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RESUMEN

® |3 embuticion es uno de los métodos
tradicionales de estampado empleados para el
conformado de chapa en lotes grandes. Cuando
se quiere producir un prototipo o un lote
pequefo de piezas, el conformado incremental
de chapa debe ser considerado. El proceso de
conformado incremental de chapa mediante un
punto es una de las opciones mas empleadas
debido que las instalaciones especiales son
poco complejas. Existen trabajos publicados
en relacion a este tema, especialmente para
aleaciones de aluminio y acero. En este trabajo
se ha experimentado con la aleacion de titanio
ASTM B-265 grado 2. Se ha efectuado un
trabajo de simulacion mediante elementos

finitos mediante Solidworks®, software que no es

empleado habitualmente para la simulacién de

este tipo de procesos. Tres experimentos han sido

llevados a cabo para establecer la potencialidad
del software en la resolucion de problemas no
lineales, lo que constituye el objetivo principal
del trabajo. Se ha construido un prensachapas
experimental para medir las fuerzas que
aparecen en el contacto herramienta-pieza.
Los resultados experimentales y la simulacion
concuerdan, lo que demuestra que las no
linealidades existentes en el proceso son bien
simuladas mediante este software. También
se establece que el alcance del software esta
limitado a trayectorias cortas de la herramienta
lo que no permite simular piezas muy grandes. El
método experimental presentado aqui permite la
elaboracion de piezas completas.

e Palabras clave: Conformado Incremental de
Chapa, titanio, simulacion, FEM.
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ABSTRACT

Deep drawing is one of the traditional stamping processes
used for producing large-batch sheet metal parts. When a pro-
totype or a small batch of parts have to be produced, the Incre-
mental Sheet Forming (ISF) technique should be considered.
Single Point Incremental Forming (SPIF) process is one of the
mostly-used options as they do not require complex facili-
ties. Many studies of SPIF have been shown in the literature,
especially for aluminum alloys and low carbon steels. In this
work, a SPIF process of ASTM B-265 grade 2 Titanium sheet
has been experimented. An introspection to the simulation
has been carried out by the finite element method (FEM) in
a Solidworks® environment that is not usually used in this
arena. Three different simplified experiments have been per-
formed in order to establish the potential of Solidworks FEM
SPIF simulation. An instrumented blankholder has been built
to measure the forces that act on the sheet and the tool. Ex-
perimental and simulated results were compared and a high
grade of agreement was found what demonstrates that typi-
cal non-linearities involved in the process are well simulated
with this kind of software. It has been found that Solidworks®
FEM is limited to a short path processes. The experimental
method herein presented has been well established by forming
complete shapes.

Keywords: Incremental Sheet Forming; titanium, simula-
tion, MEF.

1. INTRODUCTION

The research carried out in the field of Single Point Incre-
mental forming process [1-3], has shown that this process can
be done in a numerical control milling machine aided with a
design and manufacturing software (CAD/CAM) to develop
the shape of the sheet before the forming process and to con-
trol the forming tool path, respectively. This process is dicless
unlike the traditional deep drawing processes that need expen-
sive dies. SPIF is a process in which there is a single forming
tool whose motion is in the horizontal sheet plane labeled as
the X-axis and the Y-axis, and the vertical Z-axis being the
direction in which deformation takes place [4].

With Solidworks® standard module it is possible to obtain
the expected design of the sheet after the forming process [5].
On the other hand, CAMworks® is a Solidworks® module to
program the forming tool path. Finally, the Solidworks Simu-
lation® module is used to obtain the stresses, displacements
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and strains involved in the forming operation by the finite ele-
ments method. In this way, the part design, the forming tool
path and the process simulation are developed by the same
software package and consequently, the process compatibil-
ity and integrity is guaranteed. Gomez et al [5] simulated a
squared base pyramid of DC-05 steel with Solidworks® pack-
age and obtained as a main result that permanent strains were
very small because the tool only was able to reach 8 mm in
Z axis; that is, the maximum depth that they could simulate
was 8 mm. Thus, the involved stresses were very small and
hardly overcame the material yield point. In addition, the X,
Y, Z steps of the forming tool path were large compared to the
real SPIF processes values, around 0.5 mm.

Previously to the indicated recent work [5], many other
works about SPIF simulation and experimentation have been
developed. An incremental sheet forming process was carried
out with two robots on DC-01 steel sheet and this procedure
was called Roboforming by the authors [6]. The design and
the forming tool path were carried out with Solidworks® and
CAMworks® respectively, while simulation was realized with
LS-Dyna® software using an explicit dynamic solver. This
kind of solvers is more robust for that processes in which
many non-linear situations take place. The problem of Robo-
forming is the low stiffness of the robots sometimes used in
the process and therefore the CNC milling machine may be a
better option to drive the forming tool.

Numerical simulation in LS-Dyna® software using explicit
dynamic solver and experimental validation of micro squared
base pyramid was developed on copper steel sheet [7]. The
height and the side length of the pyramid were 4 mm and
5 mm respectively. Another similar work [8] used the DY-
NA3D® software to simulate the process of SPIF of a small
squared base pyramid with a height and a base side length of
10 mm for both of them.

Pyramids of larger dimensions have been simulated with
the LAGAMINE non-linear FEM code [9]. This one consists
of a lagrangian based method developed by the ArGEnCo de-
partment of the University of Liége. The code can simulate
large displacements and deformations having available a large
library of finite elements and constitutive laws.

The general trend in these works is to use the LS-Dyna®
software [10] with dynamic explicit solver to do the simula-
tion of small parts because the non-linearities like the behavior
material, the contact between tool and sheet, the force varia-
tion and large strains and displacements turn the simulation
into an extremely slow process with very large computation
times. In some cases a specific algorithm or application is de-
veloped to do the simulation.

Although SPIF process has been simulated with Solid-
works, the results have not been sufficiently compared to ex-
perimental results due to the limited dimensions that can be
formulated. However, the authors of the present work think
that the simulation with Solidworks should permit to evaluate
simple paths of the tool or isolated effects. The aim of this
work is to do a local simulation consisting of the tool push-
ing on the sheet as a very short part of the SPIF process and
to validate experimentally the simulation results in order to
obtain the capacity of this software for simulating SPIF pro-
cesses. At the final stage of the work a complete experimental
SPIF process of two pyramids (squared and rounded) will be
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showed in order to demonstrate the capability of the process.
Titanium alloys have a great interest for forming parts in bio-
medical applications. The experimental material selected in
this work is a ASTM B-265 titanium alloy that it is thought to
be a good formability.

2. MATERIALS AND METHODS

2.1. SIMULATION PROCEDURE

Along the Incremental Sheet Forming history a great effort
has been done to improve the simulation of this process for a
better understanding of the involved mechanics fundamentals
and to be able to predict the material behavior by some me-
chanics analysis software, being the finite elements (FEM) the
most employed methodology for those analysis. This method
is applied in mechanic analysis software like Abaqus®, LS-
Dyna® or Solidworks Simulation®, like in this case. As it is
well-known, FEM consists of the division of a mechanical
system into many subsystems forming a mesh.  Differential
equations are formulated and solved in the nodes of the mesh.
The equilibrium equation proposed at each node is written in

Eq. (1).
F=M%+C-x+K-x 1

In Eq, (1) M is the mass matrix, C is the viscosity matrix,
K is the stiffness matrix, x is the displacement vector and F is
the force vector. One or two points on the x variable represent
the velocity and the acceleration, respectively. There are two
methods for solving these differential equations, the implicit
one and the explicit one.

On one hand, the implicit solver starts calculating the dis-
placement vector (x) for which it is necessary to invert the
stiffness matrix. Computers need large power and time to in-
vert this matrix; that is, a great processor and RAM memory
are needed. In addition, implicit method is an iterative pro-
cess that solves the state in the time t + At based on the avail-
able information just at that moment and thus, it increases the
computation time and provides convergence problems in high
nonlinear contact or large strain cases [11]. The form of nu-
meric method most commonly used for implicit solver is the
Newton Raphson’s one and it leads to a long solving time in
nonlinear or in contact problems and even has convergence
difficulties for achieving the solution of the problem. There
is a Newton Raphson’s modified method that improves the
performance for nonlinear problems.

On the other hand, the explicit solver starts calculating the
acceleration vector (X ) for which it is necessary invert the
mass matrix, that is a diagonal matrix. This is more quickly
than doing the inversion of the stiffness matrix and thus, com-
putation times and power can be reduced. The explicit solver
is not an iterative method and obtains the state t + At based
on the available information at the previous time t. For those
reasons explicit solver works better than implicit one regard-
ing high nonlinear, contact and large deformations problems.
The disadvantage of explicit solver is that it is necessary incre-
ments of time, At, very short to get an accurate and stable solu-
tion and sometimes it is not possible to work with sufficiently
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short time increments of time and solutions are not accurate
enough Thus, implicit solvers lead to more accurate solutions
in those cases.

In sum up, both implicit and explicit solvers get good re-
sults but implicit ones have difficulties to achieve the solu-
tions of high nonlinear contact and large deformations prob-
lems. Therefore it is recommended to use implicit schemes
with adaptive remeshing [12]. Robust explicit codes as ANSYS
WORKBENCH?® can also be tested..

Solidworks Simulation® uses two implicit solvers to solve
nonlinear problems: Direct Sparse and FFEPlus. Therefore
achieving the simulation of a complete SPIF pyramid process
is very difficult. For this reason, a simulation of simple paths,
like a straight line at X, Y or Z axes, has been carried out.

There are different study cases in Solidworks Simulation
module like, static, dynamic, nonlinear, frequency response,
fatigue... The most suitable for SPIF simulation is dynamic
nonlinear study, because it considers all possible nonlineari-
ties like material plasticity, contact between tool and sheet,
large deformations and the variation of the tool position along
the time.

Previously to the creation of the simulation study, a design
of the tool tip and the sheet has been created in Solidworks®.
There are several steps to develop the FEM simulation envi-
ronment in preprocessing. For this work, six steps were car-
ried out and are indicated below.

2.1.1. Material sheet definition

The sheet material was ASTM grade 2 titanium with a
thickness of 0.8 mm whose chemical composition is indicated
in Table 1. A Von-Misses plasticity behavior was considered
for the material. The material was created in the Solidworks
Material Library for which it was necessary to introduce the
stress-strain curve experimentally obtained by tensile tests ac-
cording to EN-ISO 6892-1. Three different directions respect
to rolling were considered, 0°, 45° and 90°, respectively. The
tensile curves were turned into true stress-strain models, o-€
and correlated by a Hollomon's function according to Eq. (2).

o=ke" 2)

An average function was considered according to the plas-
ticity theory [13] for calculating the values of the constants
in Hollomon's equation, k and n, Eq. (3) and (4). The stress-
strain curve approximation was considered from the yield
point as Figure 1 depicts, defining an ideal rigid-hardening
plastic model [14]. Thus, the plastic behavior of Titanium al-
loy sheet involves a first non-linearity in this work.
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Fig. 1: True Stress (MPa) - Strain curve for ASTM B-265 grade 2 titanium
sheet

The material used to forming the SPIF tool was AISI
420 stainless steel with linear elastic isotropic behavior. This
material exists in the Solidworks® library and therefore it was
selected from it directly. Table 1 contains the chemical com-
position of the tool material. Table 2 collects the properties
of sheet and tool material and that were considered in SPIF
simulation.

Elasticity Modulus 2.10 e5 (MPa) 1.18 e5 (MPa)

Poisson Coefficient 0.28 0.33

Mass density 7,740 (kg/m?) 4,510 (kg)m?)

Ultimate tensile

strength 1,500 (MPa) 419.50 (MPa)

Yield 1,200 (MPa) 294.25 (MPa)

Trge strain at yield ) 0.0085

point

Hardening factor - 0.182

Reference Rule AlSI ASTM

Material Model !_lnear §Iast|c Von M{sses-
isotropic plasticity

Table 2: Material properties of AlSI 420 and ASTM B-265 titanium alloy

The titanium sheet and the forming tool have been mod-
eled like a deformable body and a rigid body respectively. In
the case of the titanium sheet only the non-constrained region
has been modeled. Respecting the forming tool only the hemi-
spheric tool tip zone has been modelled in order to simplify
the simulation.

K= ky +2kys + ko, 3) 2.1.2. SPIF tool - titanium sheet contact definition
4 The selected contact was the option of node (tool) — sur-
) face (sheet) without penetration and friction. The friction was
n= W 4) not considered because friction can be neglected if a tool rota-
A.STM 2 <0.08 |<0.02 |0.08 0.12 <003 |--- -— <0.015({<0.30 |<0.25 |99.5
Titanium
AISI 420 Steel 0.37 0.03 13.56 |0.75 - 0.04 0.36 - -— - -

Table 1: Chemical composition of ASTM B-265 grade 2 titanium commercial sheet and AlSI 420 steel
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tion speed is applied according to the tool-sheet rolling con-
dition [4] and if the contact is suitably lubricated. Different
testing simulations carried out with low friction coefficient
showed that the influence of friction on the simulation results
was about 1 per cent and it could be neglected in early studies.
In addition the computation time is larger if friction is consid-
ered. This contact type supposes a second non linearity.

2.1.3. Constraints definition

There are two kinds of constraints in the simulation that
correspond to the sheet clamping and to the forming tool dis-
placements, respectively. Sheet clamping constraints of fix
geometry were created at sheet sides. In this way, displace-
ments and rotations were blocked in these zones, simulating
the blankholder effect. The Forming tool displacements were
simulated like movements constraints in X, Y, Z axes and rota-
tion constraint respect the Z axis. Tool rotation increases the
computation time and hardly had influence, less than 1%, on
the simulation results, once the friction phenomena is neglect-
ed as above indicated. For that reason, the tool rotation was
not further considered. The displacement of the tool along the
time involves a third non-linearity.

2.1.4. External load application

In the simulation no load were directly applied because the
contact between the forming tool and the sheet provides the
forces that are one of the aims of this study. The knowledge
of the forces is very important because on one hand, helps un-
derstanding the process better from a mechanical viewpoint.
On the other hand it allows evaluate the forces that the milling
machine has to support in order to avoid its damage.

2.1.5. Mesh definition

The mesh created was a solid mesh for both parts, tool and
sheet. The sheet could have been meshed with 2D shell ele-
ments but the computation time of a mixture mesh is at least as
high as a solid mesh or even higher. The selected elements, in
which the system equilibrium equations were proposed, were
tetrahedrons with sides of 3 mm length and 4 nodes. Figure 2
depicts the mechanical system meshed and constrained.

Fig. 2: Mechanical system meshed and constrained

2.1.6. Configuration of the simulation parameters

Several parameters had to be defined, as the solver, the
integration method, the simulation time, the step time, the
convergence condition and its tolerance, the displacement
and the deformation options. As it was previously mentioned,
Solidworks® has two implicit solvers, Direct Sparse and FFE-
Plus. Direct Sparse is a direct method that inverts the stiffness
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matrix and this is a process for which the computer memory
consumption is very high. FFEPlus is an iterative method
that looks for the solution proposing deformation values of
the system. When the system has many degrees of freedom,
i.e. more than 300 000, the FFEPlus works better than Di-
rect Sparse. Otherwise, for multi contact problems the Direct
Sparse solver is the best option and thus, this solver was se-
lected. Moreover, large displacements and deformations op-
tion was chosen.

2.2. Case Study. Experimental details

Three cases corresponding to different simple paths were
considered in the simulation. Forming surface of the samples
was 120x120 mm? squared sheet of Imm thick. In case 1 the
tool follows a vertical path along Z axis down to 3 mm in
the centre of the sheet. Case 2 corresponds to a movement of
the tool from the middle of a sheet side to the opposite one
through the centre. The depth selected for the path was 1 mm.
In Case 3 the tool describes the first squared of a pyramid near
to the border of the sheet with 0.5 mm of depth.

Experimental processing of the study cases described
before were carried out in a Machining Center Dekel Maho
model DMC 835V. The study cases corresponding to simple
paths, that is 1 and 2, were carried out by writing down di-
rectly the ISO language orders in the CNC module. For the
cases in which a completed pyramid was formed, a program
had to be created by using a CAM software like CAMworks®
at this case.

An instrumented blankholder was built in order to clamp
the sheet and to measure the forces acting on the sheet. The
device was instrumented with five load cells that were moni-
tored by a data acquisition system, Fig 3. One load cell was
located at the base of the blankholder for measuring the, com-
pressive force of the tool on the sheet. Four cells were dis-
posed in the sidewalls of the instrumented blankholder that
supporting them in order to probe if some useful information

BLOCK FOR
SUPPORTING
THELOAD CELLS

Fig. 3: An instrumented blankholder for monitoring SPIF process

can be obtained through them related to the tensile forces act-
ing on the sides of the sheet.

A hemispherical tool of a diameter of 12 mm was ma-
chined in a CNC lathe and was quenching and tempered up to
50 HRc¢ hardness. Finally the tool tip was polished to improve
the contact with the sheet.

The sheet was cutted, drilled and placed in the blankholder
to develop the different tests. The blankholder was fixed to the
table of the machined center.
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2.3. Establishment of a methodology for experimental
research in SPIF of titanium alloys

In order to validate the possibility of using the experimen-
tal methodology proposed herein, squared and round base pyr-
amid was formed and the simplified paths for experimenting
cases 1 to 3 were selected according to that. In all cases the
SPIF parameters were selected taking into account the exist-
ing data in literature for other materials. Figure 4 shows the
different parameters that act in the experimental performance
of a squared pyramid and in the experimental tests that cor-
respond to the case 3 described before. L is the side length
of the sheet, L is the side length of the first square, L is the
constrained length of the sheet, P is the incremental step in
X and Y axes, P_is the same as ny but in Z axis, t is the steel
sheet thickness, R, is the tool radius, £ is the tool feed rate and
S, is the tool spindle speed. In addition the time parameters
must be defined too, 7 is the step time and 7, is the full simula-
tion time. In Table 3 the value of these parameters can be seen.

Fig. 4: Squared pyramid experimental parameters

3. RESULTS AND DISCUSSION

Figure 5 depicts the experimental results for the study case
1. As unexpected, it can be observed that the measuring tensile
forces in the sheet are not exactly the same for one side and
the opposite side and in both directions (X, Y). This might
be caused by the unavoidable building non-symmetry of the
blankholder and by the friction phenomenon existing in the
axes in which the blankholder walls are placed. The normal
force in Z axis was also registered. Forces in cells 1 to 4 must
be divided to a half in order to obtain the real forces in the
sides of the sheet according to the position of the cells in the
blankholder. In Figure 6, the total forces in X, Y and Z direc-
tions have been represented. Logically, the X and Y forces are
not totally zero due to the asymmetry observed. In any case,
a good approximation between experimental and simulation
results is established.
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Study case 1
1000
[N
Sy
800 ’;( !
Pl \
600 P T --8-- Zload cell
z \
§ 400 = bl ‘.‘ —— Load cell 1
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1 2 3 4
-200 "
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Fig. 5: Experimental measured forces by the blank-holder load cells for
the study case 1

Study case 1
800 f \T

600 ‘\
£

400 —a— Axis Y (Sim)

366 j \ —— Axis Y (Exp)

\ —¥— Axis Z (Sim)

0 f —®—- Axis Z (Exp)

1 2 3 4 5

1000

—— Axis X (Sim)

—8— Axis X (Exp)

Load (N)

-200

Time (s)

Fig. 6: Resultant forces in axis X, Y and Z. Experimental and FEM results
for the study case 1

The simulation and experimental results corresponding
to the case 2 are represented in Figure 6. Experimental and
simulation results for case 2 present some grade of agreement
although some mistmacht between the curves, if the Z axis
results are observed. This discrepancy can be considered as
an off-set value that can be corrected. The measured values in
axes X and Y are very low and no conclusions can be consid-
ered. In fact, the force values in X and Y axes are in the same
range than the resolution of the cell loads. These forces will
not considered for the rest of the cases and the above result
suggests that no relevant information is given about the pro-
cess. Thus, the simulation process can be validated according
to the comparison results with Z axis. Case 3 can be consid-
ered as a composed form of the case 2 according to the experi-
mental results presented in Figure 8.

According to the results presented for cases 1 to 3, it can
be stated that Solidworks® is a suitable environment for simu-
lating processes defined with different non linearities, as SPIF.
Experiments have been planned according to realistic SPIF
parameters in contrast to other authors whose simulation plan-
ning cannot be experimentally carried out [15]. The simula-
tion results present a good agreement with the experimental
ones according to other authors, although due to the different
selected materials and SPIF parameters avoid a direct compar-
ison [16]. But the reach of the simulation process is limited.

147 100 14 0.5 0.5 0.8

Table 3: Parameters to simulation and experimental tests (unity: mm)
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As authors demonstrated in a previous work [5] short paths
can be simulated with this software environment. In any case,
Solidworks® points out some potential for simulating small
pieces for medical implants in which the forming operations
were smooth [17].

Study case 2
850

750 '7‘\
o [ b
g WAWAN A\

—&— Axis X (Sim)

Z —o— Axis X (Exp)
3 350 ; Y \ /// —— Axis Y (Sim)
2 250 */*/%J/\W’/;W—“—Axisﬂﬂp)
150 —— Axis Z (Sim)
50 // AN —— Axis Z (Exp)
=0 2 6 8 10 —=d 12
-150
Time(s)

Fig. 7: Experimental and simulation forces for the study case 2

Study Case 3

800

700

600 -
~ 500
Z
o
8 400
2 il — AxisZ

200

100

0
0 10 20 30 40 50
Time (s)

Fig. 8: Experimental force obtained for the study case 3

Otherwise the simulation process, the tool spindle speed
must be taken into account in the experimental procedures for

Fig. 9: Consequences of high spindle speed of the tool on the sheet

obtaining square and round base pyramids because, although
some authors establish that high spindle speeds improve the
conformability [4], the experiments demonstrated that adhe-
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sions was produced and that the sheet material was pulled out
producing a bad surface finish. Figure 9 depicts the results of a
high spindle speed of the tool during experimental SPIF.

In order to avoid this problem the tool spindle speed was
calculated according to the rolling condition [4]. The tool
spindle speed depends on the tool feed speed and the tool pass
deep in the Z axis. On the other hand, a mineral oil was used
to reduce the friction phenomenon.

Fig. 10: Pyramid formed with constant Z path strategy

Fig. 11: a) Squared base pyramid formed by helical path strategy;
b) Rounded base pyramid formed by helical path strategy

Two different strategies to program the forming tool path
were considered. The first one consisted of applying different
pass values in the sheet plane for a constant Z value. The sec-
ond strategy was to establish a helical path for the tool. As it
can be seen in Figure 10, the first strategy causes cracks at the
line that joins the starting points of each pass. Figures 11a and
11b show the formed pyramids using the helical path strategy.

Exigent forming processes, as indicated pyramids, are out
of the Solidworks®’s reach and other software media must be
considered. Experimental methodology herein presented per-
mits to carry out experimental research in SPIF processes ap-

Square-base pyramid

2500

2000

1500

Force(N)

1000 —AxisZ

500

0 L
0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Fig. 12: Force in the Z axis for a complete Square-base pyramid of ASTM
B-265 Titanium Alloy
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plied to titanium alloys that can be cold formed. Normal force
can be measured along the process as it is indicated in Figure
12 what permits to optimize simulation processes in order to
research the conformability of titanium alloys that can be cold
formed and to optimize the process parameters taking a better
understanding of the SPIF process.

4. CONCLUSIONS

A procedure of incremental forming processes simulation
has been developed in a Solidworks environment. The param-
eters of the simulations were realistic as they were previously
experimentally proven. For that, elemental cases have been
considered.

An experimental device has been developed in order to
measure the forces that act on the sheet in SPIF. This device
permits to measure the tensile forces on the sides of the sheet
and the normal contact force on the tool. A simplified ex-
periment was planned for validating both procedures, the ex-
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