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Abstract. Incremental forming is a rapid prototyping process that allows sheets
to be formed without using forming tools, using a numerically controlled machine
tool. A wide variety of shapes can be generated with this process.The objective of
this work is to study through experimental tests and numerical simulations the
behavior of ASTM grade 2 titanium during incremental point forming (SPIF). A
Spinner MFG850 machining center from ISET in JENDOUBA coupled to a multi-
component force sensor FN7325 was used for the forming of thin sheets by this
process. As the diameter of the punch and its incremental movement are parameters
having a direct effect on the forming force, tests with diameters of the punches dp

varying between 10 and 15 mm and various paths made up of circular movements in
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the horizontal plane have been carried out experimentally. Numerical simulation is
carried out in large elastoplastic deformations with ABAQUS/explicit. Comparisons
of the evolution of the forming force for different values of the diameter of the punch
dp and of the displacement step Azare carried out.

Keywords: incremental forming, titanium, finite elements, experimentation,

instrumentation.

The incremental forming process is a sheet forming process, which locally and
gradually deforms the sheet by embossing by moving a small punch whose path is
controlled by a CNC machine. This process makes it possible to obtain pieces of
various shapes, asymmetric or not. Good conformity of the final geometry of the part
obtained is linked to the choice of several parameters such as the speed of advance
and of rotation of the tool, the displacement increments, the diameter of the tool [1].

Titanium's properties, which are a combination of high strength, toughness,
toughness, low density, and good corrosion resistance offered by various titanium
alloys at low and high temperatures, allow for weight savings in space structures and
other high-performance applications.

The atomic weight of titanium is 47.88. Titanium is lightweight, strong,
resistant to corrosion and available in nature. Titanium and titanium alloys possess
tensile strengths from 30,000 psi to 200,000 psi 210-1380 MPA, which is equivalent
to the strength found in most steel alloys [2].

Titanium is a low-density element about 60% the density of iron in which
alloying can be strengthened. Titanium is a non-magnetic metal and has good heat
transfer properties [3]. Its coefficient of thermal expansion is less than that of steel
and less than half of coefficient of thermal expansion of aluminum. One of titanium's
beneficial properties is its high melting point of 3135 degrees Fahrenheit 1725
degrees Celsius. The melting point is about 400 ° F above the melting point of steel
and about 2000 ° F above that of aluminum. Titanium can be passivated and thus
exhibit a high degree of immunity to attack by most mineral acids and chlorides.

Titanium is non-toxic and generally biocompatible with human tissue and bone.



Excellent resistance to corrosion and biocompatibility along with a strength that
makes titanium and titanium alloys useful in biological, chemical, petrochemical, and
marine environments [4]. Titanium is not a good conductor of electricity. If the
electrical conductivity of copper is considered to be 100%, then titanium has a
conductivity of 3.1%. It follows from this that titanium will not be used as a major
factor in good conductors. For comparison, stainless steel has 3.5% conductivity and
aluminum has 30% conductivity. Electrical resistance is the opposition to the flow of
electrons. Since titanium is a weak conductor, it follows that it is the fair resistor [5].
The asymmetric incremental forming of AISF sheets can be divided into two
forming modes depending on the number of contact points between the sheet and the
tool. The most studied process and which is the subject of this work is the «SPIF:
single point incremental forming» incremental forming. The principle of one-point
incremental forming is shown in Figure 1. The blank placed on a die is fixed using a
blank clamp. The hemispherically shaped punch rotated acts incrementally in
directions defined by the path programmed on the CNC machine. The use of this
process requires a good knowledge of the behavior of the material in order to avoid
stringback phenomena. The study of this SPIF process has already been the subject of

several works [6].




Figure 1. Schematic diagram of one-point incremental forming SPIF

A campaign of experimental tests was carried out by measuring the forming
forces during the incremental forming operation. For the measurement of the forces, a
force sensor FN7325 was chosen. The tests were carried out on a numerically
controlled machine using a hemispherical punch [7].

The machine used is a 5-axis Spinner MVVC 850 machining center with a
maximum power of 10 kW and a maximum rotation speed of 8000 rpm. This
DJENDOUBA ISET machine is equipped with a siemens 840D-SL type computer.

The demand is increasing in recent times for lightweight materials and alloys
for use in aerospace applications, driven by the need to produce low-weight vehicles
that consume less energy and are equipped with improved fuel-efficiency that
produces fewer air pollutants. Aluminum and its alloys, especially aluminum-
titanium alloys, are very attractive materials for this type of application due to their
high resistance to weight ratio, as well as excellent mechanical properties. Three
weight ratios of titanium (10%, 15%, and 20%) were added to aluminum, where it
was used in the manufacture of aluminum-titanium alloy [8]. The powder metallurgy
cannula was used as a manufacturing method to produce aluminum-titanium alloy.
Then the samples were sintered in a horizontal vacuum tube oven for 5 hours at a
temperature of 550 © C. The Jordanian researcher conducted many physical and
mechanical tests for aluminum titanium alloy to determine its characteristics such as
measurements of true porosity and mass density, X-ray diffraction (XRD) test,
scanning electron microscopy (SEM), optical microscopy (OM) test, energy
dispersive spectral test (EDS), Microhardness test and wear test. The results of the
Jordanian researcher showed that the proportion of titanium has an important effect
on the microstructure of the aluminum-titanium alloy, as titanium acts as a softening
element for the granules, and thus the aluminum grains have changed from large
granules to small granules and then to fine round granules depending on the weight
ratio The additive of titanium. Also, the metallic interphase, TiAl, was detected in the

sintered samples, which has an important effect on increasing the resistance of



aluminum titanium alloy, by reducing weight loss and thus reducing its wear rates. It
has been observed that the surface of the aluminum-titanium alloy has been subjected
to two types of wear mechanisms, namely the adhesion wear mechanism and the
abrasive wear mechanism [9].

An experimental sheet holding device has been specially designed for
incremental forming tests. It is made up of two blocks: a lower flange clamped on the
table and a second block containing the blank to be deformed. The holding system

and the CNC machine used are shown in Figure 2 [10].

Figure 2. CNC Spinner MCV8501 machining center and SPIF incremental forming device

The FN7325 multi-component sensor associated with an acquisition chain
provides the measurements of the forming forces during the test. This sensor can be
used to measure forces of up to 5000 N and moments of up to 200 N.m according to
the X and Y axes, and forces of up to 250 kN and moments of up to 7000 N. m
following the Z axis.

The forming of the sheet is ensured by a hemispherical punch in
X160CrMoV12 steel. The latter has undergone a heat-quenching treatment at 1030 °
C and has been air cooled to increase its hardness to 55 HRC. Two values of the
diameter of the punch were studied dp = 10 and 15mm. Figure 3 shows the geometry

of the punches and the multi-component force transducer used [11].



v
re

Figure 3. The tool steel punches (d = 10 and 15mm) and the multi-component force
transducer FN73252

The SPIF one-point incremental forming tests were carried out on an ASTM
grade 2 titanium, the mechanical characteristics of which are given in table 1. This
material is widely used for prostheses because it has great resistance and is perfectly
biocompatibility with the system. bony. But little work has been done on the
incremental forming of titanium, as this material is more difficult to shape and more
expensive than aluminum or stainless steels. It is therefore important to find the
parameters involved in improving the process in order to better understand this
process and ultimately be able to lead to industrialization. The tests were carried out
with sheets of size 200 * 200 mm2, thickness (e¢) 0.5 mm and 1 mm. The objective

was to form buckets with a tilt angle a= 60° [12].

Table 1.
The mechanical characteristics of Titanium T40
Material E 1 Rp0.2 Rm A%
(GPa) (MPa) (MPa)
ASTM grade 2-T40 1 210 350 10
titanium 05 .35

Incremental forming is performed using circular motions in the horizontal
plane combined with a displacement step Az in the vertical plane. The dimensions of
the formed bucket as well as the parameters of the incremental forming test are

shown in Figure 4. Thepunch-sheetlubricantusediscuttingoil [13].




Conditions of realization

Material T40

Large diameter OD | 100 mm

Height h 25 mm

Thickness e 0.5 mm

Cone angle « 60°

Increments Az 0.5 mmand | mm

Punch diameter d, 10 mm and 15 mm
Rotation speed N 800 rpm

Feed rate VF 400 mm /s 5
Lubrication in oil K~ W o

Figure 4. Shape of the bucket to be made and test conditions

Two tests are performed in this study. For the first test, the value of the
displacement step of the punch is Az = 0.5 mm and the tool diameter d, = 15 mm. The
measurements of the forces noted are presented in Fig. 5. Cracks appear from the

15th contour on the outer surface of the bucket [14].
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Figure 5. Forming forces for Az =0.5mm and dp = 15mm

The second test is carried out with a displacement stepAz = Imm and a tool
diameter d, = 10 mm. The measurements of the noted forces are presented in figure 6.
As for the first test, cracks appear but from the 8th turn. These results are consistent
with work in which a limit angle of inclination of the wall of 56 ° is found, from

which damage occurs.
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Figure 6. Forming forces for Az=1 mm and dp = 10mm

As can be seen from these curves, the forces to shape titanium sheets are of the
order of 2000N and they are greater than those of aluminum (around 800N). Care in
the choice of the design machine is therefore necessary when forming titanium sheet
in order not to damage the material. In Figure 6, we can note that the surface
condition of the part is not optimal. Optimization of process parameters is necessary
in order to improve the surface finish of the formed parts [15].

The numerical simulation of the process was carried out with
ABAQUS/Explicit. A model of elastoplastic behavior of Swift type & = K (go+&P)"is

used. The parameters of the model are presented in Table 2.

Table 2.
Plastic properties of grade 2 titanium
n K €0
0.084 570 0.00157

The sheet with a grid with thin shell elements at 4 nodes has reduced
integration of the S4R type. Tools are considered rigid domains. Figure 7 shows the
evolution of the forming forces predicted by the numerical simulation. It should be
noted that the curves of the numerical prediction are similar to the experimental
results, but differences exist and they are linked to the fact that the numerical

simulation of the incremental titanium forming process was carried out with a




simplified model not taking into account the material anisotropy, damage, blank

tightening conditions, tool deformability. The iso-values of the cumulated plastic

deformation and the distribution of the final thickness of the part along the axis of

symmetry are

strong thinnin

2000

given in figure 8. We note a strong localized plastic deformation and a

g on the contour of the bottom of the formed part.
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Figure 7. Allure of the forces of the numerical simulation of T40 (e = 0.5mm; dy = 15mm;

Az = 0.5mm)
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Figure 8. The distribution of the resulting force and plastic deformations
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Figure 9. The distribution of the final thickness of the part along the axis of symmetry.

In this paper, an experimental study and numerical simulation of the
incremental forming of titanium sheets was carried out. Forming forces are measured
experimentally and compared to the values of the numerical prediction. This
experimental study showed the need to optimize the process parameters in order to
avoid damage to parts and to improve the surface finish of the part. The next work
will focus on performing hot tests in order to reduce the forces during the test and

increase the ductility of the sheet and improve the thickness distribution.
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MHCTUTYT aBHALIMOHHBIX TEXHOJOTUM U YIIPABIECHUS, Y IbSHOBCKAN

rOCyJJapCTBEHHBIN TEXHUYECKUM YHUBEPCUTET, I'. Y IIbIHOBCK, PO

AnHotanusi. [loctemennoe ¢opmoBaHue — 3TO TMpolecc OBICTPOTro
IPOTOTUIIMPOBAHUS, KOTOPBIN MMO3BOJISIET (OPMOBATh JHUCTHI 0€3 HMCIOJIb30BaHUS
(GOpMyIOIIMX HHCTPYMEHTOB C IIOMOIIBIO CTAHKAa C YHCJIOBBIM IPOTrPaMMHBIM
ynpaeieHueM. C TMOMOIIBIO 3TOTO MpoIlecca MOXKHO CO37aBaTh Camble pa3HbIC
¢opmbl.  llenpto  naHHOM  paboOThl  SBISIETCA  M3YYEHHE  IIOCPENCTBOM
AKCIIEPUMEHTAJIBHBIX UCIIBITAHUNA M YUCIEHHOTO MOJAEIUPOBAHUS TOBEICHUSI TUTAHA
mapku ASTM 2 Bo Bpems WHKpeMEHTHOro ToueyHoro ¢opmosanus (SPIF).
OopabateiBatomuii eatp Spinner MFG850 ot ISET B JENDOUBA, coenHeHHBIH ¢
MHOTOKOMIIOHEHTHBIM JaTuukoM cuiabl FN7325, ucnons3oBaiics ais popMOBaHUA
TOHKHUX JIMCTOB C MOMOIIBIO 3TOro Ipouecca. [lockoabKy AuaMeTp myaHCOHa U €ro
MHKPEMEHTHOE  IEpEeMEIlEHUE  SABIIAIOTCA  IapaMeTpaMM,  OKAa3bIBAIOIIUMU
HETMOCPEACTBEHHOE BIMSIHUE HAa CUIy (OPMOBaHMS, OBLTH MPOBEJACHBI MCIBITAHUS C
nauamerpamu IyaHcoHoB dp ot 10 mo 15 MM ¥ pa3iMYHBIMU TPAaCKTOPHSIMH,
COCTOSIIUMUA M3 KPYTOBBIX TIEPEMEHICHW B TOPU3OHTAIBHOW TUIOCKOCTH
AKCIIEPUMEHTaIbHO. YHUCIEHHOE MOJENUPOBAHNUE BBIMOIHIETCS MpPH  OOJBUINX
ynpyromiactudeckux aedopmaruax ¢ nomomisio ABAQUS / explicit. TIpoBeaeHsl
CpPaBHEHHUS DJBOJIONUN (HOPMOBOUYHOM CHIIBI IS Pa3IMYHBIX 3HAUYCHUH TuameTpa
nyaHcoHa dp u niara nepemenieHus Az.
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