-static 5 mm/s, the sim-
ulation time required to model the exact process at the
experimental speed would be tremendous. To reduce com-
putational time, mass scaling was used to increase the stable
time step, and the tool speed (top tool) was increased to
750 mm/s. The speed of the bottom tool was also increased,
of course, but only implicitly based on its relative loca-
tion to the top tool such that the relative preprogrammed
positions of the two tools with respect to each other were
maintained at all times. Furthermore, because the material
selected for the experiments and simulation has been exper-
imentally observed to be highly non-strain rate-sensitive,
increasing the tool speed has little to no effect on the sheet
material behavior.

During initial studies of the SPIF process using FEA, the
simulation was seen to accrue large dynamic oscillations
during deformation which were also present in the ADSIF
process simulation but were much less detrimental. This was
attributed to the fact that in the ADSIF process, the sheet is
constrained between the tools, and as a result, the portion
of the sheet outside the desired forming region undergoes
minimal undesirable deformation. Therefore, increasing the
tool speed in ADSIF simulations does not greatly con-
tribute to dynamic instabilities outside the desired forming
area but can cause noticeable erroneous results. In SPIF,
the deformation is inherently uncontrolled, a fact that has
been reported earlier as well [5]. When the tool speed
was increased in the SPIF simulation, the dynamic oscilla-
tions caused the sheet to vibrate over a large area inducing
high-amplitude spurious wave reflections from the clamped
boundary of the blank. This caused the simulation to either
cease or produce nonphysical results.

To circumvent this issue, global mass damping was added
to the system in the SPIF simulation for all six (translational
and rotational) degrees of freedom to reduce the onset of
dynamic oscillations. Another measure used to reduce spu-
rious wave reflections along the boundary of the sheet in
the SPIF simulation was the application of a nonreflecting
boundary condition outside the forming area opening, but
inside the clamped region. Figure 8 shows the section of
the sheet that was selected to have a nonreflecting bound-
ary condition. The ADSIF simulation was conducted using
the same global mass damping and nonreflecting boundary

Forming Region

Non-Reflecting Boundary

(b)

Fig. 8 Schematic of FEA model showing (a) the location of the
clamps compared to (b) the location of the nonreflecting boundary
condition applied during the simulations

conditions as in the SPIF simulation to maintain as much
congruency between the model methods as possible.

It is important to note that the forming area of the sheet
and the nonreflecting area of the sheet are connected as
though they are a single workpiece. However, in order to
apply the nonreflecting boundary to the region shown in
Fig. 8, the region is required to be assigned as a strictly
elastic material. This type of an assumption is only justified
by the fact that the area where the condition is applied is
completely clamped during experiments and, in a worst case
scenario, will incur only elastic deformations. As shown
in Fig. 8, the interface between the elastic nonreflecting
boundary and the elastic-plastic forming area is enclosed by
the top and bottom clamps.
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The mesh for the sheet was identical for the SPIF and
ADSIF simulations and consisted of 555,768 linear brick
elements with reduced integration elements with an aver-
age in-plane element size of 0.404 mm by 0.325 mm in the
radial direction of the desired forming region. In order to
capture the effects in the directions perpendicular (radial)
and parallel (tangential) to the motion of the tool, the sheet
was radially meshed in the region where contact with the
tool is to occur, i.e., where the cone is to be formed. The
blank was meshed with eight elements through the thickness
in order to model local sheet bending correctly [7]. For both
simulations, the top and bottom clamp sections are posi-
tioned at 0.06 mm from the top and bottom surfaces of the
sheet, respectively. The initial placement of the tools with
respect to the sheet is also 0.01 mm from the top and bottom
surfaces of the sheet.

Selected details of the SPIF and ADSIF simulations are
shown in Table 2. The ADSIF simulation was performed on
a parallel computing cluster by utilizing eight nodes with
eight processors per node for a total of 56 processors. The
SPIF process simulation was performed on the same cluster
using six nodes with eight processors per node for a total of
48 processors.

4 Deformation analysis of SPIF and ADSIF

In order to compare the deformation mechanics in SPIF and
ADSIF, certain key deformation indicators are plotted as the
deformation progresses. These indicators include the plas-
tic strain evolution €, hydrostatic pressure p, and the shear
strains both parallel € zx and perpendicular €7y to the travel
direction of the tool. These deformation indicators are plot-
ted at four distinct sections, A to D (Fig. 9a), along the walls
of the cones created in the ADSIF and SPIF process simula-
tions. Furthermore, at each of these sections, the indicators
are plotted for elements on the inner side (the side in contact
with the top forming tool) and outer side (the side in con-
tact with the bottom supporting tool) of the sheet (Fig. 9b).
Figure 9 shows the approximate location of each of the four
sections in the deformed and undeformed configuration as
well as the locations of elements 1 (inner side) and 8 (outer
side) along the deformed cone profile for a given section of
interest.

Table 2 FEA model details

Case Tool Time step Simulation Mass damping
speed with mass time (days) scale factor
(mm/s) scaling (s)

SPIF 750 1.60E-6 24 100

ADSIF 750 1.60E-6 30 100
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Fig. 9 Schematic showing (a) sections along the formed component
wall at which the deformation history is examined, and (b) elements
through the sheet thickness for which the deformation indicators are
plotted for sections A-D

As mentioned in previous sections of the present work,
the SPIF process elicits a great deal of springback which
cause the designed and actual depths to be different.
Figure 10 shows a contour of the vertical displacements of
the cone contours of the SPIF and ADSIF simulations. Note
that the neutral plane of the sheet is located at the top surface
of the sheet prior to any deformation, and the feature edges
correspond to the locations where the tool begins and ends
contact with the sheet. The contours shown in Fig. 10 are
from each of the simulations at the final stage of the form-
ing process after release of the material (the tool is no longer
in contact). In Fig. 10a, we can see that in SPIF, there is a
considerable amount of deformation away from the edge of
the feature which gives the illusion that the formed depth is
over 13.5 mm. By taking into account the deformation out-
side the feature edges, we find that the actual feature depth
is just under 11.0 mm. A comparable depth is seen in the
feature created using ADSIF (Fig. 10b) after considering the
amount of residual positive vertical displacement of the fea-
ture edge above the neutral plane of the sheet which yields
a final depth of about 11.5 mm. We can also see in Fig. 10a
that although the feature edges make an approximate 30°
angle from the neutral plane of the sheet, the feature wall for
the SPIF case is highly curved, making a smooth transition
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Fig. 10 Contours of the vertical positions of the cone profiles in the
(a) SPIF and (b) ADSIF simulations including the location of the
feature edges and the neutral plane of the sheet

from the outside the feature to the inner filets. This smooth
transition shows the geometric inaccuracy of the SPIF pro-
cess during the initial stages of deformation because the
feature edges are not meant to have such a large radius of
curvature (Fig. 5a). Figure 10b shows that the fillets at the
neutral plane of the sheet are much better in the ADSIF case
than in the SPIF case. The ADSIF simulation also yielded a
feature wall of approximately 30° that was quite straight and
thus closely matched the geometry of the intended feature
(Fig. 5b).

The deformation indicators at sections A through D are
plotted against Z-depth. It should be noted that for the
remainder of this work, the plots that specify the abscissa as
Z-depth are actually plotted against the depth at which the
tool has moved the top surface of the sheet during deforma-
tion. This means that the Z-depth is the actual displacement
of the top surface relative to the neutral plane of the sheet
in either the SPIF or ADSIF simulation while loaded by the
tool/s.

4.1 Plastic strain evolution
Figures 11 and 12 show the evolution of plastic strain €, in

the SPIF and ADSIF simulations, respectively, for sections
A through D, elements 1 and 8, at each section. In ADSIF,
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Fig. 11 Plastic strain evolution in SPIF for sections A through D,
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the deformation of a particular region of the sheet material
can be decomposed into three stages of contact (Fig.13). In
the first stage, a particular section of the material is in con-
tact with one tool, i.e., the bottom tool. In this stage, the
bottom tool supports and pushes the sheet in the positive
Z-direction. In the second stage, the material is in contact
with both the top and bottom tools simultaneously, which
corresponds to the primary stage of deformation in the pro-
cess where the sheet is being squeezed between both tools
to form the sheet into the desired shape.

Subsequently, in the third stage, the material is again in
contact with just one tool which is generally the top tool,
but, under certain conditions, the contact could be between
the sheet and the bottom tool. The plots in Fig. 12 mark
these three phases during the deformation of each section
distinctly for both elements 1 and 8. The evolution of plastic
strain shown in Fig. 12 which corresponds to the duration
of contact with the top tool only, both tools, and the bottom
tool only for the ADSIF simulation are shaded in purple,
orange, and green, respectively.

In SPIF, there is only one stage of contact which corre-
sponds to the tool being in contact with a given section of the
material. This stage is marked in purple in Fig. 11 as it rep-
resents contact with only the top tool. This form of denoting
the contact stages during deformation of a particular section
of the blank material is continued through the remainder of
this paper.

Some physical trends that can be observed in Figs. 11 and
12 are as follows:

1. In ADSIF, there is a significant but consistent differ-
ence in the plastic strain between the inner (element 1)
and outer (element 8) sides of the sheet of about 0.2.
In SPIF, this difference ranges from 0.0 to 0.25 where
the minimum is at section A, formed first in the pro-
cess, followed by the maximum at section B, formed
second in the process, leading to a smoothly decreasing
trend until section D, the last section to be formed in the

Section of Interest

Top Tool—>
op 100 / Stage 1:

Bottom Tool—> Contact with Bottom Tool

Stage 2:
Contact with Both Tools

Stage 3:
Contact with Top Tool

Fig. 13 Schematic showing the stages of contact for a particular
section of the blank material in ADSIF
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process, where the difference in effective plastic strain
between the inner and outer sides of the sheet takes on
a value of just under 0.05. This trend is an indicator
that the primary modes of deformation change greatly
in SPIF as the deformation accrues, specifically on the
inner side of the sheet, whereas they are more consistent
in ADSIF.

2. As shown by Malhotra et al. [7], the sheet bends locally
around the forming tool in SPIF. This is the primary rea-
son for larger plastic strain on the outer side of the sheet
(element 8) which is being stretched as compared to the
inner side of the sheet (element 1) which is being com-
pressed. A similar phenomenon also occurs in ADSIFE.
However, an additional mechanism that comes into play
in ADSIF is the effects of the bottom tool. The bot-
tom tool drags the outer side of the sheet (element 8)
along the direction of tool motion as well as causing
compression of the sheet between the two tools.

3. In SPIF, the amount of plastic strain tends to increase
with formed depth, while in ADSIF, the opposite is true.
While the authors plan to look further into this phe-
nomenon in the future, it is proposed that the reason for
the gradual decrease in plastic strain over time in the
ADSIF process is closely related to the curvature of the
feature being formed at a given depth.

4. Figure 12 also shows that the plastic strain at any sec-
tion in ADSIF develops much more quickly during
stage 2 contact, i.e., when both tools are in contact with
the section, as compared to the stages when only one
tool is in contact with the section (stage 1 and stage 3
contact). This sudden rise in plastic strain during stage
2 contact can again be attributed to the extra shear,
compression, and stretching caused by the supporting
tool.

5. The time periods when both tools are in contact with a
particular section of the sheet during ADSIF are typi-
cally smaller than the tool contact period in SPIF. This
means that the plastic strain in ADSIF increases almost
instantaneously during the short-term contact with both
tools, whereas in SPIF, the plastic strain development is
more gradual and occurs over many more passes of the
tool. Furthermore, the plastic strain in ADSIF shows a
slight increase before the tools actually reach the sec-
tion of interest. This is probably caused by shearing of
the material during the radially outward motion of the
tools due to bending and bunching of the material in
front of the tool which causes dragging in the direction
of tool motion.

To summarize, the presence of the supporting tool in
ADSIF results in additional shear and compression on the
outer side of the sheet during contact with just the bot-
tom tool and additional shear and compression of both the

inner and outer elements during contact with both tools
as compared to SPIF. This manifests itself in two major
ways in terms of its effects on the plastic strain. First, the
additional compression along with the confinement of the
sheet between the tools causes the difference between plas-
tic strains on the inner and outer sides of the sheet to be
consistent as deformation evolves in ADSIF, indicating bet-
ter control of the plastic strain through the process and also
better uniformity in the deformation mechanics throughout
the process, which is not the case in SPIF. Secondly, the rise
in plastic strain in ADSIF is much higher during stage 2 con-
tact, i.e., when both tools are in contact with the sheet, as
compared to that in stage 1 and stage 3 contact. In addition,
the radially outward motion of the tools in ADSIF causes
bunching and shearing of the material prior to stage 2 con-
tact, followed by slight stretching after stage 2 contact, and
consequently a small increase in plastic strain is present
during stage 1 and stage 3 contact.

4.2 Hydrostatic pressure evolution

Figures 14 and 15 show hydrostatic pressure evolution with
respect to formed depth during the contact stages of the
SPIF and ADSIF simulations, respectively.

The bending and stretching of the material around the
tool is observed to reverse after the tool has passed over
a particular section of the sheet in the SPIF process. This
phenomenon has also been observed in a previous work [7].

In stage 1 contact in the ADSIF process, i.e., when only
the bottom tool is in contact with the sheet, the hydro-
static pressure in the elements on the outer side of the sheet
grows in the positive direction, implying a greater state of
compression, whereas on the inner side of the sheet, the ele-
ments tend to stay in a state of nearly constant tension due
to bending and stretching around the bottom tool. This is
inversely similar to the trend seen in the early stages of the
SPIF results, where the material bends and stretches around
the top tool (Fig. 14), causing compression of the inner
elements while the outer elements are stretched.

Once stage 2 contact has begun, i.e., both tools are in
contact with the section being examined, there is a very
apparent and almost instantaneous reversal of the state of
hydrostatic pressure in elements 1 and 8. Essentially, the
sheet is squeezed between the tools and also stretched
around the tools such that the section which was pushed
upwards in the Z-direction during stage 1 contact is now
being pushed radially outward and downward by the top tool
(Fig. 15). This causes the top surface of the sheet to undergo
large compressive loading in each section while the bottom
surface of the sheet undergoes compressive loading during
the initial stages of the process, although to a much smaller
amount than the top surface, and then later in the process,
1.e., sections A and B, the elements on the outer side of the
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sheet switch to a tensile state. In the early stages of the pro-
cess, the sheet is being squeezed between the tools with a
minimal contribution from stretching and thus the compres-
sive load on both the inner and outer elements. It should be
noted here that the outer elements switch from a state of
compression in the initial stages of the ADSIF process into a
state of tension as the deformation develops. Once again, it
is proposed that this also closely related to the curvature of
the feature at a given formed depth, and the authors wish to
further explore this theory in future work. The magnitude of
the hydrostatic pressure on the outer side of the sheet (ele-
ment 8) is always lower in magnitude than that on the inner
side of the sheet (element 1) during stage 2 contact. This
is due to the fact that the tools move in concentric circular
paths of increasing radii in which the top tool, which con-
tacts the inner surface of the sheet, must be the primary tool
which pushes the sheet in the outward direction.

During stage 3 contact of the ADSIF process, the sec-
tion of the blank material being examined has already been
deformed and is in contact only with the top tool. The top
tool during this stage of contact has a minimal effect on the
overall state of hydrostatic pressure in the ADSIF process.
In general, this is the start of yet another reversal process in
the hydrostatic pressure such that the section is left in nearly
the same state of hydrostatic pressure as that observed prior
to contact with either tool.

Note that the amount of compression in ADSIF is typ-
ically much higher than in SPIF, specifically for element
1, due to the squeezing effect of the second tool which
has implications in discerning an explanation for increased
formability in ADSIF. Furthermore, note that the repeated
bending and unbending of the material probably causes
greater strain hardening than in SPIF which again has conse-
quences on formability as well as operational performance
of the formed part.

4.3 Shear strain parallel to tool motion

The magnitude of the shear strain €z parallel to the direc-
tion of motion of the tool in SPIF and ADSIF is plotted in
Figs. 16 and 17, respectively. For SPIF (Fig. 16), the mag-
nitude of the shear in element 1 is comparable to that in
element 8 in the beginning of the process (sections A and
B). However, as deformation accrues the magnitude of the
shear strain parallel to the direction of the tool becomes
much larger on the top surface of the sheet than on the bot-
tom surface, element 1 taking on a value of nearly twice
that seen in element § at section D. The rate of shearing of
the elements in the direction parallel to tool motion is great-
est during contact with the tool, staying relatively unaltered
before and after contact with the tool, and the magnitude of
€zx increases as the depth of deformation increases until
the transition from sections C to D where there was very
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little change observed. These observations agree with past
experimental observations by Jackson and Allwood [4] and
numerical results by Malhotra et al. [7].

For ADSIF, Fig. 17 shows that €z is initially, section D,
greater on the inner side of the sheet (element 1) than on the
outer side of the sheet (element 8). As the deformed depth
becomes greater, this trend is reversed as seen from sections
A, B, and C. Also, the shear parallel to the motion of the tool
in element 8 is observed to increase as the depth increases,
and the opposite is true of element 1.

This is due to the fact that during the ADSIF process, the
material tends to bunch up in front of the top tool, but not so
much in front of the bottom tool. Therefore, the elements at
the top surface of the sheet are dragged in the direction of
the tool and flattened during the initial stages of deformation
in ADSIF, causing greater shear in element 1. As the defor-
mation progresses, the tendency for this material bunching
reduces, and the strain trends are reversed. Note that as in
the case of plastic strain evolution, the rate of deforma-
tion in ADSIF is maximized during contact with both tools,
i.e., during contact stage 2. Also, the magnitude of €7y is
slightly greater in SPIF than in ADSIF, specifically for ele-
ment 1, and the trends of €zx evolution are much different
between the two processes.

4.4 Shear strain perpendicular to tool motion

The evolution of shear strain in the direction perpendicu-
lar to the tool motion €zy in SPIF and ADSIF is shown in
Figs. 18 and 19, respectively. It can be seen that the mag-
nitude of €zy is one full order higher in ADSIF than in
SPIF. This indicates that increased shear perpendicular to
the motion of the tool is a significant effect of the support-
ing tool on the process mechanics of ADSIF. Additionally,
the magnitude of €zy is significantly higher than the mag-
nitude of ezx (Fig. 17) in ADSIF. The e¢zy in ADSIF
also decreases in magnitude as the depth of deformation
increases (from sections D to A) and remains unchanged
before and after the three stages of contact. In contrast,
the magnitude of €zy in SPIF is slightly less than that of
€zx and is quite constant before and after contact with the
tool.

Figure 19 also shows a rapid increase in €zy during
contact with both tools in ADSIF which is similar to the
phenomenon seen for the effective plastic strain and shear
strain parallel to tool motion (Figs. 12 and 17, respectively).
For the SPIF process, shear perpendicular to the tool travel
is lesser than that parallel to it because the primary mecha-
nism for this type of shear in SPIF is bunching of material in
front of the tool via protrusion of the tool into the material.
This bunching of the material is much lower in SPIF than
that in ADSIF because the deformation is not as well con-
centrated into a local deformation region (Fig. 10). This can
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be attributed to the top tool being forced to protrude into the
sheet further via the opposing force from the bottom tool in
ADSIF.

5 Discussion

In this section, the authors wish to provide a discussion
which focuses on the primary implications of the defor-
mation mechanisms observed for ADSIF in the present
work.

5.1 Deformation mechanisms in ADSIF

It was found in this work that the dominant modes of defor-
mation in the ADSIF process are local bending of the sheet
around the tool combined with a squeezing effect due to
the outer tool as well as shear perpendicular to and paral-
lel to the motion of the tools. It was shown that the material
undergoes three different stages of contact with the tools
in ADSIF which are denoted as stage 1, stage 2, and stage
3 contact (Fig. 13). It was observed that plastic strain and
shear strain at a particular material section evolved fastest
during stage 2 contact, i.e., when both the tools were in con-
tact with the sheet (Figs. 12, 17, and 19). Furthermore, the
magnitude of shear strain perpendicular to the motion of the
tools and plastic strain in ADSIF (Figs. 12 and 19) were
higher than those observed in SPIF (Figs. 11 and 18).

The sign of the hydrostatic pressure in ADSIF was found
to reverse between stage 1 and stage 2 contact (Fig. 15)
which indicated a bending and unbending behavior of the
sheet material between these stages of contact. Addition-
ally, it was found that the magnitude of hydrostatic pressure
was much higher in ADSIF as compared with that in SPIF,
especially during stage 2 contact, when both tools were in
contact with the sheet simultaneously.

The higher magnitudes of shear strains and hydrostatic
pressure in ADSIF as compared to SPIF indicate a signif-
icant increase in shear and volumetric deformation caused
by the presence of the second tool. This is also supported by
the fact that these trends were significantly magnified while
both tools were simultaneously in contact with the sheet
material during ADSIF.

Another difference observed between ADSIF and SPIF
was the phenomenon of material bunching which mani-
fested most prominently in terms of increased shear on the
inner side of the sheet (element 1). The bunching of material
ahead of the top tool along the radial and tangential direc-
tions during the initial portion of the deformation in ADSIF
causes the material on the inner surface of the sheet to be
first bunched up and flattened out further than those on the
outer side of the sheet. This bunching phenomenon does not
occur for the bottom tool as much as it does for the top

@ Springer

tool, and therefore, the shear perpendicular to the motion
of the tool is generally less on the outer side of the sheet
than on the inner side of the sheet, and the magnitude of
perpendicular shear on the outer side of the sheet after con-
tact with the tools remains relatively constant over the entire
deformation history, i.e., for all sections analyzed. The rea-
son for the lack of bunching in front of the bottom tool is
probably that the boundary of the material will have a ten-
dency to create a moment and upward force to counteract
the downward deformation, and thus, the protrusion of the
top tool is increased, whereas the material tends away from
the bottom tool. Furthermore, as the deformation proceeds,
the extent of this bunching reduces. Since only one tool is
used in SPIF, this material bunching phenomenon is negli-
gible, but the shear strains are almost always higher on the
inner side of the sheet in the direction parallel to the motion
of the tool (Fig. 16), reaching a maximum difference in sec-
tions C and D when the shear parallel to the motion of the
tool in element 1 is about twice that of element 8.

The intensity of the deformation experienced in ADSIF
in the local tool contact zone as compared to SPIF was
observed to be much greater.

5.2 Implications on fracture in ADSIF

The primary mechanics of deformation and fracture in SPIF
have been investigated by Malhotra et al. in [7] using a
damage plasticity-based finite element model. They showed
that the tendency for the sheet metal to fracture during the
forming process is retarded by increasing hydrostatic pres-
sure as well by increasing through-the-thickness shear (ezx
and €zy). This was supported by a work performed by
Meier et al. [8] and by Allwood and Shouler [1]. The
authors showed that the maximum strain before failure,
forming forces and failure depth predicted by FEA matched
quite well with those obtained from experiments [7]. It has
also been shown that ADSIF is characterized by increased
formability in addition to enhanced geometric accuracy
and greater process flexibility [6]. The increased hydro-
static pressure and greater through-the-thickness shear in
ADSIF, as shown in this work, might be the deformation
mechanisms that are responsible for the increased forma-
bility observed in ADSIF, especially in light of the work
mentioned previously in this section that has shown these
deformation mechanisms to increase formability in sheet
metal forming operations.

Note that the repeated bending—unbending nature of
deformation in ADSIF causes greater material hardening
than in SPIF. Furthermore, the greater hydrostatic pres-
sure probably prevents shear bands from developing, or,
once developed, the compressive load state impedes voids
from growing further, thereby inhibiting complete material
fracture. Both of these observations have significant and
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positive implications for the operational life of components
formed using ADSIF as compared to components formed
using SPIF.

6 Conclusions and future work

Th ADSIF and SPIF processes are simulated in this work
using FEA to study the difference in the deformation
mechanics of the two processes. From a FEA point of view,
it was found that artificial dynamic oscillations might occur
in the SPIF simulation due to increased tool speed and due
to the uncontrolled nature of deformation in SPIF. Mass
damping and the use of nonreflecting boundary conditions
for the sheet metal have been found to be effective in resolv-
ing these issues without causing any apparent numerical
inaccuracy. For the ADSIF simulation, it was found that
the constraint provided by the additional supporting tool
was sufficient to circumvent these instabilities, but in order
to improve the comparison, the same numerical techniques
were employed for both models.

A detailed analysis of the deformation history obtained
from FEA has been used to show that while ADSIF exhibits
some of the traits of the SPIF process, the behavior dur-
ing deformation in its entirety is much different. ADSIF
is characterized by a bending—unbending nature of defor-
mation along with squeezing of the sheet as specified
in terms of three separate stages of sheet—tool contact.
ADSIF also causes the sheet metal to be subjected to
greater plastic strains, through-the-thickness shear strains
and greater hydrostatic pressure than in SPIF. The primary
cause for this is the highly localized nature of deforma-
tion in ADSIF as well as the presence of the additional
supporting tool. Based on past research by the authors as
well as by other authors, along with the trends in deforma-
tion mechanics observed in this work, it is proposed that
the higher hydrostatic pressure and through-the-thickness
shear are probably the reasons for increased formability in
ADSIF.

In future work, the authors will further develop the pro-
cess modeling technique for the ADSIF process to include
damage and fracture of the sheet material. This informa-
tion will also be used to manipulate process parameters
to increase formability as well as to quantitatively pre-
dict forming forces and failure. The authors will also
explore further the dependence of process mechanics on the

curvature of the desired component as well as the depen-
dence on friction at the tool-sheet interface.
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