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INTRODUCTION AND LITERATURE REVIEW

Incremental sheet forming (ISF) is a flexible pregdor the manufacturing of small series and sin
products. The formability of ISF is much highernteaditional sheet forming processes. Kumar anch&u(2016)
identified one of such hybrid incremental sheetriimg in which one side of the sheet is deformedrimywing the
tool over the sheet surface while the other sidsujgported by pressurized fluid. This Innovatiomdsorded as

Incremental Sheet Hydro-Forming (ISHF) [Figure 1].

Figure 1: Single Point Incremental Hydro-Forming (PIHF)[Kumar et al., 2015]

Kumar et al., 2018 carried out the analysis oféntental sheet forming process through simulatiore h

been done to predict the forming forces, energyireqents, effective stresses, and total forminges on the
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sheet. The geometrical accuracy of the productfauasd to be satisfactory [Figure 2].

Len et al. (2013) carried out the comparative agialgf ISF process other metal forming processagh&rmore,
this study would be the basis for determining tleedopment of equipment necessary to carry it Banty (2014)

has developed a new adaptive tool path controkitihgo at process level to bypass fracturing dud¢alized thinning.

Bambach et al. (2014) investigated the processtdiraf incremental hole flanging and proposes twav ne
approaches aiming to reduce deficits. The first isren adaptive blank holder that acts in the vtgiof the forming tool

and reduces unwanted secondary deformation thdtiead to deviations from the target geometry.

Belchior et al. (2014) applied Process/Machine tingpapproach to Robotized Incremental Sheet Fagmin
(RISF) for Finite Element Analysis (FEA) of the pess with an elastic modeling of the robot strietiar improve the
geometrical accuracy of the formed part. Lu e{2013) presented a new feature-based tool pathraggore algorithm for
incremental sheet forming process in which toohpatre generated according to the specified driéidges to improve
geometric accuracy. Wang et al. (2017) found that énhanced CDM-based Lemaitre model can be useduftile
fracture of AA 7075 aluminum alloy in TPIF with aimispherical shape. Bagudanch et al. (2014) coaedlubat the
Marlow and the rule of mixture material models ebbk used to describe viscoelastic and softeningp@nmanent set

effects, respectively, to predict the behavior pbat formed by ISF.

Lu et al. (2015) investigated that by employing tieoming tools on each side of the sheet, DSIFc@ss can
provide additional process flexibility, compared ttee conventional single point incremental formif®PIF) process,
therefore to produce complex geometries withoutrteed of using a backing plate or supporting digivastava and
Tandon (2015) performed experiments on samples theated at different temperatures and hence,rdiffegrains to
evaluate the effect of forming forces. Cui et(28D16) developed a new method denoted as electrmetiagncremental
forming combined with stretch forming is proposedhich was adopted for manufacturing large-size dmd-walled
ellipsoidal parts. Bansal et al. (2017) developenhadified analytical model to accurately predictnied component
thickness, contact area and forming forces duriimgle and multi-stage incremental forming. Araghiad. (2009)

presented the positive impact of this hybrid prea@sthe process limits.

The main influencing factors in pressure assistedeimental sheet forming are material formabilityming an
angle, single-stage / multi-stage, sheet thicknasd, pressure applied. All these factors are pyetteer in the Fishbone

diagram of pressure assisted ISF [Figure 2].
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Figure 2: Fishbone Diagram of Incremental Sheet Forming
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COMPUTATIONAL ANALYSIS OF PRESSURE ASSISTED INCREME NTAL
SHEET FORMING PROCESS

The CAE engineers create the simulation test moftelsa given deformation system. The physical model
idealizes the real engineering problems and alisttac comply with some physical theory with somesuasptions.
The main elements of the Incremental sheet forngimaress are: (1) Sheet Metal Bank (2) Blank holdinganging
(3) Forming Tool, (4) CNC Machine (5) Pressure itidg device.

CAE Simulation Procedure

This study applies commercial finite element cdtle;basic equations are as follows:

Equilibrium Equation:

9ij,;=0
1)
Compatibility and incompressibility equations
. 1 .
€ij =3 (ugj+uji) &y = uz;; = 0 @

Constitutive Equations:

o _20 . - 3. . =_ [3,. .
a ij_Eaifa\;g = Egijgij':e-_ 5(81-}—81-}-) .
3)

Boundary Conditions

gjjn; = FionSg-,u; = Uyon-Sy 4)

Whereo;; and;; are the stress and the strain rate, respectiGalyd e are the effective stress and the effective
strain rate, respectiveljjjs the force on the boundary surface £f, andU;is the deformation velocity on the boundary

surface ofS;;.

The weak form of rigid- plastic FEM can be deteredrby applying theariational method to Equations (1) — (4),

J, a6 gdv-+K][ & SeydV — |, ¢ Fi 6u;dS = 0
(5)
WhereV and S are the volume and the surface area of the mateeispectively, an& is the penalty constant.
The most important and crucial part of simulatiarsoftware is the selection of appropriate materiatiels. DEFORM-
3D contains various material models (for elast&sfit, rigid-plastic and porous material), and eaxdel has different

suitability, so selection of correct material modelper the requirement is the prime necessitgtthg accurate results.

Most of the material models require detailed mateproperties such as young’s modulus of elastidtyain
hardening exponent, and strength coefficient, ets.jnput to pre-processor before running the solle addition to

material properties, pre-processor also requirartpet of detailed process parameters such asofictoefficient, blank
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holding force, sheet thickness, etc. Yielding cidethat is used for solving of following problems Mon Mises

(in the Deform3D): Equations. (6) and (7) show etifee strain and effective stress respectively.

_ 4z
g = %J(El—ez)z + (e;-83)%+ (e3-81)%- (©)

_ 1
0= TEJ(ﬁl—ﬂz)z + (6,-05)* 4 (03-0,)"
' )

Wheree;and g; are principle strain and principle stress in threation i respectively.

The following Elasto-Plastic constitutive equatifor isotropic material is adapted to model the defation

behavior of the sheet.

ifmn ®)
D = pe . ijkipﬁvmn{:affa okIf [Qoyp)
ymn UM DRy (8F /80 k) (8f /3 ouy)+H(ou (3F /douy) /T
Where 9)
andD? Represents the coefficient of Elasto-plastiify,,.is the coefficient of elasticityi;;the Jaumann rate
ijmn n ]

of Kirchhoff stress¢;; The rate of deformation, which is the symmetritt péthe velocity gradient;; =(dv;/9X;), X; the
fixed spatial Cartesian coordinates; The Cauchy stresf] The strain-hardening raté,the yield condition of rate-

independent strain-hardening plasticity amte effective stress.

The equation for virtual work can be made discrétee updated Lagrangian formulation (ULF) in a feamork
of the application of an incremental deformationtfee metal forming process (bulk forming and sHeshing) has been
used practically applied to describe the incremegmaperties of plastic flow. The current configtioa according to ULF
at each stage of deformation is used as a refestateeto evaluate the deformation during a srima# intervalt, such that
the first-order theory is consistent with the regdiaccuracy. The rate equation for virtual worktten as an updated

Lagrangian equation is

] Sf (10)

In which v;is the velocityt;the rate of the nominal traction, aNcandS;Represent the material volume and the

surface on which the traction is prescribed.

In Elasto-Plastic material definition of Young's dndus and Poisson’s ratio is very important anda¢iqn No.11

has been suggested:

g = ce"g™ +
d (11)

Where n and m are strain hardening and strainhaigening respectively. It is accurate for y=0 ¢oelgual to the

initial yield stress. If y=0, the initial yield stss will be poorly represented. The function oferiat which is used has to
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have the strain rate at different temperature.

The general procedure of the proposed CAE proseskdwn in Figure 3. To conduct CAE, simulatiorisithe
first step to represent the geometrical detaildngetry content. Therefore a CAD model, in a sugaBAD modelling

package, is developed for the metal forming sinmtasystems.

The mathematical model specifies the mathematmahions, such as the differential equations on FEElysis
along with detailed boundary and initial conditicargd their constraints. The numerical model dessribe element type,
mesh density and solution parameters. Usually, @é& packages have part of built in content of ¢hemdels, but users

still need to prepare and input most of the monlieirmation into a CAE system.

The CAE simulation process consists of four ma&pst(1) pre-processing (2) simulation analysis, g83t
processing and (4) result analysis and evalua#dter the simulation, the simulation results needbe analyzed and
evaluated. If the results and solutions are satisfg, then changes and modifications may be sugde®sr the metal
forming system (part design, tooling design, preaanfiguration and material selection) which camiade for the next

round of the simulation study. The process is tfloeeg iterative in nature [Fu et al. (2007)].

CAD Modsl Cestion {CSG, B-rsp,, Wirsam)

l

Laport CAD modls to CAE packazes
{.stl, .éx IGES,)

l

FEM Procass
Modal ganerstion Ceomatry
1. Physical Modal (Parts to be amalyzad )

2 Mathematical Modsl  {Anslytical Tach. (FEM))
e 3. ¥umerical Medal {Sclution Tach.
Models
Modification l

CAE Modal sd CAE dars procassing
(Mesh generstion and boundary conditions)

l

Exemution of simulation and axalysis using
packagas and solvars

I

Rasult avalustion (solvas)

Optimizad
OK?

( Rasult Output (pest procassor) )
Figure 3 : Implementation of CAE Process, [Fu et al(2007)]

The simulation process consists of following fiveps:

e Initial Geometry: In this step CAD model of work piece, blank holgliarrangement and deforming tool are

converted into STL files. These STL files are intpdrin into the pre-processor of the simulationkage.

» Material Data and Meshing: In this step, already existing material and tme#terial properties are assigned to
the previously imported products. Also, there igravision for defining new materials. The circutdreet blank,
125 mm diameter with 2 mm thickness of Aluminum-QA8has been chosen to carry out simulation arglysi

Meshing can be done with the use of tetrahedrahetes.

» Defining Boundary Conditions: Different types of boundary conditions such askbpessure, blank holding
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926 Yogesh Kumar & Santosh Kumar
pressure or force, coefficient of friction, tool wemment are applied. The back pressure applied0o® [@MPa was
on the back side of the sheet. Finally a datakiEs€DB) is generated. This file is run in the silation engine.

» Simulation Engine: Performs the numerical analysis and writes tkeltieg information in the database file.

* Post-Processing This is used to extract the information from theta base file. In this step different typed of
defects, load requirement and effective stressestadied. This step gives the modifications rexfiin geometry

or boundary conditions to get the optimum defororati
Process Parameters and Material Data
The following process parameters and material dat® been used for simulation:
e Tooling Setup
Blank Diameter (mm) = 125 mm
Blank thickness (mm) = 2 mm
Initial temperature (°C)= 20°C
Blank Material= Aluminum-1080A
» Material Properties
Young modulus E (GPa) = 68
Ultimate Strength (MPa) = 74 to 140
Yield Strength (MPa) = 17 to 120
Poisson ratioy) = 0.33
Friction coefficient (i) = 0.02
» Pre-Processor & Simulation Setting
Simulate Solver = Lagrangian Incremental (DefoiaraModel only)
Simulation Steps = 27500 Steps
Per step time increment= 0.5 seconds.
Remesh Criterion = 0.7 (Relative interference)
Iteration= (Solver = Sparce, & Method = Newton-Rsqut)

Inter-Object Relationship = Tool & Workpiece Comib friction = 0.02, Workpiece & blank  holderegining
friction = 0.02.

Tolerance limit = 0.0002 mm
Number of Meshes= 1,00,000

Mesh type= Tetrahedron
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Total Run Time= 360 hrs.
SIMULATION RESULTS

The simulation analysis is done by Deform 3D sirtiafatool and it took approximately 360 hours tongete
the simulation. The simulation results obtained @eload prediction, i.e. the forming forces, @)ergy requirements,

(3) Effective stresses, etc. The same are discusdbd current section.
Load Predictions

The forming forces (load) have been predicted freimulation results. The load predicted in X, Y and
direction in shown in Figure 4-9. The forming formequirement is very low. It increases at very-@wskrate due to
strain — hardening effect on the sheet. The footeerved in X-direction is plotted in Figure 45&or incremental sheet

forming and pressure assisted ISF. A slight deere@aforces in X-direction is observed in pressassisted ISF.

Load Prediction
X Load (M)
836

Figure 4: X-Load in ISF [Kumar et al., 2018]

Load Prediction

X Laad (N)
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Figure 5: X-Load in Pressure Assisted ISF

The forces observed in Y-direction is plotted igufe 6 & 7 for incremental sheet forming and puessassisted

ISF. A slight decrease in forces in Y-directiomiserved in pressure assisted ISF.
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Load Prediction

¥ Load (M)
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Figure 6: Y-Loading ISF [Kumar et al., 2018]

Load Prediction
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Figure 7 : Y-Load in Pressure Assisted ISF the Foes Observed in Z-Direction
are plotted in Figure 8 & 9 for Incremental Sheet erming and Pressure
Assisted ISF. A Slight Decrease in Forces in Z-Diotion
is Observed in Pressure Assisted ISF

Load Prediction
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Figure 8: Z-Load in ISF [Kumar et al., 2018]
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Load Prediction
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Figure 9: Z-Load in Pressure Assisted ISF

The forming forces in ISF as well as pressure &sbikSF are very low when as compared to formingds in
traditional forming processes. The forming forcespressure assisted ISF are slightly reduced. Tam meason for

reduction in forming forces may be pressure induwhectility.
Energy Requirements

The total energy requirement predicted in ISF al agin pressure assisted ISF is shown in Figre111.
The energy requirement is linearly increasing wiithe. The energy required in pressure assistedslSkghtly higher than

the ISF process. However, it is very low when asgared to traditional forming processes.

Energy

Energy (N-mm)
7.62e+005

6.002+005

45764008

3.058+005 Vs
-

15284005 -

0 [eLo- L L L L

-1 5775 11550 17325 23100 28874
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Figure 10: Energy Requirement in ISF [Kumar et al.,2018]
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-1 5775 11550 17325 23100 28874
Step

Figure 11: Energy Requirement in Pressure AssistelSF
Effective Stresses

The effective stresses predicted in ISF as welinapressure assisted ISF are shown in Figure 123& 1
The effective stresses are found to increase with both at ISF as well as in pressure assisted $8ght increment is

effective stresses is observed in pressure assBkedvhich is due application of force on botthes of a sheet.
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Step 27500

Stress - Effective (MPa)

Figure 12: Effective Stresses in ISF [Kumar et al.2018]

Step 27500
oh A Stress - Effective (MPa)

Figure 13: Effective stresses [Pressure assistedH|S

CONCLUSIONS

* The forming forces in ISF as well as pressure 8ssikSF are very low when as compared to formirrgge in
traditional forming processes. The pressure indubactility has resulted in reduction of forming des with

pressure assisted ISF.
* The energy required in pressure assisted ISFghktkfihigher than the ISF process.

* Anincrement in effective stresses is observedr@sgure assisted ISF, which is due applicatiomafef on both
sides of a sheet. However, these stresses ardyl@a very less when as compared to traditionaiiiog

processes.
* The CAE simulation results have guided in the dgwelent of Incremental sheet hydro-forming machine.
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