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ABSTRACT

In modern manufacturing industry flexibility of mhaction technologies is
constantly gaining importance. Traditional formimgcesses use sophisticated
and specialized tooling. The design and productérthe tooling is time
consuming and expensive. In recent few years nexible sheet metal forming
technique, called incremental sheet forming, hantietroduced. It is based on
layered manufacturing principle, where simple spa¢rtool that is moved
along numerically controlled toolpath; deforms 8ieeet incrementally section
after section. The part is produced by deforming gsheet locally. Two basic
approaches of incremental sheet forming exist, fiegmwith support and
forming without support. The process is very flégjbit does not require
expensive tools.

In the current thesis incremental sheet formingnetogy has been studied.
The aim of current thesis is to investigate the meas of incremental sheet
forming processes, and find ways to improve thegse. In order to investigate
the process, finite element analysis and experiahestudy have been
performed. Finite element analysis was performeith wvo different software
systems. Both used thin shell elements, non-linegterial models and contact
calculation. The results were validated with expents. It was found that the
simulation of full forming process is too time cangng to be used in everyday
engineering work. However, forming forces can sasfidly be predicted with
simplified models.

Some aspects of forming forces and formability wieeated theoretically.
Experiments for building forming limit diagrams veemade.

Thorough experimental studies for investigating itifeuence of important
product and process parameters to some processatoii with both
approaches of incremental sheet forming were mBde.models for predicting
the indicators were built.

The implementation of the forming technology wascdssed; some case-
studies were made. Recommendations concerning aanudbility and part
design were given.

Keywords: Incremental Forming; Sheet Metal Forming; MetalrrRing
Simulation; Rapid Prototyping; Experimental Study
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1 INTRODUCTION

In modern manufacturing industry, the general trisniwards the decrease
of development period of new products. On the otfgerd, in order to satisfy
different customers with different preferences,ietgir of products has to be
offered. In addition, the design of products is dmeing increasingly more
complex and higher quality level has to be achieved

In production engineering, parts made of sheet Insgtawidely used. For
manufacturing of parts with conventional sheet infteming techniques, for
example deep drawing, dedicated tools are needexy. dre highly specialized,
expensive and time consuming to produce.

To provide more flexible alternative, new sheetah&irming methods have
been studied. One special type of them is increaheshieet forming. It allows
forming sheet metal parts with minimum preparatitme and manual
processing using universal CNC machining centreindgJsthis method,
prototypes of new product made of sheet metal @ffabricated within few
hours.

The author of the thesis is studying incrementaksifiorming process since
2003, due to joining international project ProShéetototyping and low
volume production of sheet metal components), fiedn by Nordisk
Industrifond (Lamminen, 2003). The project was kafdntroductory, with the
aim to map the state of the art in the field anel tleeds of Nordic European
countries. Experts from Norway, Sweden, Finland BEstbnia participated in
this project.

After the end of the project ProSheet, investigated incremental sheet
forming technology in Tallinn University of Techmgly continued and is still
in progress.

In current thesis incremental forming process issatered as a method of
Rapid Prototyping using sheet metal materials. fifa@n emphasis is on the
flexibility of the process.

The thesis consists of five main chapters. In chicdion, flexible sheet
metal forming processes are described, followedobjectives and tasks of
current thesis. The second chapter is dedicatetthagoretical and numerical
analysis. In this chapter, theoretical models fdcalation of forming forces in
incremental sheet forming, and also numerical amalysing Finite Element
Method (FEM) of incremental sheet forming procesh \and without support
are described. The third chapter presents expetainstudies of incremental
sheet forming process. Both, forming with and withsupport are covered.
Next chapter provides recommendations for indusingplementation of the
incremental forming process; case-study of sucuokssfe of the process is
made. The last chapter presents general conclusions
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1.1 Overview of Rapid Sheet Forming Techniques

Rapid sheet forming process can be considered pso@ss where the
emphasis lies on short set-up period of productidherefore, the most
important aspect is flexibility. Usually it is engqyled for prototyping and low
series production (up to hundreds of parts).

To characterize the position of incremental shemiming, the most
important aspects of main more or less flexibleestferming processes are
described below.

1.1.1 Simple-pass Techniques

The techniques meant by the term "simple-pass tggbsg" are those, where
the final form of workpiece is caused by simple mment (simple trajectory)
of the tool (or forming environment).

Deep Drawing with Soft Tools or Rapid Tooling

Deep drawing is a metal forming process in whickhaet metal blank is
radially drawn into a forming die by the mechaniaetion of a punch (see Fig.
1.1), so it is a shape transformation process milerial retention. The flange
region experiences a radial drawing stress andh@etdial compressive stress
due to the material retention property. These cesgive stresses result in
flange wrinkles. Wrinkles can be prevented by usangblank holder, the
function of which is to facilitate controlled madr flow into the die. The
process generally requires presses with doubleraetiforce for blank holder
and for punch (ASM, 2006).

Parts made by deep drawing usually need severaessive draws and
annealing operations between them (Boljanovic, 2004

Depending on the production series and time cansstaools can be made
of solid steel and other metal alloys, concretegpayglastic materials, etc. The
tools are usually machined, but for shorter preparaime, they can also be
produced wusing rapid prototyping processes (e.gserla sintering,
stereolithography, etc.) or sheet laminating teghes (Mueller, 2000; Mdiller,
2001).

In a study, performed by Mueller, a comparisonitfetent processes of tool
preparation was made (Mueller, 2000). The cosawiihated tools (made of 0,5
mm steel sheets cut out with laser and stackedwelli by NC milling) was
reported only 38% of cost of tools made of soleesby NC milling. However,
the preparation time of laminated tools was 20%hig

14



Before forming _-Punch After forming

Pressure plate

Blank holder

N
Die
|~
Blank-
[~ Stripper ring
\1
Formed part

Fig. 1.1. Principle of deep drawing

The advantages are:
» Short forming cycle times
» Good accuracy
» Complicated shapes can be formed
The disadvantages are:
* Expensive equipment and tools
» Soft tools wear out quickly, and hard tools areesgive and time
consuming to make
e The set-up of the process is time consuming andisheilled
workers

Forming with Flexible Materials

The forming with flexible material is also known #exible-die forming. In
this process, punch or die is replaced with flexibhaterial — rubber,
polyurethane, fluid or flexible diaphragm and flui®ne of the dies is
eliminated, thus reducing the cost of making ite Bolid tool is usually similar
to the punch in the conventional die, but it canthm die cavity. The flexible
material (rubber) acts similar to hydraulic fluigpdying nearly equal pressure
on all workpiece surfaces as it is pressed arol@darm block (ASM, 2006).

For forming with flexible materials, usually unigat hydraulic presses can
be used, except in some special cases. In some fiyaning processes, extra
equipment is needed for better tool movement aadspire control.

The tool half used in the process can be made aXyepesin, zinc alloy,
hardwood, or other inexpensive material, as well sg=l, cast iron and
aluminum alloy (ASM, 2006).
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Several different types of flexible die forming sixi Nowadays, the
processes are categorized into three main grouer-pad, fluid cell, and
fluid forming (ASM, 2006; Boljanovic, 2004).

In rubber-pad forming (the simplest type), the ripad retainer is fixed to
the upper ram of the press (Fig. 1.2). The platentaining the form block, is
placed on the bed of the press. The blank is placetie form block and is held
in position by several locating pins. As the ranthaf press descends, the rubber
pad presses the blank around the form block, tbusihg the workpiece. The
rubber-pad retainer fits closely around the platenming an enclosure that
traps the rubber as pressure is applied (ASM, 2006)

Before forming After forming

Rubber

E Blank
orm r
block I

[

Fig. 1.2. Rubber-pad forming

In fluid-cell forming, the fluid-cell (a flexible antainer) is backed up by
hydraulic fluid to exert a uniform pressure dirgath the workpiece, located at
the form block that is positioned on the pressagBIiSM, 2006).

In fluid forming, a rubber diaphragm serves as libthblankholder and the
flexible die member. The fluid, pushed by upper rafthe press, exerts
uniform pressure to the workpiece using rubber ltiagm. The process differs
from rubber-pad forming and fluid-cell forming inat the forming pressure can
be controlled as a function of the draw depth efpiart (ASM, 2006).

Forming with flexible materials is usually used fmroducing moderately
shallow, recessed parts, having simple flanges.

The advantages compared to conventional forminggsses are (ASM,
2006):

* Only a single solid (metal) half of tool is require

e Tools can be made of low-cost, easily workable neltebecause of
the hydrostatic pressure applied to the tools

» Shorter set-up time (no tools lining-up is needed)

* One rubber pad or diaphragm can be used with diftetie shapes

* Thinning of the sheet, as occurs in conventionahfog, is reduced
considerably

16



Different metals and thicknesses can be produc#tkisame tool
High quality surface finish — no tool marks areatesl

The disadvantages are (ASM, 2006):

The production rate is slow — process is suitabiiengrily in
prototyping and low-volume production

The pad or diaphragm has limited lifetime (depegdon the
pressure and geometry of the parts to be formed)

Lack of sufficient forming pressure causes lesgslggometry or
even wrinkles

High-Velocity Forming

High-velocity forming methods include techniguesclsuas explosive
forming and electromagnetic forming. They are ddfé from other metal
forming methods in that the explosive or electron&ig force first accelerates
the workpiece to a high velocity, i.e. the kineticergy of the workpiece is
significant. The workpiece then changes its shapésirikes against a die or as
it is decelerated by plastic deformation. Thusiriog is largely inertial due to
the dissipation of kinetic energy as plastic defation.

Features of high-velocity sheet forming are asfed:

Only one die is needed for forming

High pressures act only a short period of timetheoinertia of tools
is enough to hold them in place — light tooling tenused

Inertial forces are dominating, while in conventibforming inertia
can be ignored

High pressures are easily created in high velamitytact

Changes occur in constitutive behavior of metaldeurhigh strain
rates

New loading modes are possible — they can be cadbimith
traditional forming tools (e.g. electromagneticriing coils can be
integrated into stamping tools)

Formability can be improved — if loading and bouydeonditions
are properly chosen, ductility far beyond typicahsj-static ductility
can be achieved

More uniform strain distribution can be achieved

Reduced wrinkling — inertial forces strongly sugsrevrinkling
Small surface detail — the process offers possibiid perform
coining-like operations easily

High accuracy caused by reduced springback — oadmpith rigid
tool high pressures will occur in short time periadd residual
elastic strains are minimized

New assembling possibilities — parts can be joibgdorming and
by impact welding (without thermal affected zone)

The most widespread methods of high-velocity fogmiare explosive
forming, electromagnetic forming and electrohydi@atdrming.

17



In explosive forming pressure wave generated by lEgplosive presses
sheet against die causing it to take the shapeeofiie. There are generally two
types of explosive forming: contact process (thgl@sive charge is put directly
to the surface of workpiece) and standoff proctss €xplosion takes place at a
distance from blank; the pressure wave is trarefielyy water, or in some
special cases, sand). The typical set-up for ex@d®rming is shown in Fig.
1.3. (ASM, 2006)

'B{Water

P.
N

>~ Explosive
»:-f
[N

b Hold down ring

.. : - _Workpiece
- 7 % ;-

"= —Vacuum
<) / <
NN (AN T
N NN AN '.: .

" " "Lt _— Dije

N

Fig. 1.3. Ex_plo_siveformirig procés-

In electromagnetic forming process large forces banimparted to any
electrically conductive workpiece by electromagndtiteraction. A significant
amount of energy (up to 200 kJ) is stored in adargpacitor. The charge is
switched over low-inductance conductive busworkotigh a coil. Large
currents that run through the coil take the formdamped sine wave. This
creates a strong transient magnetic field nearctile The field induces eddy
currents in conductive workpiece, which producesctebmagnetic force
between coil and the workpiece. The force can predstresses in the
workpiece that are several times larger than thierniah flow stress. This can
cause plastic deformation of the workpiece and lacaon to velocities
exceeding 100 m/s (ASM, 2006).

Electrohydraulic forming is a hybrid method betweerplosive and
electromagnetic forming. In the process, an intdigged-based shock wave is
produced by an electrical current vaporizing a sn@blme of liquid in a spark
gap of two electrodes. It is better controlled tleplosive forming, but the
forming energy is lower than in explosive formidgsM, 2006).

The advantages are:

e Large and complex parts can be successfully formed

e Light and simple tools can be used, i.e. low-coslihg

e Better formability is achieved in most applications

e Good accuracy due to low springback is achieved
The disadvantages are:

18



« Extra problems may emerge with handling of explesiylegal
limitations, transportation, storing, utilizatiotce

* Not very widespread, information for successful lengentation is
hard to find

Stretch Forming

Stretching is a sheet forming process where blanklamped around its
edges and stretched over a die or form block. @nlikep drawing, the sheet is
gripped by a blank holder to prevent it from beifrgwn into the die. The
ability of the sheet material to deform by elongatand uniform thinning are
very important.

The stretch forming cannot produce parts with sk@ptours. It is used
mainly for making smooth large radius shapes (eigcraft skin panels,
automotive door and roof panels, etc.).

Several types of stretch forming exist. More fragjlyeused types are as
follows (ASM, 2006):

» Stretch draw forming

» Stretch wrapping, also known as rotary stretch fiogm
¢ Compression forming

¢ Radial draw forming

The most widespread type is stretch draw formingsttetch draw forming
process the sheet is stretched over a forming kffiecke is applied by moving
grippers or by moving form block) (Fig. 1.4 a),adie by a mating die of the
desired shape (Fig. 1.4 b) while the workpieceeisl In tension (it is extended
slightly beyond the yield point to retain the dedishape).

Workoi Movable
orkplece Upper die gripper
!
Form block W
Lower die

Fixed adjustable grippers Workpiece
(a) (b)
Fig. 1.4. Stretch forming process. (a) stretch draw forming with form block; (b)
stretch draw forming with mating dies

Other types of stretch forming are combinationstoétching and bending
operations.

In stretch forming process modular reconfigurabla tan be used as form
block, similar to tools used in multi point formingiscussed in following

19



paragraph. This makes the technology more flexdobel suitable for low
volume production.
The advantages are (ASM, 2006):
e Less force is needed (approx. 70%) than in conemali press
forming
» Usually no buckles and wrinkles occur on the part
» Springback is relatively small
* Residual stresses are small
* Form blocks are made of inexpensive materials, eapd, plastic,
cast iron, low carbon steel
» Easy changeover to forming new parts
The disadvantages are (ASM, 2006):
e The limited ability to produce sharp contours agentrant angles
« If the part is not pinched between mating dies,reh&s no
opportunity to form out slight irregularities ofalsheet blank
e Best results are achieved with rectangular blanks

Multi-point Forming

Multi-point forming (MPF) is described as a flexabtype of die forming,
where both dies are composed of several adjustaloehes (Li, 1999; Li,
2002). The tips of the punches are spherical irerotd produce as smooth
contact with the workpiece as possible. The protesfiown in Fig. 1.5. The
principle of MPF is known for a couple of decad€&iseén, 1980), but the
implementation of the process was delayed untileigment of technology
made the control of the process feasible.

Punch set

Workpiece

[ 1]

Fig. 1.5. Multipoint forming process

The main feature of multi-point forming is the #filto change the nature of
the process by control of the height of punchesnduthe process. There are
three ways of punch adjustment (Li, 1999):

20



1. Relative fixation — the height of punches is adiddbefore forming,
relative height is not changing during the formprgcess

2. Passive adjustment — some punches (lower or uppehpset) are
driven passively by the pressing force

3. Active adjustment — the position, speed and dioectif the punches
is dynamically changed during the forming process

Based on the adjustment described above, fouripahechethods of multi-
point forming can be pointed out as follows (Li999:

* Multi point die — punches of both dies are reldjivexed, the upper
and lower tool (punch sets) are moved relativédg In conventional
die forming.

e Multi-point half die — punches at one side are dixefore forming;
at the other side passive adjustment is used (thehes of the tool
apply some predefined reaction force to the wodgie

* Multi-point press — punches at both sides are &efjusctively
during the forming. At the start of the procesd, @minches are
aligned. This is the most complex to control arg iiost promising
method.

* Multi-point half press — punches are adjusted attiat one side
and passively at the other side.

The control of the punches is very important, aspding and buckling may
occur easily. Dimpling occurs due to local contatpunches. To avoid this,
soft elastic sheets can be placed between workmedetools (Tan, 2007).
Some researchers have proposed to substitute enittli elastic polyurethane
pad, making the process more or less similar tdeulpad forming (Zhang,
2006).

For more accurate control of the deformation precédank holder with
adjustable holding forces can be added to the(tapR002; Sun, 2007). Multi-
point forming allows easily to compensate for sgiirack and to produce large
parts with multiple sequential forming steps (thkes to be some overlap by
the tool between subsequent steps) (Li, 2002; C2@05; Qian, 2007).

The advantages are:

» Large parts can be produced in smaller press useguential
forming

* No special tools are required

« High flexibility — reduced lead time and cost

The disadvantages are:

« The minimum size of features depends on punch-sigkape with
smaller details requires more complicated tools

* The process is much more complicated to contral twnventional
die forming
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1.1.2 Complex-pass Techniques

The techniques meant by the term "complex-passnigabs” are those,
where the final form of workpiece is achieved bympticated movement
(trajectory) of the tool (or forming environmendy, several subsequent forming
passes are made.

Hand Hammering

Hand hammering is the oldest, and still used, nfetating technique in our
modern manufacturing industry. In the forming psx;ea sheet is deformed
with every hammer blow to the plastic state, whiebults in the local plastic
deformations to cause the changes of the work Ekape. The process is very
flexible, and allows to produce parts with comptigzhgeometry using only few
tools (Whittier, 1999).

In the process a sheet is hammered with tools,wggometry and material
may largely vary. The sheet is supported by wooddase, sandbag or some
other soft support (Whittier, 1999).

The process is time consuming and noisy. The gualimainly influenced
by the skills of the worker. Thus, accuracy of fbam is different in case of
different workers and from one part to other. Tinsans that the process can be
used mainly in repair works, production of singlrtp or prototypes and in
production of art objects.

The advantages of the process are:

e The process is highly flexible
* No sophisticated and expensive tools are required

The disadvantages are:

« Problems with accuracy and repeatability are ptessib
e Accuracy depends on worker's skills

o Skilled worker is needed

e The process is time consuming

Wheeling

The machine used in this process is known as Hngliseel, wheeling
machine and quick shaper. The machine has a fraaped like a large, closed
letter "C" (refer to Fig. 1.6). At the ends of th&", there are two rollers. The
roller on the top is called the rolling wheel, véhihe roller on the bottom is
called the anvil wheel. The anvil wheel usually hasmaller diameter than the
rolling wheel. The anvil wheel is convex in croscton, while the rolling
wheel is cylindrical. The distance between theersllis adjusted with the
adjusting mechanism below the lower roller (Whegli2007).

During the wheeling operation, a sheet of meta¢peatedly drawn between
the rollers while the final thickness is set by #tjuster. The sheet movement
between the forming rollers gradually deforms tieet to obtain desired
geometry. The choice of rollers and the trajectirynovement determine the
final shape and finish of the part.
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The wheeling machine does not require any extgrosakr; force applied by
operator is enough. The process is quiet and clean.

As the process is manual, not numerically contdpltbe achieving accuracy
depends fully on skills of the operator. The suféinish of the parts produced
using wheeling is smooth and good. Very complexpshasuch as automotive
body panels, can be formed by wheeling. The proiseased in production of
prototype cars, motorcycles, boats and in aerospadastry. For many
applications, working with an English wheel is eaghan manual hammering
of the sheet (English, 2007; Fournier, 2007; Poaesk, 2007; Whittier, 1999).

Fig. 1.6. English wheel (English, 2007)

The advantages are as follows:
e The wheeling machine is simple and low-cost
e Process is quiet
e Surface finish of parts is good
The disadvantages are as follows:
e Low accuracy
* Low productivity
* The accuracy depends on skills of the operator

Kraft Forming

The machines of Kraft forming are produced by Edk@mbH & Co. The
basic forming principle is shown in Fig. 1.7. Thachine is able to perform
several operations, including shrinking (Fig. 1)7 stretching (Fig. 1.7 b),
flattening, doming, clinching, etc. The machine b@ger and lower tool that
are divided in two halves. The tools are able @spgrthe sheet and stretch or
shrink it between the two moving halves. The precesludes many small

23



forming steps, so relatively complex parts can hmméd (Eckold-
Clinchtechnik, 2007 a; Jadhav, 2004).

The machines are mechanically, pneumatically orduylctally actuated. As
the process is manually controlled, the accura@edds fully on skills of the
operator. The process has been used in productidiigb speed train parts,
yachts and airplanes (Eckold-Clinchtechnik, 200Jagathav, 2004).

Thickening

Fig. 1.7. Processes of Kraft forming: a) shrinking; b) stretching (Eckold-
Clinchtechnik, 2007 b)

The main advantage of the process is:
* The process is flexible, many operations can beedasing one
machine tool
The disadvantages are:
e« The process is manually controlled, it means lowueacy and
repeatability
e The accuracy depends directly on skills of the afoer
e Low productivity

Spinning

Spinning is a metal forming process where sheébrimed into seamless,
axisymmetrical shapes by combination of rotationation of a workpiece and
force applied by a tool.
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Some authors classify three types of spinning: rahmspinning, power
spinning and tube spinning (ASM, 2006; Boljano\2004). In current thesis,
power spinning is described separately in sheanifay section, because several
authors prefer to classify shear forming i.e. pogg@nning, separately (Wong,
2003); and as the mechanics is different, it seerg reasonable.

The process is performed in spinning machine, ami turning lathe. In
the process a mandrel is fixed to the spindle athime; sheet blank is pressed
between mandrel and tailstock, and rotates with gpiedle (Fig. 1.8). The
forming is performed with a rigid tool or formingller. The final shape of the
part is obtained in several forming passes (stagds) process is performed
usually in room temperature (ASM, 2006).

Forming stages

7 I r| /Blank
AN
G
O e

Tailstock

Mandrel— | 7

Workpiece

Tool
Fig. 1.8. Spinning process

Machines for producing large parts (blank sizeafie meters in diameter)
are produced. Aluminum sheet with thickness up toné and 3 mm in case of
steel can be formed at room temperature (ASM, 2006)

Mandrel can be made of metal, wood or plastic bpitig. The choice of
material depends on desired quantity of parts.

The tool can be operated manually or by CNC (ugyalfly-back systems)
using servo-mechanical or servo-hydraulic actuattrsually it is hard to
program the forming process without play-back systdéherefore skilled
operator and manual spinning are used.

The process is mainly used in prototyping and fadpction runs of less
than 1000 pieces, because of the low tooling ¢ésts/1, 2006).

Typical products made by using spinning are basketwls, tanks, kettles,
caps, pans, cups, cones, cylinders, drums, dontes, e

The advantages are:

» Cost-effective for prototypes and small series
* Simple and inexpensive equipment
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e The technique highly flexible

The disadvantages are:
*  Only axisymmetrical parts can be produced
* Need for skilled worker

Shear Forming

This method is also known as power spinning andarsispinning. The
process is performed in specialized shear formiaghme, similar to turning
lathe. Most modern shear forming machines have QM@Eh play-back
system). In the process a mandrel is fixed to ftedée of machine; sheet blank
Is pressed between mandrel and tailstock, andesotaith the spindle (Fig. 1.9).
The forming is performed with a forming roller oceveral rollers. The final
shape of the part is obtained in several formirgspa (stages); the workpiece is
annealed between the forming passes in order tease the formability. The
process is performed in room temperature or th&pvece is heated, depending
on the material and thickness (ASM, 2006).

] T Blank
Mandrel — | ’

CAL T
jTTaiIstock

N ¢

WorkpieceJ Roller
Fig. 1.9. Shear forming process

As the loading in shear forming is much higher thlmmanual spinning, the
mandrel is made of cast iron or tool steel.

The process is economical for prototyping and sswikes production.

Large metal blanks (up to six meters in diameteyehbeen successfully
formed using shear forming. Plate stock with thedsrup to 25 mm can be
formed at room temperature, and up to 140 mm attdd temperature (ASM,
2006).

The shear forming is different from manual spinningthe fact, that the
deformation takes place due to shear forces catisenthickness of the sheet to
change (reduce). The final thickness of the shaetbe expressed by sine law
as follows (ASM, 2006):
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t=t,sina, (1.2)
wheret, is the thickness of the blarnkis the final thickness of the sheet after
forming operation and is half the apex angle of the cone.
As can be seen, if the desired geometry of theipanbre complex than just
a cone, the part will have variable thickness tghmut the part in case of
uniform thickness blank. However, it is possibleptoduce constant thickness
part using a preformed blank with optimized geognetr
The applications of the process are similar toghafsspinning, except shear
forming allows to apply better automation, thug@asing productivity.
The advantages are:
e Large parts can be produced
« High flexibility is achieved
The disadvantages are:
e Only axisymmetrical parts can be produced
e Economical only for prototyping and small seriesdurction

CNC Hammering

The process is also known as roboshaping and imecr&inhammering or
sometimes incremental forming. In the process simetal blank is fixed from
its edges to a sheet holder, and is deformed wilthatng (hammering)
numerically controlled tool (Fig. 1.10). The toobrins layer by layer in
horizontal plane close to fixed edge. After eachetait descends a step
downwards and forms next layer. As tool vibrateskband forth at high rate,
the inertia holds workpiece in place and no speadlsupport is needed under
the sheet. The tool is vibrating actuated by ecenimechanism,
electromagnetic or pneumatic system. The ratelwftion of the tool is 100 Hz
or more, and the amplitude is more than 1 mm (Scha0to05).
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Industrial robot

Hammering mechanism

Tool
Workpiece

Blank holder

Fig. 1.10. Roboshaping process (Schafer, 2005)

The geometry of the tool is simple — cylinder wéipherical tip. The tool is
moved along using robot or some sort of special @NDator.

The quality of the part depends directly on todigaand hammering rate of
the tool (Mori, 1996). The dimensions of the pats limited by capabilities of
the robot used in the process, so parts with diloeasn meters can be made.
On the other hand, the same hammering principlebeaised for forming small
objects. Saotome & Okomoto described a microforngypstem, where a part
with 600um edge length and 10n thickness was produced (Saotome, 2001).

The advantages are:

* No special tooling is required
» High flexibility is achieved
* Large parts can be produced
* Highly complex optimized forming toolpaths can lealized using
CAD/CAM systems
The disadvantages are:
e The process is noisy
e Surface roughness is not acceptable for many atjglics
* Preparing toolpaths can be very complicated

Peen Forming

The process is also known as shot peen formingaltet jet forming. Shot
peen forming is a dieless sheet forming process ithgerformed at room
temperature, where small spherical steel shotsatme surface of the work
piece. Every shot acts as a small hammer, produotaj plastic deformation
that causes residual compressive stress and $tigptohthe upper surface. The
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combination of elastic stretching and compressivess generation causes the
material to develop a convex curvature on the pesie. If the shot velocity is
increased, then at some point the whole crosseseofi the sheet is deformed
plastically causing concave form of the surfacee Tature of the surface
(concave or convex) produced depends mainly on sheet (thickness,
mechanical properties, etc), diameter of the dadiand shot velocity (ASM,
2006; Metal, 2007).

The shot peen forming process is suitable for fogiarge panel-type parts
where the bend radii are large and without abrbpnges in contour. Although
no dies are required for peen forming, for severening applications, some
fixtures are sometimes used. Because it is a digecess, the costs of
development and the time spent for manufacturingaoél dies are absent. The
process itself is time consuming, and is effecifil@tch size is small.

Parts formed by peen forming exhibit increasedstasce to flexural
bending fatigue (Metal, 2007).

Nowadays, peen forming facilities can be distingeds by the way the shot
medium is accelerated. The most wide-spread tyrgeasafollows:

e Centrifugal wheel spinning systems
» Air pressure systems

« Injector peening systems

< Injector-gravitation peening systems

The most suitable material for shots is round shbedls, e.g. bearing balls
(100Cr6, hardness 57 to 60 HRC). Ball diametersigally 2 to 4 mm, or in
some cases up to 10 mm. (ASM, 2006)

Shot peen forming is typically used in aerospacksiipbuilding industry.

The advantages are:

* Increased fatigue strength
» Large parts can be manufactured flexibly

The disadvantages are:

e The quality of the parts depends on many paramdteshave to be
controlled on-line — control of the process is ctiogted

» Parts with only large radiuses of curvature cafobmed

* The inferior surface quality may be a problem

Thermal Forming

Thermal forming of sheet metal is a process wherenpnent deformation
of sheet is caused by local thermal treatment witrepplication of external
mechanical forces. It is based on thermal expansibmmaterials. If the
expansion is limited in two dimensions, compressivesses build up and result
in localized plastic deformation (if the temperatis high enough). The plastic
deformation occurs in the third dimension. The ftafly deformed material
does not return to its original place after coalingusing permanent change in
shape of whole component. No melting is allowetht@ place in the forming
process.
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The process relies on localized controllable hgasource. Four energy
sources have been used in thermal forming: a gasefl an electric induction
coil, a plasma torch and a laser beam.

In forming with gas flame usually handheld oxyatsstg torch is used. This
is the oldest, least controllable and reproductbtEhnique. The equipment is
inexpensive, but operator has to be very skilled experienced. Today, the
technique is used mainly in straightening taskstafictures (especially after
welding operations), and in bending of plates fop £onstruction.

Heating with high-frequency electric induction casl the most efficient
method, because the heat is generated directlizgénmtetal by induced eddy
current. The higher the frequency used, the shalldive depth of heating, i.e.
the process is well controllable compared to okieating methods.

Lasers provide a beam of visible light with sigréfint intensity of energy. It
may be used to quickly heating up materials witll w@ntrolled manner. A part
of energy from laser beam is reflected away, tiherois absorbed into material
(only less than 10%). To increase the amount cbrddlesl energy, graphite spray
coating of the workpiece is used (ASM, 2006).

Plasma arc systems are usually less expensiveadadte use than high-
power laser systems. The overall energy transfeo ia generally > 85%
(ASM, 2006).

In the thermal forming system with plasma arc, beating source and two
cooling streams are usually present. For cooling &3 is usually used. One
cooling jet is at the opposite side of sheet, diyamder the heating source. The
other cooling jet is on the same side of the shedieating source, it moves at
certain distance behind the heating source, foliguthe same toolpath. By
varying the heating and cooling intensity, and skeond cooling jet's distance
from the heater, it is possible to make sheet entiward and away from the
heating source (ASM, 2006).

In effective automatic thermal forming system heatirce and cooling jets
are moved by robot manipulators. The toolpathspaepared using specialized
CAM software.

The advantages of thermal forming are:

* High flexibility — no special tooling is required
* Large parts can be produced
The disadvantages are:
e The control of the process is very complex
e The process is very sensitive to process parameters
« Heating of the sheet metal may influence the pragseof the sheet
« Insufficient information about the successful impéntation of the
process is available, as the process is still$earch stage
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1.1.3 Incremental Sheet Forming

Process Description

Incremental sheet forming (ISF) is a novel techggldor sheet metal
forming. ISF is a flexible process — the set-upmfduction of the new part is a
matter of hours rather than days, like in someiticathl forming methods. The
parts of complicated shape can be formed by use @dmputer numerically
controlled (CNC) device. The process uses accl@Aie data that represents
the part produced. No considerable manual workeguired, and thus the
repeatability of the process is very good. The thaak of the process is
relatively long forming time. For that reason, I8Feasible in prototype and
small series production. Incremental forming teghei has been developed
during the last decade (see (Kim, 2000), (Isekd13@nd (Shim, 2001)).

The process of ISF is based on layered manufagtymiimciples, where the
model is divided into horizontal slices. The nuroally controlled (NC)
toolpath is prepared using contours of these slitesthe process, simple
spherical forming tool is moved along NC controlkedlpath as follows (see
Fig. 1.11): tool moves downwards, contacts the tshiben draws a contour on
the horizontal plane, and then makes a step dovasydraws next contour, and
so forth until operation is completed. The process be performed on
universal 3 or more axis CNC milling machine ortwihdustrial robot. For
preparation of NC —code general purpose Computéorated Manufacturing
(CAM) software can be used.

D/Too/ Blank holder
Sheet
Die

3. 4.

Fig. 1.11. Schematic diagram of the incremental sheet metal forming process
(Kim, 2000)

The edges of the sheet blank remain usually fixetharizontal plane by
special blank holder throughout the operation.

There are two basic approaches of incremental faynpirocess: forming
without support (Fig. 1.12 a) and forming with sappFig 1.12 b), also known
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as negative and positive forming, respectively. elty, the positive forming
allows achieving better results but is more complex

Tool
Fixture

5art L N\ %L

/ Support

(a) (b)
Fig. 1.12. Two fundamental types of | SF

Fixture

In Fig. 1.13, there are two additional approacliedied by the authors, but
they are not under the focus of the current thésigig. 1.13 (a) soft support
material is used to achieve better form accuracypp8rt material should be
sufficiently plastic to be able to flow away undee tool, but on the other hand,
it should be rigid enough to support the sheetlbldhe material could be clay,
tar, modeling paste, etc. The authors used in #taily modeling paste. Fig.
1.13 (b) shows set-up for forming areas of the pattpossible or hard to form
in previous steps. This can be accomplished beitar5-axis machining centre
or by using industrial robot.

Tool

Part T Tool

Nl

Part

Soft support material

(@) (b)

Fig. 1.13. Different incremental for ming processes

New trend in ISF is to use industrial robots forung the forming tool
(Lamminen, 2005) or using two robots — one for mgvihe forming tool, the
second, for moving the support (Meier, 2005; Me2&Q7).

As a result of using the ISF process, sheet metek pvith complicated
geometry can be manufactured with simple and wetinexpensive tool. As
expensive and highly dedicated tools are not neededemental forming is
especially suitable for production of prototypes &or small series production.
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Some authors prefer to use the term Single PoinhiRg for negative ISF
and Two Point Forming for positive ISF (JeswietD2®). The idea is, that in
the first case only the tool is in contact with 8teeet. In the second case, the
support is also in contact with the sheet.

The only commercial producer of ISF machines is NEIInc. from Japan
(Amino, 2007). The company produces machines that specialized for
positive forming, i.e. there is vertically movaldbeet holder. The machines
have stiff solid structure; feeds are high (up @n@min). The largest machine
tool is able to process sheet with dimensions u®160x1450 mm. The
company is producing also equipment for fluid éetiming of sheet metal. The
company is planning to produce machines that coenkiretch forming and
incremental forming principles (Maki, 2006).

Literature Overview

An approximate deformation analysis for the incratakbulging of sheet
metal using a ball has been developed by Isekki(I2001). The incremental
bulging method has been applied for non-symmektrédiew shells. In the study
the plane-strain deformation model has been prap@seki, 2001). This model
makes an approximation that the sheet metal inacontith the ball stretches
uniformly. The friction at the interface betweeroltaand sheet, the plane
anisotropy and Bausinger effects of the sheet nahtme neglected. The closed
form expressions for the uniform straigsand & of the deformed shell are
pointed out. The tensile force is determined frdra tondition that the un-
deformed part is rigidly moved by the stiffness tbe shell. The results,
obtained by the approximate deformation analysiEMF analysis and
experiments are in good agreement. However, thelstenincremental bulging
operation has been not modeled in the study (12€Ki1).

Vertical wall surface forming of rectangular shalising multistage
incremental forming was studied by Iseki (IsekiD2 A method of calculating
for the approximate distribution of thickness strand the maximum bulging
height has been proposed using a plane-strain rdafmm model with a
constant strain gradient. Dai et al. obtained apimprelationship between the
blank and its formed specimen under the conditioeven strain (Dai, 2000). A
simplified calculation model was developed by KimY&ng, assuming that all
deformation occurs only by shear deformation (K&A00). The intermediate
shape was determined from the predicted thickn@assn order to distribute
the deformation uniformly. Next, the sheet metakvdgformed by a double-
pass forming undergoing the calculated intermediitape. The proposed
method was applied to the analysis of an ellipdaidp and a clover cup.

The formability in incremental forming of sheet mlevas studied in several
papers (Kim, 2000; Shim, 2001; Filice, 2002; Kin§02; Kim, 2003; Park,
2003; Fratini, 2004; Ambrogio, 2005; Jeswiet, 2085Meyer, 2005; Ham,
2007; Hussain, 2007). Shim & Park made a study sherforming tool
containing a freely rotating ball was developed iifgh2001). The results
observed in the tests were examined by grid meammeand finite element
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analysis. A unique forming limit curve was obtainéidvas pointed out that the
forming limit curve is quite different from that inonventional forming. It
appears to be a straight line with a negative slogle positive region of the
minor strain in the forming limit diagram. It waksa observed that the cracks
occur mostly at the corners (due to greater defbomat the corners). Kim &
Park studied the effects of process parameterd di@e, feed rate, plane-
anisotropy) on formability (Kim, 2002). The forméityi of an aluminum sheet
under various forming conditions was considerethénext study of the same
authors (Kim, 2003). Complex shapes (octagonal ostepped shape, bucket
shape) were produced with the proposed techniqueanbther formability
study, the strain values as large as 300% (matfalaluminum), achieved by
ISF, were reported (Jeswiet, 2005 a). Hussain.enastigated the maximum
forming angle in negative ISF, and concluded thatrhaximum angle depends
on the shape of the part (Hussain, 2007).

Since low accuracy is a serious problem in ISFes®\studies are devoted
to this. Hirt et al. investigated the causes of laecuracy and developed an
error compensation system, which uses CMM and eapgeometry correction
algorithm (Hirt, 2004). Ambrogio et al. dealt withe compensation of elastic
springback (Ambrogio, 2004). In another study empirmodel was used to
estimate and compensate for geometry errors (Andayr@p07). Micari et al.
discussed different approaches for improving aegyriacluding use of flexible
support, counter pressure, multipoint tools, baakang incremental forming
with 4-axis machine tool, etc. (Micari, 2007).

Numerical modeling using FEA has been performechamy studies (Shim,
2001; Filice, 2002; Kim, 2002; Park, 2003; AmbrqgRD04; Ceretti, 2004;
Hirt, 2004; Ambrogio, 2005; Bambach, 2005; Giardi2i005; He, 2005;
Henrard, 2005; Mao, 2006; Capece, 2007). Most ef studies focus on
formability and prediction of thinning. Both type$ FEA codes, explicit and
implicit, have been used by different authors. Ejonty of studies, the sheet is
modeled using 3D shell elements. All studies in@i¢aat the simulation of the
ISF is very time consuming and complicated. Bambeichl. presented new
validation procedure for FEA (Bambach, 2005). Theximum strain deviation
of the analysis was 14%. Some studies deal with phbesibilities of
simplification of the analysis (He, 2005; Henra005). In the simulations
solid elements were used. To speed-up -calculatibe, axisymmetrical
component was modeled partially. Two different FEodles were compared.

In their study, Shim & Park and Kim & Park (Shin@®; Kim, 2002) used
a commercial FEA code, PAM-STAMP, for the analysit sheet metal
incremental forming. It was used to analyze theeétion that occurred in the
straight groove test. The results of this analpstsvided enough information to
understand the trend of deformation.

In some papers, detailed experimental studies, doase the design of
experiments theory, were described (Ham, 2006; Agibr 2007; Duflou,
2007 a; Ham, 2007). Ambrogio et al. presented éxmatal models for
predicting form deviations (Ambrogio, 2007). Somapers focus on the
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influence of product and process parameters ondbility (maximum forming
angle) (Ham, 2006 and Ham, 2007). Duflou et aldis the influence of some
parameters on forming forces (Duflou, 2007 a).

Different die technologies and dieless technolod@strial and small lot
production were compared by Naganawa (Naganawd))208e principles and
features of the recently developed sheet forminggsses were overviewed by
Strano (Strano, 2003). A special attention was paitsSF, cone spinning and
flow-forming.

Jeswiet et al. made a case study of forming pdrsolar cooker (Jeswiet,
2005 c). They observed problems due to springbadkfarmability even with
soft aluminum.

Several studies focus on forming forces (Dufloup20Jeswiet, 2005 b;
Filice, 2006; Duflou, 2007 a). It was observed tthe force vector sum in ISF
is decreasing considerably before the materialr@il This can be used as
material failure indicator in systems with on-linnitoring in order to take
preventive action (Duflou, 2005; Filice, 2006).

Some papers describe ISF with industrial robot. inémen et al. studied
formability in negative and positive ISF (Lammin&@04; Lamminen, 2005).
Meier et al. used two robots to form sheet metati@y] 2005; Meier, 2007).
One robot moved the tool, and the other one was tesmove the support. This
approach makes the ISF technology much more flexibl

A study was made by Duflou et al., where the fognijrocess was
accomplished with industrial robot and, in addifitocal heating of the sheet
with a laser was used (Duflou, 2007 b). The lasamnibwas heating the sheet at
the opposite side of the tool while forming (thesda spot was moved in
synchronous manner with the tool) in order to mthlkeematerial to behave more
plastically. This resulted in decreasing formingcts up to 50%, enhanced
accuracy and formability.

In a paper written by Allwood et al., the designspecial ISF machine tool
with on-line measuring of forming forces is desedl{Allwood, 2005).

Some new approaches of using ISF can be fountkiature. Teramae et al.
used incremental forming process for producing tildneges (Teramae, 2007).
Another paper describes a study concerning increahérming of thin walls
in combination with machining processes of parts &rospace industry
(Smith, 2007). With this approach, more complicatmmmponents can be
produced more cost effectively.

Limitations of the Process
Incremental forming has several limitations. Fivgith incremental forming
it is hard to produce parts that have steep wBlsause of the principle of the
forming, all deformations occur prevalently by shéaformation (Kim, 2000),
so for calculation of thickness the same equatian be used as in shear
forming (see equation 1.1) (ASM, 1988). The equmittcknown as Sine Law.
The decrease of wall thickness is the most selioigtion of the process.
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The second limitation is the low accuracy whichcéised by springback.
High accuracy is hard to achieve unless some $adrapensation procedure is
used. It appears to be problematic mainly in fognafi elastic materials, e.g.
stainless steel. The third limitation is processiimge. If high surface quality
has to be achieved, then small vertical step sizeeeded. It causes process to
be very time consuming.

1.2 Objectives and Tasks

1.2.1 Objectives

The objective of the doctoral thesis is to devetegthods and techniques for
design of products and processes for ISF technavddhexible manufacturing
of sheet metal prototypes and small series products

1.2.2 Tasks

The achieving of the objective, described abovgyires solving some tasks.
The tasks are as follows:

* Overview of different flexible sheet metal formipgpcesses

* The study of mechanics of the process (numericdl throretical
study)

* Experimental study — the investigation of the ieflae of product
and process parameters to the quality of products

« The techniques for design of products and procetssgd on
created models

« The improvement of Incremental Sheet Forming (bediecuracy
and process optimization)

1.2.3 Scientific Novelty

ISF is a novel technology developed during lastadec There are more
guestions than answers in this area. Both, theatedind experimental study
concerning ISF process modeling, limitation analysechnological aspects,
etc. are still in development.

The most important novelties of the current thasésas follows:

* In the current study FEA based numerical proceduproposed for
estimating forming forces in ISF process

e The theoretical model for describing forming folicelSF process
has been improved by introducing the influencela$tic anisotropy

« Experimental models for estimating influence of lveadgle, vertical
step size, tool radius and stretching force on @b quality
indicators (step down line parameters, form anthdélss deviations,
forming forces, etc.) have been built
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1.2.4 Limits of the Study

The thesis gives overview of sheet metal forminacpsses that can be used
for building prototypes. The main emphasis is ocrémental sheet forming
processes. The thesis includes literature overvdeme theoretical aspects and
numerical analysis using finite element method. d/detailed part of the thesis
is experimental study, where forming with and withsupport has been
investigated. The influence of the most importaatameters on some quality
indicators is studied. An important part of the sisedeals with problems
concerning implementation of the forming technolo§pme recommendations
are given and case studies of successful applicatice shown.

Due to time and economical constraints, the stisdiimited to only few
aspects of incremental sheet forming technologye @spects associated with
materials, tribology, design of new machine toglsality testing, automation,
etc. are not covered in the current thesis. Howetlegse topics are not
considered as less important.
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2 THEORETICAL AND NUMERICAL
ANALYSIS

ISF process is relatively new, and many aspectbefprocess are still not
investigated. In the current chapter theoreticaldei® concerning forming
forces and formability, and also numerical analysi® considered. Forming
forces and formability are issues that have bigtmal importance.

2.1 Theoretical Models

2.1.1 Forming Forces

A simplified theoretical model for estimating forammponents in ISF
process is proposed by Iseki (Iseki, 2001). Inftlewing part, the latter model
is extended in order to consider the plastic aropyt

For taking account plastic anisotropy, the classica Mises vyield criteria
should be replaced. In the current thesis the nloamiaotropy is assumed. The
Hil's second and higher order yield criteria arsptoyed for describing
anisotropy. The approximation for the forming loa@mponents, andF, is
given in (Iseki, 2001) as

F.=F @-cos@),
F, =Fsin@), (2.1)
whereF, and 8 stand for the tensile force and contact anglgeetvely.
The contact anglé is determined by the geometrical relations omittece for
conciseness sake (see details in (Iseki, 20018 .gBlometrical interpretation of
the contact anglé is represented in Fig. 1.12, where
a=90°-6. (2.2)

Let us concentrate on evaluation of the tensilegét, since it depends on
material properties including plastic anisotropyifdrm stretching of the sheet
metal under plane-strain condition is assumed. bérding stress and the
friction force are neglected. The tensile forceamputed approximately as

F. = Ao, =2Rto,. (2.3)

In (2.3) the cross section area of the deforme,gtre stress component on

thex-axis, the radius of the tool and the sheet thisknere denoted bw,

o,,R andt, respectively. It is assumed that the stress coewpan thickness
direction g, and the strain componesty, are negligibley axis is perpendicular

to tool moving direction).
From material incompressibility it yields tha, =—&,. The Hill's non-

quadratic yield criterion can be expressed in theeof plane strain condition
and normal anisotropy (Hill, 1979) as
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1

ay\me. (2.4)

o= L o,+ Uy‘
21+R,) 201+R)) Ra)
In (2.4) g,, g,and 0 stand for the stress components and equivalent

stress, respectivelyR, is an anisotropy parameter defined as width tktiéss
strain increment ratio

%)

=X, 2.5
R, p (2.5)
The exponentm (m>0) in (2.4) depends on the normal anisotropy
coefficientR,
g,)" _ 1+R)
= , 2.6
(U_j 2"t 20

where g, denotes the yield stress in equi-biaxial tensiorthe casem = 2,
the criterion (2.4) reduces to the Hill's secondesrcriterion (Hill, 1952).
The ratio between equivalent streSsand the stress componeat, can be

expressed as (see (2.4))
1

z:( @, (1+2Ra)(1—y)mjm, -

o, \20+R) 21+R,)
wherey =0, /0,.
From the normality rule, yield criterion (2.4) amdsumption that, is
negligible, it implies that
99 _. 2.8).
00,

Applying the relation (2.8) to the equivalent strgéven by (2.7) yields
1

@+y" | @+2R)A-Y" [ j
2(1+R,) 21+R,) 2(1+ R)
Solving the algebraic equation (2.9) with respectyt, one obtains (it is
assumed thatr > 0)

[a+ ™ -a+2r)a-p)™]=0- (2.9)

1

y=r 2 Ar2R)™ 71 (2.10)
Ix@+2R)™+1

Substituting (2.10) in (2.7) yields
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m-1

Z:((“ZRa)jm 2 . (2.12)

o 1+ L
X ( Ra) (1+ 2Ra)m_1 +1
Using (2.11) the tensile fordg, given by (2.3), can be rewritten in terms of

equivalent stress as

m-1

F =2Rto A+R) || @+2R)m +1 m. (2.12)
t @+2R,) 2

The equivalent strain increment corresponding &ddycriterion (2.4) can be
expressed as follows (Hill, 1979):

m-1

m \m-1

&, —Ey‘
1+2R,

20+ R)Jm

p=l8 SR

m
5 £ e[+

(2.13)

Duetoe, = 0 (&, is assumed to be negligible), the relation (2re8uces
to

m-1

. m-1
+ 1
£= 20+ R )] 1+ L —| . (2.14)
@+2R)m™1
The isotropic (work) hardening of the material @sidered. The evolution
of the yield surface is described with the equinalglastic strain€ and strain

hardening parameters. The stress-strain curve earfitted by a power
hardening law of the form

g =Kg". (2.15)

In (2.15) K and n stand for the strength coefficient and strain bang
exponent, respectively. These material parameteas be determined
experimentally from standard tensile tests. Insgrt{(2.15), (2.13) and the
thickness relation

t=t,e™ (2.16)
in (2.12), one obtains the tensile fofgan terms of material parameters and

£, as

X
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F = orc 2R 1 x

1

(L+2R)™

(2.17)

m-1

m

1
4] ]
te e,

L+R) " @€+2R)
(1+2R) 2

The strain component, is determined by forming geometry. The closed
form formulas for computings, are given in (Iseki, 2001). In the case of

guadratic Hill's yield criteriam =2 and the expression of the tensile force can
be given in considerably simpler form as

n+l
F, =2RK (@] t.e e, . (2.18)

J1+2R,

The forming load components can be evaluated bystisuting the
expression of the tensile force (2.18) or (2.17Rin1).

The forming load components ifr, (vertical direction) andF, (tool
moving direction) are depicted in Fig. 2.1. Thenforg load components
obtained from theoretical analysis, are given agtions of the bulging height
(forming geometry), but the corresponding experitak@and numerical) results
describe dependence on forming time. Thus, uniqueparison of these results
is complicated. The equipment used in experimesttady allows determining
forming time dependences only. However, the magde#uf the forming load
and its components, the ratié,/F,, corresponding to theoretical and

experimental (and numerical) models are found tolbse.

500 .
T FZ !
500] = ==m————- Fr .
400 B '
=z,
s 3001 )
Ft e -~
=
= 200] e
-~
o //
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o "
"
o —d'-"-
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Bulging height, mm

Fig. 2.1. Forming for ce components (Pohlak, 2006 b)
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Bulging height, mm

Fig. 2.2. Influence of the plastic anisotropy on the forming load F, (Pohlak,
2006 b)

In Fig. 2.2 the forming load components,, corresponding to different

values of the plastic anisotropy parameigr;, are plotted. In the case & =1

(isotropic material), the results obtained by uktheoretical model proposed in
the current study and Iseki’'s models coincide.

It is seen from Fig. 2.2, that the influence of thlastic anisotropy on
material formability is significant. As it can bepected, the forming load

componentF, increases with increasing value of the anisotiogameterR,

(see Fig. 2.2).

In order to fit the experimental results more psely, an advanced vyield
criteria BBC2003 (Banabic, 2005) are introduced fmodeling plastic
anisotropy. Unfortunately, higher accuracy achiewsd applying advanced
yield criteria is accompanied by increasing nundfenechanical tests (uniaxial
and equi-biaxial tensile tests). Besides, nonlirsyatem of algebraic equations
is necessary to solve for computing the anisotrapefficients. Material
parameters identification problem in the case @fldyicriteria BBC2003 is
studied by the author of the current thesis andvarkers in (Majak, 2007 a;
Majak 2007 b).

2.1.2 Formability

It is well-known that the forming limit curve is ge different in the case of
ISF from that in conventional forming (see (Kim,02) and (Kim, 2003)). It
appears to be a straight line with a negative slopbe positive region of the
minor strain on the forming limit diagram. Accordito this, FLD created for
traditional forming processes cannot be used affegt for ISF process
analysis. However, no standard test procedure éas tefined for determining
the forming limit curve in ISF process. Both, expemtal and theoretical
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studies in this area are in development stage. Smneral considerations for
test design are proposed in (Iseki, 2001) andcgil2002). In (Filice, 2002),
tool paths, corresponding to uni-axial and bi-axsaketching conditions, are
given. In (Iseki, 2001), the empirical formula sed for FLD approximation.

The FLD is used as the tool for estimation matefamability in ISF
process. The forming strategies are developed deroto cover the entire
deformation mode corresponding to the positive mati@ain region of the FLD.

Generally, in ISF higher strains can be achiewedoime cases much higher
— Jeswiet et al. reported strains over 300% (AI330) (Jeswiet, 2005 a).
Although, the formability is higher in ISF (formirignit curve is higher), more
geometrical limitations appear when compared withditional forming
technologies, like deep drawing. This is causediiffgrent process mechanics
— in deep drawing material is pulled into the dvhjle in ISF the deformation is
local, and material will not be pulled into prodegsarea. Thus, literally, height
of the part features is built at the cost of plaitkness.

In order to create the FLD, the circular grid paiith 3 mm diameter was
printed on the sheet surface and ISF process wésrmed up to failure. Two
kinds of toolpaths were used: helical and lineackband forth ramp). The limit
strains were determined from the circular grid neecks and fractures (Fig.
2.3).

> 4

Fig. 2.3. Incremental for mability test (Pohlak, 2007 b)

The obtained experimental results are fitted byaight line in FLD.
Deviations of the experimental limit strains frofotained linear approximation
appears not significant (see Fig. 2.4).
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Fig. 2.4 Forming Limit Diagram for | SF process (Pohlak, 2006 a)

Theoretical fracture strains are determined udregriormalized Cockcroft-
Latham criterion (Urban, 2003):

gfr

g, _
ftldé‘:C. (2.19)
0 g

In (2.19) g, is the maximal principal stresg] and & are equivalent stress

_fr
and strain, respectively. Equivalent fracture stri denoted byé . The

calculated fracture strain and experimental lintrais corresponding to the
plane strain condition, are found to be close (Rgl). This result is in
accordance with the empirical formula
g +e,=¢€" (2.20)
proposed in (Pohlak, 2005). In (2.26) and &, stand for major and minor
principal strains, respectively.
Based on the results, obtained above, we can abmthe following:
* itis reasonable to use general linear approaclinfiirstrains
& +CE, =¢C,, (2.21)
wherec, andc, stand for material parameters;
* in plane strain condition the fracture strain, oi#d by non-

incremental forming, can be used to predict thetlistrains for
incremental forming;
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e the proposed approximate theoretical model shows Iest
agreement with test results in case of bulging htsigxceeding 1
mm.

2.2 Numerical Analysis

For simulation of the incremental forming procedsAFsystems ANSYS
(developed by ANSYS, Inc.) and LS-Dyna (developgd_lvermore Software
Technology Corporation) were used. Simulation &f fBocess is a complicated
task, as the models can not be easily simplifi€l aBalyses were performed,
because the process can not be simplified to 2Bulzdion. In addition, the
process is not symmetrical even for producing awisgtrical parts and
therefore, a full model has to be modeled. The medbus aspect is the long
travel of the tool. Several studies can be foumdnfthe literature, where long
simulation time appears to be the main obstacleekample, in some papers it
was tried to simplify the calculation by modelingnly one sector of
axisymmetrical part (He, 2005; Henrard, 2005). Heave the simplification
causes considerable error.

Due to the nature of the process, several nonitiesarinvolved in the
simulation of incremental forming exist. First, m@l nonlinearities — the
material is while forming in plastic range. Secogdpmetrical nonlinearity —
large displacements are involved. Third, contacicuation has to be
performed. In addition, usually large number ofrats has to be used and the
tool moves along relatively long trajectory. Conmgzhwith general sheet metal
forming process, the incremental sheet metal fagnpnocess has a simple
deformation mechanism, but the deformation patlitsofmoving tool in this
process is much longer. All the factors mentionbdve cause finite element
analysis to be complicated and time consuming.

2.2.1 Simulation Model

The basic calculation schemes are depicted inZ%g.Fig. 2.5 (a) represents
the negative forming. As can be seen, the edgéiseo$heet are fixed, and the
sheet is placed on the backing plate that has emiadges.

Simulation of positive ISF approach is depictedrig. 2.5 (b). Here, the
sheet is placed on support. The edges of the sinegiulled down with small
force, but they can not move on horizontal plartee Vertical movement of the
sheet edges can alternatively be solved usingce¢displacement constraints.

L s

Tool
&7 ST @
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AN/

Support

(b)
Fig. 2.5. Calculation schemes of incremental forming processes. (a) forming
without support; (b) forming with support.

The tool, the backing plate and the support aresidened as rigid objects,
because in reality these parts are much stiffar tha workpiece, and this way
it takes less time to simulate. The tool was matialehemisphere. The backing
plate was modeled partially — only the radiuses with contact the sheet were
modeled.

In the current thesis simple rectangular cup (tmmsof pyramid) has been
used as an example (see Fig. 2.6). For buildingmegty of the model
parametric 3D CAD system ProEngineer (develope®dmametric Technology
Corporation) was used, and for control of the tmolvement and also for later
experimental study, CAM software SURFCAM (Surfwdre;.) was used. The
toolpath data from NC code was translated to maftmoBEA preprocessor, by
Microsoft Excel procedures written by the authohe3e macros defined the
tool movement using constraints in several loadsste

Fig. 2.6. 3D CAD model used in the simulation (Pohlak, 2004 c)

In modeling incremental forming with support, theorpiece-support
interface was modeled as well, using contact catmn. Using prestress and
contact calculation in sheet fixture area was assutm be unnecessary.

At first, the simulation using implicit FEA code AYS was made. The
effects of acceleration were assumed to be insogmt to the results under
consideration, thus static analysis was made.

For the simulations two types of 3D shell elememtse used. Firstly, shell
with 4 nodes, and secondly, shell with 8 nodeshBitthem have nonlinear
capabilities and they account for thickness change.

As mentioned above, the simulation of the incremlefdrming process
could be very time consuming. In order to perforrmudation the high
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approximation level has to be used. The two mararpaters on which solving
time depends most, are the number of nodes/elenfel@sent size) in the
model and the number of tool path segments (nuwifdead steps).

Material model used was multilinear isotropic strhiardening anisotropic
plasticity. Multilinear stress - strain curve wasfided by 9 data points. The
modeled sheet was 1 mm thick 99.6% pure aluminume. groperties used in
the calculations were as follows: Young's modulus 89 GPa; Poisson’s ratio
v = 0.33; densityp = 2.7E-6 kg/mm As ISF process is relatively slow and
surfaces were lubricated, temperature effects arcklerations were not
considered to be important.

In order to be able to estimate the effect of el@nseunt to the solving time
two simulations of incremental forming with suppatre performed. The size
of the models was reduced to shorten simulatioe tisheet size 50x50 mm,
thickness 1 mm. Tool radius was 5 mm and suppo# reatangular shaped
with size of 15x15 mm, corner radiuses 5 mm. Stiatcforce applied on sheet
edge was 1 N. Tool was moved along rectangularp&tb] the size of
downward step was 0.5 mm and the total downwardimgogistance was 2.5
mm.

In the first simulation the element edge lengthttmntool and support was 1
mm and on the sheet 2.5 mm. Elements with 8 no8EEL93 in ANSYS)
were used. The model took 14 hours to solve orGHG Intel Pentium 4 PC,
but the stress distribution in some areas was lstieawhich could indicate
the need for smaller elements.

In the second simulation the elements on the dlaak were refined. Now
the edge length of 1 mm was used. Other paramegerained the same. This
model took 120 hours to solve.

The FEA solver messages indicated that the cowetztged too abruptly,
and small solving steps were needed. It can belwded that the main
processing time was due to difficulties in contzaitulations.

In post processing it was found that thickness eslof the sheet after
forming were unrealistic, which could indicate theed for using of even
smaller elements.

Because of the long duration of simulation on #st tase, it was not tried to
perform more simulations with smaller elements. iBayas decided to make
more thorough simulation of forming without suppbecause it needs less
elements and contact regions and therefore takegifae to solve.

In the first simulation of ISF without support, takement edge length on the
tool and support was 1 mm and on the sheet 2.5ThenFEA model is shown
in Fig. 2.7. The elements with 8 nodes were usée. fbol radius 5 mm was
used and the sheet dimensions were 100x100 mmtobhevas moved along
rectangular toolpath, with downward step size 1 niihe total downward
moving distance was 20 mm. The solving of simufativodel was found to be
very time consuming — it took 72 hours.
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Backing plate

Fig. 2.7. Finite element model (exploded view) used for negative forming
simulation

In order to find out how well the model is able represent the reality,
comparison with experimental study was made. Inetkgerimental study, part
with similar parameters was produced on 3 axisimgillmachine tool and
tooling designed by the authors. When the parteeasplete, its geometry was
measured (using CMM) and compared with the simufatiesults. The form
deviations of physical model and FEA result wereasueed ca 2 mm. It was
noticed that the results for thickness change warealistic (difference was
several orders of magnitude), and the thicknessediagreatly at adjacent
elements.

In the second simulation, the sheet was modeldud4uitodes (SHELL181 in
ANSYS) shell elements, because this was the neleeremt formulation, and it
was believed to give more accurate results. Theltseesvere better (more
accurate deformations — the form deviations of ayanodel and FEA result
were between +0.439 mm and -1.295 mm), but realibickness values were
not achieved. It was supposed that the elementwarieig for proper thickness
calculations.

It was decided to make further simulations of tBE process using explicit
FEA code LS-Dyna. The code is frequently used ireshmetal forming
industry.

Similar FEA models were used as described abovegptxthe sheet was
modeled with smaller elements (element edge leRgtim).The tool movement
was prescribed by load curves. The best resulte wistained by using special
metal forming contact type (FORMING_SURFACE_TO_SURIE).

At first, Belytschko-Tsay shell elements with figegration points through
the thickness were used (Hallquist, 2006). Howeter validation showed that
the deformation is not modeled as accurately @NBYS analysis — the form
deviations were between +0.9 and -0.9 mm.

In the next simulation, the sheet was modeled ufiflg integrated shell
elements. Now, it took slightly more time to solit the results were more
accurate.

In simulation with explicit FEA codes an optiongpeed up the calculations
is available by increasing the velocity of the taol by using mass scaling.
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When using this approach, care has to be takereé¢p khe ratio of kinetic
energy vs. deformation energy low. Otherwise fietiinertia effects will

influence the results. By using mass scaling, it ywassible to shorten the
calculation time considerably. The calculation téeds than 24 hours.

2.2.2 Results and Discussion

The validation of results of last simulation showkdt the form deviations
of physical model and FEA result were between firB and +0.74 mm (see
Fig. 2.8). The largest deviation was in step-dowemaof the tool. It could be
caused by fictional inertia effects (too much msesaling) or the initial contact
and step-down of the tool is too abrupt.
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Fig. 2.8. Comparison of physical model and FEA results (Pohlak, 2004 c)

The deviations in other areas are most likely du® approximate material
model, inadequate boundary conditions and too lalgment size. It is possible
to make results more accurate by modeling of skigeire using contact
calculation here also, but this procedure wouldrdase computation time
considerably. The second option, to make model madequate, is by
increasing element number (using smaller elemebts)it will surely increase
computational time.

The equivalent stress plot, shown in Fig. 2.9, datlis that the highest
stresses are at forming region and contact area.IGest stresses are at the
central area of the part. It is in agreement witigieeering judgment of the
author, and proves that the model behaves in eagp@canner.
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Fringe Levels
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Fig. 2.9. Stressesin the part

An important factor in sheet metal forming, espicikSF, is the thickness
after forming. There were some problems predictinigkness values with
ANSYS. However, LS-Dyna modeled the thickness cbarfgshell elements in
the process relatively well. The thickness distiidou is shown in Fig. 2.10.
There is a good agreement between simulation seanlt measured values. It is
worth to mention, that the thickness of real parias slightly, because of small
tool radius and large step size. However, the maded is not able to predict
this due to too large element size (elements ageldahan the step size).

Fringe Levels
1.000e+00
9.101e-01
8.090e-01
7.079e-01 _
6.067e-01
5.056e-01
4.045¢-01
3.0346-01_
2.022e-01
1.011e-01
0.000e+00

4
Kx
Fig. 2.10. Final thickness plot

The question of choosing between implicit and explFEA code is
sometimes raised. Generally, dynamic, large scald eore non-linear
processes are better solved using explicit codesth® other hand, implicit
codes are better in case of quasi-static proceBsedest results, both options
are combined — dynamic sheet metal forming prosesse simulated with
explicit code, and then slower processes, for elangpringback after
unclamping, are modeled using implicit code. Modgtaet metal forming FEA
systems are usually able to use both solvers (der2#02). LS-Dyna, used in
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current study, has also capability of switchingwstn explicit and implicit
mode (Hallquist, 2006). The possibility to simuldte springback effect after
removing redundant areas after forming is espgciakful. However, this is
not thoroughly studied by the author, and will beused on in the future.

The post-processing of LS-Dyna analysis results peaxformed using LS-
PREPOST (developed by Livermore Software Technologsporation). It has
built in capability for sheet metal forming of ugifLD. This capability is very
useful in industrial applications, where it allowsgtimizing the shape and
process parameters to avoid failures in forming ol visualizes the potential
risk areas with different colors, e.g. cracks —, ragk of cracks — yellow,
wrinkles — magenta, etc. It is especially importdatt the data for FLD is based
on actual material testing with ISF, because thBg-bf conventional forming
and ISF are different. The formability analyzingltturned out to be beneficial
in current study.

LS-Dyna provides the capability of automaticallyimeng elements, if mesh
is distorted. It is called adaptive mesh refinemémtclassical problem, it is
useful when simulation is started with large eletegthen the elements are
automatically refined if specified criteria are mand calculation resumes.
However, the calculation time in explicit FEA codipends mostly on element
size, not only the number of elements. In adaptiesh refinement procedure,
after the refinement step, the solver takes ormutaion step back and resumes
the calculation from that point. As experimentswgéd, this may cause the total
simulation time to increase. It is reasonable te equal size elements (with
proper size) from the beginning of the calculation.

The FEA provided practical results for predictidnfarming forces. This is
discussed in more detail in Chapter 4.

The simulation of ISF with support needs furthéertion in the future. The
principle of the process requires the consideratibrihe ironing effect (the
sheet thinning when pressed between tool and sgpurrently, thin shell
elements are not able to model this adequatelytlag@fore, thick shells have
to be used instead. Using of thick shells in sirioibaof ISF is planned in the
future.

The main problem of simulations was the duratiorthef calculations. In
fact, it takes much less time (>100x) to set upeeixpents and produce parts
than to simulate the process. This is the mairriciish in using the FEA for
optimization of the process.

It can be concluded from validation that FE modsds further refinement;
smaller elements have to be used. To achieve mmerate and less time
consuming simulations some special purpose FEA cotdéd be needed that
has procedures fine tuned for incremental forming.

As more detailed data of the influence of process groduct parameters is
needed, and FEA takes too long to solve, experahesttidies were made in
addition to simulations. The experimental studyéscribed in the following
chapter.
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2.3 Conclusions of the Chapter

1.

The Iseki’s theoretical model for describing ISFogass has been
improved by introducing the influence of plasticismropy. A
simplified theoretical model was found befitting fstimating force
components in the case of bulging heights exceetlimym. The
influence of the plastic anisotropy on materialnfability is found
to be significant.

Some concepts used, can be formulated as: in tesigrd
corresponding to uniaxial stretching conditions th8uence of
plastic anisotropy should be considered; in testgiecorresponding
to biaxial stretching conditions, the final georgetf the formed
sheet can be chosen similar to traditional FLD {astmispherical
punch test).

Some strategies for determining forming limit deagr in ISF
process were studied. The test procedures weregresesifor
determining FLD in ISF process.

The ISF process was modeled using FEA softwaressANSYS
and LS-Dyna. Simplified processes were modeled:piduie was a
simple frustum of pyramid; vertical step size waschmbigger than
in real production situation. The thin shell eletsewere used in
FEA. Better results were achieved by using exph&® solver LS-
Dyna.

The simulation process involves several nonlinegitand the
loading path is complicated. It caused the simomatio be time
consuming — the simulation of the forming a parattitan be
produced within 10 minutes, took approximately 2duis on a
standard PC. Thus, simulation process is too tioreseming and
cannot be used for optimization of parts in readpiction.

The numerical models were validated by comparisoith w
experimentally produced part. The obtained numeriead
experimental results were found to be in a goodergent.
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3 EXPERIMENTAL STUDY

The mechanics of the process is fairly complex. ofétcal study and
numerical analyses provided some information aBeueral aspects, but many
problems were left unsolved. The experimental stodyetermine the influence
of most important process and product parametergutdity indicators was
performed. In the experimental study both, formvith support and forming
without support, were investigated.

3.1 ISF without Support

To achieve accurate form of part in ISF withoutsan, the sheet should be
supported close to the deformed area. Otherwisestibet bends through and
form deviation occurs. It means that if the par bamplicated geometry then
the sheet holder should also have similar shapdahasdechnology loses some
of its flexibility as special sheet holder has ®grepared for each part. To find
ways to avoid this, some process and product pdesmevere studied in
experiments in which sheet was deformed at thamist of 10 mm from the
sheet support.

3.1.1 Methods and Materials

Model
Simple rectangular cup (frustum of pyramid) wassehofor the geometry of
the test part (Fig. 3.1). The formed volume wasaximately 80x80x40 mm.

Fig. 3.1. Manufactured test part (Pohlak, 2004 d)
Material

The material of the blank used in this study wasnahum alloy EN AW-
1060 (specified in EN 573:2004), contains (min)698.Al, (max) 0.25% Si,
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(max) 0.35% Fe, (max) 0.05% Cu, (max) 0.03% Mn,xnta03% Mg, (max)
0.03% Ti, (max) 0.05% Zn, (max) 0.05% V. Densitytbé material is 2705
kg/n?’, tensile strength 97 MPa, yield strength 90 MPaduius of elasticity
68.9 GPa. The thickness of the sheet was 1 mm.

Design of Experiments

The most efficient way to analyze the influence sofime variables on
measurable outputs is by using factorial desigexgferiments (Montgomery,
2001).

Three input parameters have been used as follows:

e Tool radiusR (Ryin = 3 MM;Ryex = 10 mm)
» Vertical step sizep; (P, mn = 0.1 MM;p; max = 1 mm)
« Wall draft anglea (Qrin = 30°; Grax = 60°)

The parameters were selected based on previousrienges and
information from the literature. These three paremgewere considered to be
most important and easy to control.

Two level factorial design with one experiment lag¢ tenter of the model
was made, so the total number was 9 experiments.

On every minimum - maximum combination of theseapseters several
output indicators were measured, the most impodiwhich are as follows:

» Wall thickness

» Flatness deviation of non-horizontal walls
e Surface roughness on processed surfaces
e Total form deviation of part

For product design, these indicators are the messtrdial, in addition, they
are easy to measure.

The function to estimate the effect of process irgarameters;, x, andxs
(corresponds t&, p, and a respectively) to the process output indicatprs
described as follows:

g(yi)=ao+Za>ﬁ+Z Da XX, (3.1)

i=1 j=1

where g and a; are the coefficients estimated from experimeg(y;) is
some preselected transformation function.

Experimental Set-up
Fixture for producing parts is shown in Fig. 32cdnsists of a base and a
blank holder. The base is fixed onto machine table. The blank holder is
connected with the base by bolts, ensuring thelfpasition of the sheet blank.
The experiments were made on vertical 3 axis CNChméng centre Dyna
EM-3116 from DYNA Mechtronics Inc.
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Fig. 3.2. I SF fixture (Pohlak, 2004 d)

Tools

In the experiments of ISF without support, threiéedent tools with radius
10 mm, 15 mm and 30 mm were used (Fig. 3.3). Thks twere made of tool
steel, afterwards hardened and polished.

Fig. 3.3. Toolsused in the study

Toolpaths and Machining

For preparing the toolpaths for CNC controller, coencial CAM system
SURFCAM from Surfware, Inc. was used.

In the study uni-directional toolpaths were usedk $tep-down was made at
the corner of the pyramid.
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During the experiments the tool was not rotatitigwas sliding on the
surface of the sheet that was lubricated with naiheit.

The feed rate of the tool was kept constant througlthe experiments —
2000 mm/min.

Measurements

The wall thickness was measured using digital etdics. Flatness deviation
was measured with coordinate measuring machinetdiouStrato, produced
by Mitutoyo Corporation. Surface roughness was mnedks using portable
surface roughness measuring system Surtronic ®tuped by Taylor Hobson
Ltd. Form deviation was measured with 3D laser seafReplica, produced by
3D Scanners Ltd.

3.1.2 Results

The range of responses measured is listed in Bablélhe data can be used
as approximate guide in process selection or design

Table 3.1. Minimum and maximum values of measur ed responses

Response Min value Max
value
Thickness, mm 0.46 0.86
Flatness, mm 0.110 0.390
Surface roughness Ran 0.4 4.4
Total form deviation, mm 3.585 7.226

The analysis of the results was made. The regressiodels for most
significant parameters are shown below.
Thickness:

t=0.09A40.012ax (3.2)
Flatness:

e, =0.2895-0.0077R+0.0936p,+0.003 1+

0.0128Rp, - 0.000Ra - 0.0041p,a
Surface roughness:
l0g,,(SR) = 0.6008- 0.0354R — 0.4499p, — 0.0123r+0.0224p,a (3.4)
Total form deviation:
e, = 6.3236-3.6503p, — 0.02887 - 0.0729p,a (3.5)

(3.3)

3.1.3 Discussion

In the study the two level design of experiments waed. The analysis of
the results indicated that more detailed studyctiewe more accurate models
may be required.
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The experimental study was designed so, that thetskas deformed at the
distance of 10 mm from the sheet support. The m&pof that was to
investigate the forming "in the air", i.e. withospecial support. In this case,
deflection of the sheet near supporting areaseofitture occurs. It is important
aspect when universal tools are used.

Fig. 3.4 shows the cross section of the part predugsing ISF without
support. In the figure, the section of "ideal" pare. without deflection, is
displayed. Note the considerable deflection negreugdge, i.e. where sheet
fixture ends.

Ideal section

Fig. 3.4. Idéé\l and realistic section of the part

The majority of form deviations in current studycooed due to deflection
of unsupported surfaces. This can be seen fromatieni plot in Fig. 3.5. It
means, that the deviations can be minimized bygusiipports or backing plate.
The second most important source of form deviatisnssually elastic spring-
back of material. It presents a serious problertiquaarly in forming of elastic
materials, e.g. stainless steel.
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Fig. 3.5. Deviation plot of manufactured part and initial 3D CAD geometry
(Pohlak, 2004 d)

The influence of draft angle and step size on tdtain deviation is
described in Fig. 3.6. Apparently, there is anred@on betweermp, anda. It
makes the minimization of deviation more complidat€he optimum value of
p, depends on geometry and in realistic applicat&raild change in different
areas of the part. Today, no commercial CAM syspeorides the capability of
generating toolpaths with automatically changing,of

s

. e e
7 s LT
LI LA ARSI AT AR AR
e
e e
T AT AT T AT AT AT IS TSI ST AT F IS
L AT AT AL E AL TSP AT
TS AT AT R I T LTI T Z TS T
7.00 A A A A A AT,
. (AT A AL AT AT A E AR AT A AFTATS
I A I T IT AT T T A
LA AL TSI I TSI T A PAPT I AT TS
e S et S
S FS e,
277 1A
c
'-og 5.40
4.60
—_
o

Actual Factor 4
R =6.50

0160
Fig. 3.6. Influence of draft angle and step size on form deviation
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One drawback of ISF is the dependence of wall tlésk on wall draft
angle. Steeper the walls, thinner the sheet will lpe extreme cases, the
deformation is too high and the sheet will break.séated earlier, the thickness
in ISF obeys the sine law. In Fig. 3.7 the relahip of draft angle and wall
thickness is shown. Note, that the diagrams argedo the values proposed by
the sine law (1.1).
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0,400 : : : : : ‘ ‘ 1
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Draft angle
Fig. 3.7. Draft angle and part thickness relationship (Pohlak, 2004 a)

The surface roughness on the tool side dependdynwsvertical step size
and tool radius. On the other side, roughnessddpends on grain size of the
alloy and deformation magnitude — if large grailoyals heavily deformed, the
surface will have visible texture. On the tool sitlee tool irons the surface
leaving wavy surface (Fig. 3.8). Depending on lcétion used, the hard
particles (small pieces of blank, tool or other)yntaw visible lines on the

surface.

— >Support/Fixture
Fig. 3.8. Tool marks on the surface

On surfaces designed flat, the flatness deviaticaas wneasured. The
relationship of the flatness deviation and the tadius is described in Fig. 3.9.
As can be seen, tools with larger radius produats paith smaller flathess
deviation. However, the results indicate that thgniicance of factors is
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relatively low and could be due to noise. One caumdd be the small area
where the flatness was measured (size constrdit&dixture).

0,450
0,400 & Flatness
A - (pz=0,1;
2 0350 Alfa=30)
E 0300 LT = B Flatness (pz=1;
5 ~ EEe TT--= Alfa=30)
% 0,250 = \
2 0,200 R e A Flatness
@ ~. (pz=0,1;
8 0,150 \% Alfa=60)
E 0,100 H X Flatness (pz=1;
Alfa=60)
0,050
0,000

2 3 4 5 6 7 8 9 10 11
Tool radius, R (mm)

Fig. 3.9. Tool radius and flatness deviation relationship (Pohlak, 2004 a)

3.2 ISF with Support

From the literature several papers describing ex@atal study of different
aspects of incremental forming without support barfound. However, not so
many works are concerning incremental forming sitibport and only some of
them introduce models for estimating propertieshef product. Forming with
support is more complex as more parameters ardvieniolt allows achieving
better accuracy and more complicated geometry.

For filling the gap in knowledge about ISF procems,experimental study
was performed.

3.2.1 Methods and Materials

Model

To study the process simple models with pyramigpehaere used (see Fig.
3.10). In the process, a structure supporting wpglamidal surface for better
stability was used.

Fig. 3.10. Geometry of the model used in the experimental study
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Material

The material of the blank was aluminum alloy EN AMS0A (specified in
EN 573:2004), contains (min) 99.5% Al, (max) 0.2%4% (max) 0.4% Fe,
(max) 0.05% Cu, (max) 0.05% Mn, (max) 0.05% Mg, Xh&05% Ti. Density
of the material is 2705 kgfntensile strength 110 MPa, yield strength 103 MPa,
modulus of elasticity 69 GPa. The thickness ofdheet used in the study was 1
mm.

Design of Experiments

After analyzing the literature and preliminary espeental study, it was
decided to do more thorough experimental investgaof the influence of
some parameters that affect the final geometnhefproduct the most. There
are many parameters that are interesting to rdse@r the field, but because
of the economical considerations and time congBaifour parameters were
chosen as follows:

* Tool radius R)

* Vertical step size of the togb

« Wall draft angle of final geometry:)

« Stretching force — vertical force pushing the blamko the support
(F9

First three of the parameters were considered tbdenost important by the
knowledge gathered from preliminary experiments dlitdrature. The
application of stretching force in ISF has not bémmd in literature. However,
the stretching force was considered to be impogantigh and the influence of
it was investigated.

As the most efficient way to analyze the influerafesome variables on
measurable outputs is by using factorial desigexgferiments (Montgomery,
2001), two level factorial design with four expeents at the center of the
model were made, so the total number was 20 expatsn

The different tool radiuses were implemented byparimg three different
tools, the step size variation by different todhsaf{defined in CAM system),
the draft angle by toolpaths and different suppatsl the stretching force by
adding extra weights to the sheet holder. As extrights with precisely needed
mass were not available, the average mass wastlgliggwer than the
mathematical average.

The values of variables are shown in the Table 3.2.

Table 3.2. The values of design variablesin experimental study

Design variable Minimum level Maximum leve Meandé
R, mm 5 15 10
p, mm 0.1 1 0.55
a, degree 30 60 45
Fs N 0 205 89
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Output parameters of the study are as follows:
* Flatness deviation on different surfaces
* Surface roughness on different surfaces
* Forming force components
* The characteristics of step-down line
For each of them a regression model was determined.

The ISF Fixture

The ISF fixture, utilized in the study, is shownHig. 3.11. It consists of a
base plate onto which a support is attached. Tmgatli guide bars are attached
to the base plate. On the bars, linear ball bearwih sheet holder are
mounted. The linear guide bearings allow only waitmovement of the sheet
holder. The sheet is fixed to the holder by bolts.

Fig. 3.11. Thel SF fixture for fofming V\}ith suppoft

Supports

Generally, the selection of material for suppompetels on the size of the
gap between the tool and support, material of tieesto be processed, the
accuracy of the toolpaths and the number of parketproduced, etc. In current
study, the supports were made of medium densitgrifiliard (MDF). The
material was chosen because in the study soft alumiwas formed and the
number of parts produced with one support was lovaddition, the machining
of MDF is easy and fast.

The blank for support was made by gluing severatgs of MDF together.
For gluing the pieces epoxy glue was used. Fig2 Siows the supports after
machining operation.

The supports were attached to the base plate aéGthéxture with bolts.
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Fig. 3.12. Supportsafter machining

Tools

In the experiments three different tools (radiusnd@, 15 mm and 30 mm)
with simple hemispherical tip were used. Tools, enad tool steel, were
hardened and polished.

Toolpaths and Machining

The experiments were made on 3 axis CNC machinamgre Dyna EM-
3116 from DYNA Mechtronics Inc.

For preparing the toolpaths for CNC controller, ooencial
CAD/CAM/CAE system Unigraphics NX4 (from UGS Corpuas used.

In the study bi-directional toolpaths were usedider to avoid additional
geometry deviations induced by part rotation.

During the experiments the tool was not rotatingwas sliding on the
surface of the sheet that was lubricated with naineit.

The feed rate of the tool was kept constant througlexperiments — 2000
mm/min.

The location of step-down motion of the tool wass#n at the flat surface
in order to be able to measure better the step-dioercharacteristics.

Measurements

During the forming operation forces were measufdidother measurements
were performed after the forming.

Geometric characteristics of the parts were medsamethe surfaces A, B, C
and D (see Fig. 3.13). The tool makes downward siemys at the same
position, on Fig. 3.13 it is shown with the dottiee.

The blank was positioned into the fixture so ttnet tolling direction of the
sheet coincided witk-axis of the machine tool. This way the anisotropyhe
blank was taken into account.
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YLX A

Fig. 3.13. The notation of surfaces

Force Measurement

Forming force is very important process parameatemetal forming. The
force required for sheet forming limits the equiprneeeded.

The force measuring set-up consists of ISF fixthed is mounted on top of
the load cell. The piezoelectric loadcell from kastinstrumente AG was used.
The loadcell is able to measure the forces in tipexpendicular directions. In
addition, the measuring system includes charge iaemp| data acquisition
cards and a PC. The sampling rate in force measuewas 50 Hz.

The data acquisition and analysis in force measenemvas performed with
software Catman Easy (from Hottinger Baldwin Meslsték GmbH). Further
data processing and analysis was performed usinglIMMB (from The
MatWorks, Inc).

Flatness

One easy way to characterize accuracy of formimggss is by measuring
flathness deviation on non-horizontal surfaces. He study the flatness of
surfaces marked with A, B, C and D on Fig. 3.13 magsured.

In Fig. 3.14 the top view of the test part with tbection highlighted is
presented. As can be seen, the real surface ixpwhile the ideal is flat.
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Fig. 3.14. The section of the part (top view)

The flatness was measured with coordinate measunaghine TESA
Micro-Hite 3D, produced by TESA SA.

Surface Roughness

Surface quality is an important parameter in ew#naof suitability of
forming processes. The preliminary experiments shbat in ISF surface
quality can greatly vary depending on the procesarpeters. It is evident, that
in order to achieve higher surface quality, thecpss will be more time
consuming.

In the study the surface roughness Ra (arithmetmoabn roughness
according to ISO 4287:1997) of surfaces marked witand B in Fig. 3.13
from both sides, tool and support side, was medsUiee measuring direction
was perpendicular to toolpaths.

Surface roughness measurements were made usirgssdifish and form
measurement system Surtronic 3+, produced by Taigbison Ltd.

The Step-down Line

The place where tool makes a step downwards afteh eycle forms a
visible defect. If the toolpath is such that theleyends near the end of previous
cycle, the so-called step-down line forms. Thishis case when the toolpaths
are prepared with general CAM software, i.e. atsen¢ there is no
commercially available CAM system that is able iepdrse the step-down
points eventually on the part and avoiding the def&or this reason the
elimination of the effect is important.

In Fig. 3.14 the section of the part is shown. As be seen, at the place
where tool moves step downwards (start and eng@éy; is a twist. Geometry
at this region was studied using CMM and surfagistii and form measurement
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system Surtronic 3+. The measurements were doperpendicular direction to

the step-down line.

3.2.2 Results

Measured responses were as follows:
* Flatness - surfaces A, B, Cand D

« Surface roughness Ra — surface A, upper side;cguialower side;
surface B, upper side; surface B, lower side (pedjpelar to

toolpaths)

e Surface roughness parameters Ry (maximum peakRanof step-

down line
» Surface roughness Ra along toolpath
* Load components,, F, andF,
* Depth of step-down line

The range of responses measured is listed in BaBle

Table 3.3. Minimum and maximum values of measur ed r esponses

Response Min Max
value value
Flatness (surface A), mm 0.467 4.900
Flatness (surface B), mm 0.301 5.33(
Flatness (surface C), mm 0.473 5.297
Flatness (surface D), mm 0.448 5.23(
Surface roughness from tool side (surfaceu), 1.3 8.7
Surface roughness from tool side (surfaceus), 1.3 9.4
Surface roughness from support side (surfaceuh), 2.9 12.4
Surface roughness from support side (surfaceu), 2.6 17.5
Maximum force along-axis, N 71 343
Maximum force along-axis, N 66 319
Maximum force along-axis, N 295 1017
Surface roughness Ra (across step-down lima), 2.3 10.0
Surface roughness Ry (across step-down ljrra), 6.3 34.6
Surface roughness Ra (along toolpagim), 0.3 1.4

After the measurements ANOVA analysis was performiéee regression

models for most significant parameters are shoviovbe

Flatness of surface A:

e, = (0.3657+0.0184R - 0.5793p, + 0.0078x —

0.000F, +0.0106p,0 + 282010 °aF.) 2

Flatness of surface B:
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e, =(2.2926- 0.0782R +1.5284p, — 0.022% —

(3.7)
0.0012F, + 0.0011Rx — 0.0223p,0:)°
Average flatness:
€1 = (25367-0.0809R +1.3197p, — 0.0257x - 3:8)
0.0011F, + 0.0012Ra — 0.0208p,0) 2 '
Surface roughness from tool side (surface A):
Ryypper =1.5988+ 0.0153R +6.1375p, — 0.324Rp, (3.9)
Surface roughness from tool side (surface B):
1
= 3.10
Fourper 0.3726+ 0.0204R - 0.3092p, (3.10)
Maximum force along-axis:
F, =256.8+1717R-925778p, — 2.9681r - (3.11)
0.259FRa+ 291p,a '
Maximum force along-axis:
F, =64.0532+26.1339R +1115527p, - 0.2382x —- (3.12)

5.286Rp, - 0.3705Ra
Maximum force along-axis:
F, =3986627+20.393R +317.885p, — 444a + 0.732 7, (3.13)

Surface roughness parameter Ra across step-doavn lin
Reine = 2.7553+0.0226R +8.3722p, — 0.3256R p, (3.14)

Surface roughness parameter Ry across step-dogn lin
Reytine =426441- 0.541R +5.4278p, - 03607 -

0.0344F, +0.0412p, F,
(3.15)

3.2.3 Discussion

In the study the two level design of experiments waed. However, the
analysis of the results indicated that for somepaters "lack of fit" is present
and therefore, three level design could be prafetoeachieve more accurate
models.

The statistical analysis of the results allows eaahg the influence of the
factors on the product and process characterighias, achieving better quality
of products by controlling the important factors.

Generally, the ISF technology can be used in apiitins where the
accuracy of form and dimensions is not the mostontamt factor. As
experiments show, the form deviation can be sevendlimeters. The
experimental study about form deviation is desdriimesection 3.1. It has been
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studied by other researchers as well. For exampibragio et al. (Ambrogio,
2007) created experimental models for deviation mamsation in ISF without
support.

In the case of the parts with complicated geoméiiste is a chance, that the
form deviations may not be noticed visually. Howevea surface that has to
be flat is present, then the flatness deviatioeasily detectable. Author of the
current study investigated experimentally the dffgfcthe factors on flatness
deviation in ISF with support.

After statistical analysis of the results the effecan be visually examined
using Pareto chart and half-normal plot of effedise use of latter is more
suggested (Montgomery, 2001).

On Pareto chart, the longer is the bar, the mogmifgiant is the
corresponding factor. On the Pareto chart, twoetgffit t-limits are plotted —
based on the Bonferroni corrected t and a startd&iftects that are above the t-
value limit are possibly significant (with 5% rislevel). Effects above
Bonferroni Limit are almost certainly significarfo( details about Bonferroni
method refer to (Montgomery, 2001)). Effects that below the t-value limit
are not likely to be significant.

In Fig. 3.15 the Pareto chart is presented, wheagsscally significant
effects of flathess of surface A are shown. Notat tim Figs. 3.15-3.26 A
corresponds to tool radiuB) B — vertical step sizepf), C — wall angle«) and
D — stretching forceHs). The combinations AB, BC etc denote the intecandi
between the factors.

C
16.97 — =

1273 —f

849 —

4.24 —

Bonferroni Limit 3.58384]
I I [ I l l I I I
10 11 12 13 14 15

t-Value of |Effect|

t-Value Limit 2.16037|

0.00 — —

Rank
Fig. 3.15. The significant factorsfor flatness of surface A
On half-normal probability plot, large absoluteuwed show up as outliers in

the upper right-hand section of the graph. Thectsfehat are negligible are
normally distributed and will tend to fall alongs&raight line on the plot (the
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line on the plot always passes the origin), whigmificant effects will have
nonzero means and will not lie along the line (Mmmhery, 2001).
The Half normal plot of effects for flatness offawe A is in Fig. 3.16.
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Fig. 3.16. Half normal plot of effectsfor flatness of surface A

As can be seen from Table 3.3, the flatness vari@sde range (more than
10 times) whereas the lowest values are ca 0.5 Sunthe flatness deviation
could be one factor that excludes from using ISHRnelogy in applications that
require more accurate form.

The study indicated that the wall angle is the nsogtificant factor in the
flatness deviation (see Fig. 3.15 and Fig. 3.18)this situation, one of the
influencing factors may also be the low stiffne$she sheet holder — it uses
two linear guide bearings (see Fig. 3.11) instefafdwar utilized in commercial
ISF systems.

As discovered, the accuracy of the parts made Byid$airly low — the form
deviations could be even several millimeters intpawith dimensions of
100x100x100 mm. So, if parts are not accurate, thigynt be used successfully
in applications where the appearance is more irapbthan the accuracy, i.e.
emphasis on industrial design. Analyzing surfaceliu after the forming
process could answer the question.

The surface texture at tool side is induced byttiod — it can be seen even
without detailed analysis that the most importaatdrs are the tool radius and
the distance between subsequent toolpath lines. sidmficant factors for
surface roughness at the tool side on surface Aaaue shown in Fig. 3.17 and
Fig. 3.18 respectively. As can be seen, in surfgdbe interaction of factors A
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(R) and B f,) is significant, while in surface B it is not. Theason for that is
not fully known. The effect of the interaction isistrated in Fig. 3.19.
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Fig. 3.17. The significant factorsfor surfaceroughness of surface A
B
5.65 — e
prorg) 424 — :
(&)
(]
=
E AN Bonferroni Limit 3.4102
—
[e) 2.82 —]
(0]
=
] R tValue Limit 2.10982
+— 141 — I I
oo | LN L IIIIII-__
I I I I I I I I I I I

T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Rank
Fig. 3.18. The significant factorsfor surfaceroughness of surface B
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Fig. 3.19. Theinteraction of factors for surface roughness of surface A

The measurements (see Table 3.3) and visual olbesrvandicate, that the
surface quality of the sheet at the side of supgosorse than at the side of the
tool.

The experimental study suggests that the surfasghress of the sheet at
the support side depends on many different facédirsf which are not covered
in the current study. The quality of surface atshpport side is influenced also
by:

» Surface quality of the support if the blank is gezbsin the forming
process between support and the tool. Sheet in someat copies
the surface texture of the support. Although thepsut was made of
soft material (softer than aluminum blank), itIdtift visible marks
on the sheet surface.

* Microstructure and mechanical properties of theesimaterial. If
sheet metal is heavily deformed, particularly isitoarse grained, it
often develops a rough surface texture commonlyvknas "orange
peel" (ASM, 1988). The effect was visible on mosirtp in the
study.

Comparing the results of measurement of the surfaaghness in ISF with
and without support (see previous section), it rbayseen that in case of
forming without support the surface quality is bettAt the same time, in later
case, the minimum value of tool radius was 3 men,amaller, and the range of
p, was the same. This can be explained with gre&gibflity of material in
forming process — in forming with support the mateis pressed between the
tool and the support, while in forming without sopp material is at the
forming area in contact only with the tool. So, pieally deformed zone is
smaller, and material moves back when the tooligoes its travel. It appears
that in forming without support the surface quaigybetter, and it occurs at the
cost of accuracy.

71



It is the task of engineer to decide the orientatid the part taking into
account the visibility of the surfaces. For higlyerality some extra polishing
operations may be required.

An important parameter in metal forming is the #orequired for successful
forming operation. It prescribes the selection fiogrtools and machines. One
of the positive aspects of ISF is the fact, thatftbrming force does not depend
on the size of the part. So, large parts can beematthout the need for increase
of stiffness of machine tool, i.e. no extra costl{inensions of working volume
of the machine tool are sufficient).

In current study the force components in ISF weeasared. As can be seen
in Table 3.3, horizontal components are considgrdbWer than vertical
component.

The force components measured in the experimenstaren in Fig. 3.20.
The smaller peaks on the graph (de¢ are emerging at the corners of
rectangular toolpath, and the higher peaks at tiyg-down movement of the
tool. In Fig. 3.20 only a fragment from the begmmiof the force graph is
presented. The peak forces of cycles gain certabieslevel if the geometry is
uniform, like on the experiments.

The force component values were saved in ASCII-Tilee maximum values
were extracted and analyzed using programs wiiittdéMATLAB environment.

As can be seen in Fig. 3.20, the force patterrtharx andy directions are
not similar. This is due to sheet anisotropy and-symmetric deformation
mode. The obtained results are in agreement welrekults given by Jadhav
(Jadhav, 2004).

Force components in ISF F.
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400 ,4‘ — X-axis — Y-axis — Z—axisl
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Fig. 3.20. For ce components measured in experimental study (Pohlak, 2007 a)

The significant factors for maximum force componient-axis direction are
shown in Fig. 3.21. As can be seen, the wall affgletor C on the chart) has
the largest impact. It also has the largest impgacttthe maximum force
component iny-axis direction (see Fig. 3.22). As can be seeRigures 3.21
and 3.22, there is a difference in significantiatéions.
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Fig. 3.21. The significant factorsfor force component in x-axis direction
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Fig. 3.22. The significant factorsfor force component in y-axis direction

The effect of interactions qf, anda on force inx-axis direction is shown in

Fig. 3.23. As can be seen, the maximum force vgheatly depends on the
parameters.
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Fig. 3.23. Theinteraction of factors (force in x-axis dir ection)

The experiments indicated that vertical force congm was several times
higher than horizontal components. This situatisnpbsitive, because the
horizontal components try to bend the tool, whishwiorse than compression
that occurs due to vertical component.

The significant factors for maximum force componient-axis direction are
shown in Fig. 3.24. As can be seen, vertical siep (§actor B on the chart) has
the largest impact. Here the interactions appebetmsignificant.
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Fig. 3.24. The significant factorsfor force component in z-axis direction
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Usually, depending on the toolpath, ISF procesgelea visible line (step-
down line) on the surface of the part. The line mayse problems in several
applications. In current study the influence of thetors on the step-down line
was measured.

The significant factors for surface roughness patamRy across step-down
line are shown in Fig. 3.25. It appeared that thestnimportant factor is.
Other factors play significant role as well.

The same chart for surface roughness parametes iR&ig. 3.26. Here, the
most significant factor ip ,; alsoR and their interaction, is important.
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Fig. 3.25. The significant factorsfor Ry across step-down line
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Fig. 3.26. The significant factorsfor Ra across step-down line
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The diagram in Fig. 3.27 shows the influence ofesi& roughness Ra across
the step-down line. The figure shows, that in theecof small tool vertical step,
the roughness is not influenced by the tool radiashigher levels of step size,
the influence is considerable. So, one may concltit# when designing the
ISF process, selecting of tool radius and choositep size needs to be
considered together. It is especially importantisw of processing time — the
time depends directly on step size used in forming.
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3.3 Conclusions of the Chapter

1. There are two main variants of incremental formifegming with
support and forming without support. For both casetensive
experimental study, based on theory of design peements, was
conducted. The material used in experiments was aafminum
alloy.

2. In experimental study of ISF without support, théiuence of tool
radius, vertical step size and wall draft angleveall thickness,
flatness deviation, surface roughness and totah fdeviation was
studied. The two level experimental design was L$kd regression
models for predicting the parameters were built.sdgh on
experimental study, it was observed that:
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The majority of form deviations occurred due toleetion of
unsupported surfaces, and can be avoided by uspupsgs and
backing plates.

The form deviation was mainly influenced by vertistep size
and wall draft angle. The influence of both pararetwas
significant.

The sine law described the thinning effect with egtable
accuracy. It can be used for estimating the thiskred the wall
in most cases.

The surface roughness on tool side depends ohrak factors:
vertical step size, tool radius, and wall angle. dddition,
lubricant and tool surface quality have the infleeron the
surface roughness.

In experimental study of ISF with support, the uefhce of tool
radius, vertical step size, stretching force andl @&aft angle on
flatness deviation, surface roughness, formingg@@mponents and
several characteristics of step-down line was stlidThe two level
experimental design was used. The regression méatefgedicting
the parameters were built. Based on experimentalystit was
observed that:

The flatness varied more than 10 times dependingebected
parameter values. The surface flatness dependetianowall
angle.

In most cases, the surface roughness was betteobside. The
surface quality was worsened by "orange peel" effaeftected
by grain size of material. If the surface qualitiytbe part is
important, then the position of the part in formimgst be taken
into account.

The surface roughness was mostly influenced by sitap and
tool radius. So, if surfaces with better qualite aeeded, then
the processing time increases (processing timendispéirectly
on step size).

The forces in forming were relatively low, howevke value of
them changed in the process considerably. Thefbigle peaks
were observed when the tool was at the cornerseopyramid.
Highest peaks in vertical force component valuesiged when
the tool made step-down action. The vertical fatoeponent
was more than two times higher compared to thezbotal
forces.

It was found that the horizontal force componergpethd most
on wall draft angle, and the vertical force compundepend
most on vertical step size.

It can be concluded that forming with support aboachieving more
accurate geometry, but it also adds some extraduasto the need
for preparing supports.
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5.

It was found, that the residual stresses causednbrsemental
forming can induce form deviations after cutting-operations. So,
heat treating, for example, annealing of the plier dorming, may
be required. However, the influence of residuatsstes was not
studied in the current thesis, and it needs furithezstigation in the

future.
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4 RECOMMENDATIONS FOR DESIGN OF
PRODUCTS AND PROCESSES

In industrial implementations of ISF, it is impantato know the limiting
factors of the process. The limiting factors maydbe to:

e Special features of ISF process (it is hard tonfaccurately shallow
surfaces with large radius of curvature, and stegfaces)

* The machine tool used (productivity, sheet matethickness to be
formed, part size, etc.)

e The forming tool and the fixture (minimal curveguadius of surfaces,
required surface quality, material to be formed,)et

* The material used (formability, spring-back, ptmd other

In the following sections some recommendations emiments regarding
these factors are given.

4.1 Considerations of Manufacturability

4.1.1 Forming Forces

It is essential to know the forces required forcassful operation in forming
process, especially for appropriate equipment setec

In order to predict and avoid forming tool failurae force required for
incremental forming should be determined. In therditure some techniques for
prevention of tool overload may be found. Cerdttledescribed a special tool
holder with ability to compensate for too high lea(Ceretti, 2004). It is
especially important if rigid metal support is usadd the gap between tool and
support is kept small.

In order to analyze the forming loads, the forcesenmeasured with the set-
up shown in Fig. 4.1. It consisted of ISF fixtuhat was mounted on top of the
piezoelectric load cell. The load cell was ablenteasure forces in 3 axis
direction. Additionally, the measuring system ir#d charge amplifiers, data
acquisition cards and a PC. The sampling ratericefmeasurement was 50 Hz.
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Fig. 4.1. :'S‘étlup for force easurement in ISF prcess oh a NC machining
centre (Pohlak, 2006 a)

=z

The square pyramid shaped box was formed on CNihgiimachine, and
the force components were measureg, ypandz directions. Fig. 4.2 shows the
force components measured in the experiment. Itegasluded that the force
diagrams are similar in positive and negative ISF.

600

500 =
400 # —Fx —Fy —Fz } 5
300 e
Z—200 sy iy MVWW
g 100 ot |
I —C&ﬁ-m pr&iﬂwﬁwﬁﬂuﬂb ] et
VARRERRERLLL L e L
-200 i ,:X/
-300

Time, s

Fig. 4.2. Force components measur ed in experimental study (Pohlak, 2007 a)

As it can be seen in Fig. 4.2, the force pattennthéx andy directions are
not equal, which is caused by sheet anisotropynamdsymmetric deformation
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mode. The obtained results are in agreement wahrakults given by Jadhav
(Jadhav, 2004).

For more detailed analysis of forming forces, FEAswmade. The finite
element analysis model for simulation of incremetfitaming processes of
sheet metal developed by the author is describg@®ahlak, 2004 a; Pohlak,
2004 b). In order to validate the FEA results, tkaction force data from
calculation was compared with measured values fdiioe diagram obtained by
use of FEA is shown in Fig. 4.3.
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Fig. 4.3. Force components obtained by FEA (Pohlak, 2007 a)

The ISF process was modeled using FEA software #$aDThe anisotropic
yield criteria (Barlat) and exponential stressistrapproach were employed
(Hallquist, 2006). The material parameters inclgdine Lankford coefficients,
the vyield stresses and the stress-strain curve detse determined
experimentally.

Note that the time scales in Fig. 4.2 and Fig. @8 different, i.e. the
comparison can be made considering the load cupgeerally, peaks occur
when the tool is in corner of the pyramid and higheaks of-, occur when the
tool is making the vertical step downwards.

Comparison of Figs. 4.2 and Fig. 4.3 shows thatftinee patterns are in
agreement. However, the calculated forces are hitfen those measured
experimentally. This fact may be caused by appration used for describing
strain-hardening behavior in the FEA model. Sinylarhigher calculated
forming limits compared to those obtained experiayn have been also
observed, when simple exponential (Hollomon) stteirdening relationship
was adopted (Sing, 1997). In (Sing, 1997) the Vapproximation was
suggested for copper and aluminum alloys. The nuff&A model is planned
to be improved by describing strain-hardening bairaef the material with
multi-linear approximation.
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If FEA model is improved, use of numerical simuatiin everyday
engineering work for estimating forming forces niegypractical. In most cases,
the simulation of full ISF process is extremely&iconsuming, but not in case
where only the force values are need. In this ¢hsesimulation with the
extreme parameter values (maximgpmand R; minimum «, etc.) used in the
process can be performed. The geometry of theiparte simulation may be
more simple than real part and the simulation neadisto run until the forces
reach stable level (process is stabilized). Thig,vpsediction of the forming
forces with reasonable calculation time is possible

4.1.2 Lubrication

Lubrication appears to be an important factor ieeshmetal forming. It
reduces friction at the tool-workpiece interfacel amproves surface quality.
Different lubrications are recommended for différematerials and different
forming processes (ASM, 2006). However, it appdlaas in ISF the magnitude
of forming forces is not influenced by the compiositof lubricant, but it is
important that some sort of lubricant is used (Bufl2007 a). The similar
conclusion has been reached by the author of tirerduthesis. However, local
surface defects influence the formability in ISFegdiet, 2005 a). Thus, if
lubrication does not affect the forming forces, gtobably affects the
formability. The current experimental study provéwt if lubrication with poor
properties is used, the material is scratched aradl particles are rubbed out. It
causes clearly visible lines on the surface. lespecially serious problem if
harder materials (e.g. steel) are formed.

Fig. 4.4 shows the forming force components (nb&tzaxis component is
scaled down 5x). It this experiment 1 mm thick alwm sheet was formed
with negative forming approach. The process stawigfibut any lubrication. As
can be seen, the forces in horizontal plaag flane) increase rapidly, while
vertical force component increases at normal fite.tool started to scratch the
surface; bigger and bigger material particles sepdr from the sheet. At
approximately 95 seconds from the start (see F#), the lubrication (mineral
oil) was added. As can be seen, the force values donsiderably, and the
process continues normally.
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Fig. 4.4. The effect of lubrication on forming forces
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The adhesive wear is considered to be the domimssar mechanism
(Duflou, 2007 a). As it has been experienced, dieaduminum is able to wear
hardened steel tool. So, the lubrication in ISFingportant. However, the
selection of proper lubricants for different madésineeds further study.

4.1.3 General Technological Issues

Although ISF has some useful features, it has seem®us drawbacks as
well. The main drawbacks are the problems with mgldgteep walls, and low
accuracy induced by elastic spring-back. Thesesogie discussed below.

Problems with Steep Walls

In ISF the final thickness of the wall depends cliseon the wall draft angle
(denoted withy in Fig. 1.12 a)). lfw is approaching 0°, the strain state is above
forming limit curve and material will break (Poh)aR005). Generally, when
using soft aluminum, walls witlx > 30° can be produced without material
failures. Although some researchers have reporntbteengo = 0°, it is too
complicated to accomplish in everyday industriaagice. Thus, this is a
serious limitation of ISF, which will exclude mapgssible applications.

Problems with Elastic Materials

Serious accuracy problems arise in case of proggsdastic materials, e.g.
stainless steel. Elastic springback effect may ptgyortant role, particularly in
the situations where the gap between the tool badtupport has been left too
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large or forming without support is performed. Té#ect of springback is
shown in Fig. 4.5. This will appear especially afteit-out operations, when
large relatively stiff edges are removed. In caS&ame parts, deviations will
cumulate and may cause geometrical errors of Sewatimeters or more.
Thus, thermal treatment for residual stress rema/akquired before cut-out
operations.

Tool

After forming

At forming
stage

Support—F
Fig. 4.5. Springback

The most important topic of studies in area of I8Fcurrently the
compensation of springback.

Problems with Surfaces with Large Radius of Curvature

As mentioned before, problems with steep wallsteXiat it appears that
some accuracy problems with shallow surfaces veityd radius of curvature
occur as well. This is caused by elastic springkpaliscussed in previous
section. In addition, smaller vertical tool stepuld be used to avoid visible
forming lines on the surface. All those factors iddobe taken into account
while planning production using ISF processes.

Gap Between the Tool and the Support

One practical question is how large gap betweerfdhming tool and the
support should be left. If it is too large, the @¢on will be too large as well,
but if it is too small, the sheet is pressed betwde tool and the support,
causing ironing effect (thinning occurs). As unaefed material is relatively
stiff, the material is pressed out from the togbsort contact area (not enough
room left for sheet thickness). As material carmote back and down relative
to tool motion (tool blocks the movement), and fard (thick and relatively
stiff un-deformed material prevents it), it will w® up causing surface
deviation on upper surfaces and lifting the presipdormed surfaces off the
support (see Fig. 4.6).
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Fig. 4.6. Ironing effect

As a result, the formed object will be higher (&thed in vertical direction)
than the support used in the forming process.

On one hand, if the tool moves too close to thesttpironing effect causes
form deviations. On the other hand, if there istmach room left for the sheet,
the part will not be accurate either. So, optinféded should be used.

Ironing effect, as the author has discovered, nayse form deviations in
range of several millimeters.

A good starting point in gap selection is the alitsheet thickness (Maki,
2006).

4.2 Toolpath Strategies

In ISF the selection of toolpath strategy is venportant. The toolpaths are
normally prepared using commercial CAM systems.hdligh, very many
special CAM systems can be successfully used, mosvenient are these
systems that have good toolpath generation capebiland in addition are
integrated with CAD systems used for designing plagts. In this case the
toolpaths can easily be up-dated after changesaih geometry. The studies
conducted on the scope of the current thesis werrmed using different
CAM systems: Surfcam, Mastercam, ProEngineer anigrijphics. The most
suitable one turned out to be Unigraphics, thusoritgjof the latter work has
been done using this system. It has excellent CADAGntegration and good
capabilities of generating different types of taxilps.

Generally the tool in ISF has to move more or lemsllel to sheet blank,
l.e. onx-y —plane or on horizontal plane (assuming that e@rtmachining
centre is used). The forming begins from more stiffas, i.e. near the highest
part of support in positive forming or near shédufe in negative forming, and
continues to lower stiffness areas. The tool cammave abruptly deeper (along
tool axis), because the material will break. Theivel step must be relatively
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small, in order to achieve as even deformatiomefworkpiece as possible. The
simplest toolpaths are shown in Fig. 4.7. All med8raxis CAM systems are
able to generate toolpaths like these.

(a) (b)
Fig. 4.7. The smplest toolpathsused in | SF

In CAM systems the geometry is sliced horizontatito many layers with
predefined thickness. Then, based on the contdureslices, the toolpaths are
prepared. The step from one layer to next can b®mpeed in several ways.
The simplest is by moving by straight line, likeos in Fig. 4.7 (a). Another
possibility is shown in Fig. 4.7 (b), where theltowves to the position of next
section without moving down (same z-level), and nthmakes a step
downwards. Both approaches produce a visible sbepidine, which worsens
the quality of the part considerably. The step-dolimes were studied
experimentally (see the chapter of experimentalysin the current thesis).

To avoid or reduce the influence of step-down litres spiral of helical
toolpaths can be used. Some types of helical ttwdpare shown in Fig. 4.8. In
Fig. 4.8 (a) the approach where the step-down spedsed to bigger area is
shown. The approach, depicted in Fig. 4.8 (b),niseahanced version of the
approach shown in Fig. 4.7 (a). Here the step-dienis spiral like, thus it is
not so noticeable. The best approach is showngnd=8 (c), where the toolpath
is helical with constant smooth decline. Howevéie tatter toolpath is not
always applicable to more irregular shapes.

86



Jpl‘
Y

(c)

Fig. 4.8. Different toolpaths with helical (spiral) approach

Another aspect is the turn-along effect of the wake. If the tool makes
cycles only in one direction, the frictional forcelsift the workpiece and cause
form deviations. This can be avoided by use oflsimoolpaths shown Fig. 4.7,
but where the direction of tool is changed on eagtle. In this case, the
problem of step-down line arises again.

When parts with complicated geometry are produtiee,change in step
down size is required in order to keep the productime in control and
achieve optimal quality. At present, most commér@AM systems do not
provide the capability of changing the step sizéommatically for constant
surface quality.
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4.3 Optimization of Product and Process
Parameters

In the preliminary phase of operation design, thainmgeometrical
parameters of operations as length of the tool figthdraft angle of the wall
(), number of technological passes (intermediateratjipms) and the wall
thickness after processint (ust be determined considering the geometry of
the machined part.

Using the models that were prepared in experimestadly (for more
detailed description see (Pohlak, 2004 b)) a no@ali optimization problem
can be formulated for design of the incrementalmiog operation. The
optimization problem has been studied using MATLg®tware system.

For given geometry of the part the objective ifind the control parameters
of an operation,, R anda), that give the minimum machining time (maximum
productivity) (Kuttner, 2004):

T=T(L,p,R f,a) - min, 4.1)

and satisfy the constraints:

e (R p,a)sle ]
SRR p,,a) <[],
eq(Rp,,a) < [efd]'

amin sas amax’ (42)
I%nin < RS Rmax'

pzmin < pz s pzmax'

t{a)=[t],

f<[f]

wheref is the feed rate of the toql; — vertical step sizeR — tool radius;
R — roughness of processed surfaeg;,— form deviation of the park —
flatness deviation of flat regions. Parameters iackets, e.g.t], [e] etc.
represent maximum allowable values of correspongargmeters.

After the optimization the additional approximate BEM deformation
analysis must be made (post-processing phase).

In order to validate the plastic instability conalit (Hill, 1952; Swift, 1952)

do, O

_ Y=Y 4.3

osf  Z #3)
in FEM analysis the post-processing variable “n$kecking” is introduced

as
v _
= € _1 for W<0, (4.4)
1-e¥ for =0

where
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_l _ aO'y 1 (4 5)
v= Z 0z° o,
and whered, is the yield limit:
o, =Kg" (4.6)
and wheregp is the effective plastic strain increment and
g= AR oy oy 2R oo (4.7)
1+2R,) 1+R)

where & is the major strain and, is the minor strainR, is an average
Lankford coefficient: R, =(r, +2r,;+1,,)/4 (i.e. normal anisotropy is

assumed). Lankford coefficientg rgs, rqo measured along the rolling, diagonal
and transverse directions of the sheet, respegtiasd defined as width to
thickness strain increment ratios

EW
r.=—
5T, B0{04590}. (4.8)
t
In (4.6)nis a strain hardening exponelitis a strength coefficient.

If Zis a function of principal stress ratjp = o, / 0;, whereg; is the major
stress ando, is the minor stress, thed =Z,, in the case of the negative
strain increments ratio (localized necking) add= Zg,, otherwise (diffuse

necking). The value of the variabje (“risk of necking”) at an integration point

indicates how far a point is from necking:
-1<y <0, elastic or stable plastic deformation,

Oy <1, unsafe flow.
An explicit expression of the functiod =Z,,,, (or Z =Zg,,) depends on

particular yield criterion considered.

The parameterk, n, andR, are determined experimentally from mechanical
tests. Note, that the necking conditions, consilegove, describe the metal
sheet formability more adequately in the case fdavertical step sizg, (near
to conventional forming). In the case of the smaittical step sizep, (real
incremental forming) the safe zone is describetl wainsiderable reserve. Thus,
the safe zone is still safe, but such an approaghgive a quite robust results.

In order to describe the sheet metal formabilitynicremental forming more
accurately, the criteria that considers the eftd#cthe deformation history of
process parameters is needed. Such type of crigggathe ductile fracture
criteria. The forming limit of sheet metal is detened conventionally by the
initiation of localized necking. Fracture occurglire latter stage of localization,
which initiates in the localized region.
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Based on experimental results obtained in the ourstudy, it can be
concluded that in plane strain condition fractuteie can be used as an
estimate for limit strain.

The influence of the parameteps and a on the solution of optimization
problem posed above appears to be the most sigmifidhe draft angle is
subjected to strict constraints defined by the ggomof the part. The details
concerning the optimization problem considered banfound in (Kittner,
2004; Pohlak, 2004 b; Pohlak, 2005).

4.4 Economical Considerations

Important aspect in implementation of the technglisgthe cost. In case of
ISF, the cost of setting up the production is natbes (assuming the machine
tool and the ISF fixture are available). It corsisff costs associated with
CAD/CAM work, material of support, machining of qgt, relatively slow
production process, etc. On the other had, if tiaul forming processes, like
deep drawing, are used, the costs are associatihd design of the tools,
CAD/CAM work, material of the tools, machining, meat finishing and
adjusting of the tools, etc. The design and manufacf the tools are usually
time consuming, but the production of the parfsiss.

The diagram with the comparison of costs vs. baizh in ISF and deep
drawing, is shown in Fig. 4.9. The analysis was endor part with the
dimensions of ca 800x400x200 mm (Lamminen, 2008)the diagram, two
separate ISF cases are presented, where differeaegsing parameters are
used. The cases are somewhat like worst and b&siscanarios. It can be seen,
that ISF technology is economically feasible ifdasizes are lower than 200-
1000 parts. Usually, it is recommended to use f3fatch size is less than 500
pieces (Lamminen, 2005; ASM, 2006). It is worthingtthat, the forming costs
in ISF strongly depends on the geometry and matefrihe part (ASM, 2006).
In the current comparison moderate complexity efphrt is assumed, i.e. part
can easily be produced with ISF.

Cost

30000 _
=—&— Deep drawing

25000 /. = |SF (case 1)
20000 / ——|SF (case 2) [ |
15000 - / . - o
10000 -

5000
0 M

0 200 400 600 800 1000

Batch size
Fig. 4.9. Cost comparison of ISF and deep drawing (Lamminen, 2003; ASM,
2006)
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If dimensions of the part are large and qualityuregments are high, the
processing using ISF takes long time, e.g. a panitas to car bonnet took >10
hours (Asnafi, 2003). It can be concluded, thateiff parts are needed (i.e.
prototyping) then ISF can be the economical choice.

4.5 Applications — Case Studies

The best method for investigating the implementapooblems is by trying
to use the technology for producing parts for redustrial cases. Below, some
case studies made with different types of ISF asidbed.

4.5.1 Cooker

The ISF technology was used to produce casing tfer dooker. It was
designed within international student project, byndA Laidre (Tallinn
University of Technology) and Triin Voss (Estonigkcademy of Arts)
(Jammers, 2006).

The casing was made of 1 mm thick aluminum shelé¢ dimensions of
formed part were 550x300x20 mm. The ISF was chéseproducing the part,
because it was the cheapest and fastest methddldeailhe designers and the
author of the thesis made cooperation to achiexddst possible outcome.

As it was noted in the experimental study befdne, gide of the workpiece
where the tool moves, will have better quality. Bayas decided to form the
part such a way that the tool is on the visible sl the part. It means that the
positive forming (forming with support) had to bged, but the sheet fixture for
such a large part was not available. A simple smiutvas found: the edges of
the sheet were left unfixed, the sheet was fixethfthe highest areas using four
screws (see Fig. 4.10). If screw holes were nowatl to be drilled, then this
solution could not be used. The support was madhing of MDF plate on the
same milling machine as the part was later forntedas easy to fasten screws
into MDF plate, as the material is relatively sdfihe support used in the project
is shown in Fig. 4.11.

91



"‘,_\_,..n.-v‘r‘ .
Fig. 4.11. Support for producing casing of the cooker

Slightly larger blank of the sheet was used thanaverall dimensions of the
final part, because the edges were free at theepsods it was observed, when
forming near the free edges, the wrinkling may occu

It is worth to mention that removing the redundardterial caused some
difficulties, because laser cutter was not avadlal@ind mechanical cutting
caused due to softness of the material some datert

Due to operator mistake, it was also observed ithgap between the tool
and the support is too small, then ironing effextws. It means, that the tool
presses the sheet against the support causingrifyirso the area of the sheet is
increasing. This induces low form accuracy.

The part was modeled using SolidWorks (developed SofidWorks
Corporation). The toolpaths for CNC were preparesingi Unigraphics
(developed by UGS Corp.).
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The tool diameter was 10 mm, step size 0.15 mrthdrprocess mineral oil
was used to lubricate the tool-sheet interface. greearing of support took 2.5
hours. The forming process took about 2 hours.

The finished kitchqn cooker prototype i iop B.12.

{

Fig4.12. Assembled prototype kitchen cooker (Jammers, 2006)

Lessons Learned

. Parts can be formed with ISF without special taplin fixtures. Only
support, made of soft material, is enough.

. Parts can be formed using different types (positbre negative
forming) or set-ups of ISF. The proper selectiothef set-up is crucial.

. Clearance between tool and the support is very iitapt as it affects
the accuracy and appearance of the product signtfic

. The proper design of all operations, including eut-operations,
needs to be considered from the beginning.

. The production of sheet metal prototype using ISEHeap, fast and
relatively easy even if only general purpose woodksimachine tools (CNC
milling machine) are available.

4.5.2 Ashtray

For studying the nature of negative forming (forgnimithout the support),
the sea shell shaped ashtray was produced. Theiahated for the project was
0.5 mm thick stainless steel AISI 304. For the ggbjo special shape fixture or
back-up plate was used, it was produced in squaapesl negative forming
fixture, described in the chapter about experimesitaly.

The part was modeled using Pro/ENGINEER. The tdbp#or CNC were
prepared using SURFCAM.

The ashtray, produced in current project, is shawhkig. 4.13. As can be
seen from the images, the forming lines producethbytool are clearly visible.
It means that much smaller step has to be usedr Aftming, it was tried to
improve the surface and remove the stair-steppyngiorming using different
toolpath strategy (zig-zag). However, the improvetne surface quality was
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not achieved. The reason for this could be the fhat the re-forming tool paths
were too near to the toolpaths from the first fargnstep and therefore, the
sheet was not deformed plastically. Thus, stapgstey from the first stage was
remaining.

Fig. 4.13. Stainless steel ashtray

In the project the tool radius was 2.5 mm, vertitab size 0.15 mm. In the
process mineral oil was used to lubricate the sbelet interface. The forming
process took about 30 minutes.

Lessons Learned
. Step-down line is especially well visible in cadentaterials that are
elastic and hard to form, like stainless steel.
. If a part is formed with too large vertical stepen re-forming to
achieve better quality with smaller step size dfedent strategy does not
improve the quality.
. Some people (in our case art designers) like tlapesh with large
stair-stepping, i.e. large vertical step size isdus
. Excessive bending and springback may cause probifematerials
that are elastic and hard to form are used.
. Very small vertical step (even less than 0.1 mns)thebe used in case
of smooth shallow surfaces.
. If stainless steel is formed, the contact pressaresmuch greater
compared to forming of aluminum. So, better, andspguy different type
of lubricant is needed.

4.5.3 Skin Component for PC Mouse

The upper part of computer mouse was produced \&yse engineering
project. A mouse was scanned using laser scanregdometry was modified
in CAD system, and then modified mouse part wasdyeced using ISF
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technology. The parts were made of aluminum withmth thickness and
stainless steel (AISI 304) with 0.5 mm thickness.

Both, negative and positive forming, were testedpimducing of the part
(see Fig. 4.14). The negative forming is easiégmglement, but in this case, a
problem with the highest area of the part emer§ee to the smooth geometry
and deformation built-up, a small dimple occurrede( Fig. 4.14 (b)). It was
especially problematic with stainless steel workpie Positive forming
produced better results.

For positive forming, the support was made of NEQN® modeling
plastic. The sheet fixture is described in chamkrexperimental study of
forming with support.

In the project the tool radius was 2.5 mm, vertgtap size 0.2 mm. In the
process mineral oil was used to lubricate the sbelet interface. The forming
process took about 30 minutes.

The part was modeled using Pro/ENGINEER. The tdbp#or CNC were
prepared using SURFCAM.

(b)
Fig. 4.14. Mouse part: (a) produced by positive forming; (b) produced by
negative for ming

Lessons Learned
. Due to manufacturing limitations (mainly formabilit it is important
to consider the limitation early in design stage.
. The cut-out operations need to be considered nmemieusly in real
life projects. Without 5-axis laser cutter, it idfidult to remove the excess
of material.

4.5.4 Spoon

A tea spoon was produced using the negative forpmpgoach. It was made
of half millimeter thick stainless steel (AISI 30gdheet. The spoon was cut-out
by milling after the forming operation using therga milling machine. The
spoon after the forming operation and before catioahown in Fig. 4.15.
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Fi. 4.15. Spoon befor e cut-out operations

The spoon in final form is shown in Fig. 4.16. Asncbe seen from the
figure, lines drawn by the tool are clearly visibléhe second problem is low
form accuracy. This is caused mainly by high spgraak of the material.

In the project the tool radius was 2.5 mm, vertgtap size 0.075 mm. In the

process mineral oil was used to lubricate the sbelet interface. The forming
process took about one hour.

Fig. 4.16. The spoon after finishing operations

The spoon was originally modeled by Mr. Annes Susiing Rhino (from
Robert McNeel & Associates), and later prepared rmanufacture using
Pro/ENGINEER. The toolpaths for CNC were preparsidgtSURFCAM.
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Lessons Learned
. Springback in forming of elastic metals, like stags steel is very
high. Without some kind of error compensation theusacy of geometry
could be unacceptable.
. If good appearance is required, then consideramleuat of manual
finishing is needed.

45.5 Demonstration Parts

Some more general demonstration parts were madg ube positive
incremental forming approach. One of them was aorbike component, and
the other one the outer shell of hair drier (shownFig. 4.17 and 4.18
respectively). Although the parts were not useckad conditions, the case still
shows potential applications of the process. Thespaere presented on the
largest Estonian industrial engineering relatedidrahow as an example of
possibilities of new flexible sheet forming methods

In the projects 1 mm thick aluminum sheet was u$ée. radius of the tool
was 5 mm, vertical step size was depending on ¢loengtry different, ranging
from 0.05 to 0.25 mm. Mineral oil was used to lahte the tool-sheet interface.
The duration of ISF process was approximately 2rddar each part. The
milling of the supports lasted one hour for each.

Fig. 4.17. M otor cycle component
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Fig. 4.18. Hair drier component

The support for motorcycle component forming isvehan Fig. 4.19. It was
made of modeling plastic NECURON®. Because of \gagd workability, the
material allowed to use high feed rates and cutjpepd. At the same time, the
material was strong enough for supporting the singferming.

The part was modeled using SolidWorks, and theptdbs for CNC were
prepared using Unigraphics.

y 4
Fig. 4.19. Support for forming of motorcycle conﬁ'ponent
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Lessons Learned

ISF with support allows to manufacture parts witbmplicated

geometry.

To achieve acceptable surface finish on smootHashdlarge radius)

surfaces, additional manual finishing may be needed

Supports made of soft materials (can be deformeah evith finger

nails) are able to withstand production of ten arenparts.

4.6 Conclusions of the Chapter

1.

The successful implementation of ISF technology edels on
overcoming the limitations of the process. The nsestous aspects
that prevent the wider use of the technology ave docuracy and
productivity. In addition, a very serious drawbaskhe thinning of
the sheet in forming.

Forming forces in ISF do not depend on the pa#.slhe contact
region of the tool and the sheet is small, so treels are also
relatively low. Therefore, relatively large partsncbe manufactured
on low cost machine tools.

FEA can be successfully used for estimating fornforges in ISF.
To obtain forces by numerical simulation, simpledeis can be
used, and only the fraction of the tool movement ha be
calculated.

The toolpath strategies are important in respecprimductivity,
accuracy, surface quality and formability. Genenalirpose
commercial CAM systems can successfully be usedtdolpath
preparation in ISF. However, all systems have stimi¢éations. To
achieve the best quality, special CAM systems have be
programmed, that include databases with differerdtenmals’
formability. The ideal system must include springbaompensation
capabilities.

Several case studies were conducted in order tesiigate the
application of the ISF technology for producing tptgpes. It was
learnt that, when forming with support, the suppoay be made of
relatively soft, well workable material. The cuttaperations after
forming caused some problems. It needs to be cereidfrom the
beginning of the process design. The most importantlusion is
that sheet metal prototypes can be made usingnl@Riversal CNC
milling machine fast and with low costs.
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5 CONCLUSIONS

The main conclusions of the current thesis ar®ksfs:

1.

In the current study the incremental sheet fornitith and without
support has been studied in general purpose vie@d& machining
centre. Compared with traditional sheet formingcpsses, i.e. deep
drawing, the incremental forming is economicallyadible for
producing prototypes and for small series productizatch size less
than 500).
Analytical models for estimating forming forces kaveen studied.
The Iseki's theoretical model for describing ISBgass has been
improved by introducing the influence of plastiesatropy.
Numerical analyses of the forming process usingligitpand
explicit FEA programs have been made. Good corogldtetween
the results of numerical and experimental invesbgahas been
found. Generally, the simulation of the ISF procsssomplicated
and time consuming. It was found that FEA can ssefcdly be used
for forming force prediction with simplified model.
The experimental investigations of the influence pobcess and
product parameters were performed. Some of theatalis that are
important for product and process design, e.g.aserfroughness,
can be studied only experimentally. As a resulthe study, the
models for estimation of most important processcatrs in ISF
have been determined. The parameters investigategperimental
study (both, forming with and without support) asefollows:

o0 Radius of forming tool

o0 Vertical step size of the tool

o Wall draft angle

o Stretching force (in ISF with support)
The process indicators for which models were bailt forming
forces, sheet thickness, surface roughness, foumatt, flatness,
characteristics of step-down line, etc.
From experiments it can be concluded that formirith wupport
allows achieving more accurate geometry, but ib aslds some
extra cost due to the need for preparing supports.
It was found, that the residual stresses, causedntyemental
forming, can induce form deviations after cutting-operations. So,
heat treating, for example, annealing of the plerdorming, may
be required.
Recommendations for product and process design and
implementation were developed. Several case stofliesming real
part prototypes were described. It was learnt thdten forming
with support, the support may be made using ralbtigoft, well
workable material. The cut-out operations aftermioig caused
some problems. They need to be considered fronbégening of
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the process design. The most important conclussothat sheet
metal prototypes can be made using ISF in univeCdC milling
machine fast and with low costs.

The successful implementation of ISF technology ediels on
overcoming the limitations of the process. The nsestous aspects
that prevent the wider use of the technology ave dscuracy and
productivity. In addition, a very serious drawbaskhe thinning of
the sheet in forming.

The ISF technology is in developing stage, manyeeisphave not been
investigated, yet. The most important topics faufe research are as follows:

1.
2.

3.

ok

Error compensation for removing deviations indubgdpringback

Specialized ISF toolpath strategies and softwastesys with built
in error compensation mechanism

Toolpath strategies and software implementationdS& with two
industrial robots (forming with moving support)

The influence of residual stresses after cut-oetagons

The integration of ISF technology into multi stageoduction
system
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KOKKUVOTE

Kaasaegses maailmas valitseb trend, et pakutaeafpake nomenklatuur
jarjest kasvab. Toodete projekteerimisel arveststajérjest enam Kklientide
erinevate vajaduste ja eelistustega. Uldine suundileminek tootmisele, kus
toode valmistatakse konkreetse kliendi personahbsdistusi arvestades. Samal
ajal ei tohi langeda toote kvaliteet ja eksisteduiev hinnasurve, mis ei lase
tootjatel kisida toodete eest senisest kdrgematahimanapaeval kasutatakse
lehtmetallist detaile véaga laialdaselt kdigis valddades. Lehtmaterjali
kasutamise laienemise peamiseks piirajaks on tebgdised piirangud —
plastmaterjalidest survevalu teel valmistades vdiblmistada oluliselt
keerukama geomeetriaga detaile. Samas on plasttaite hinnad viimastel
aastatel kasvanud. Lehtmaterjalist toodete valmisiks traditsiooniliste
tehnoloogiatega on tarvis tooriistu, millede valisine on kulukas ja
aegandudev. Viimasel kumnendil on kasutusele voetuss paindlik
lehtmaterjalide vormimistehnoloogia — sammvormimin&ee baseerub
kihttootlusel, kus toote geomeetria kujundatakskthdaval samm-sammult
lehte vormides. Kasutatakse lihtsat sfaarilise gas#@oriista, mida liigutatakse
programmjuhtimisega t66pingis mooda keerukat tGé@raBrotsessis voib
kasutada universaalset programmjuhtimisega frekispibeht kinnitatakse
servadest spetsiaalsesse lehehoidjasse. Detailnitase horisontaalselt
(eeldusel, et kasutatakse vertikaalset toopinkstldige haaval, alustades
jaigemast piirkonnast minnes sammhaaval edasi \@igema piirkonna
suunas. Iga ristldike vormimise jarel astub tétrsmmmu alla ning asub
tootlema  jargmist ristldiget. TOOpOhimottelt  vOib ristada  kahte
sammvormimise tllpi: toega ja ilma toeta vormimiksimesel juhul toimub
vormimine, kasutades stantsimise termineid, maitgivolelt; teisel juhul templi
poolelt. Esimesel juhul tuleb kasutada keerukarn&tjvat lehe hoidjat ning
spetsiaalset detaili kujuga tuge.

Kaesolev doktoritdd keskendub lehtmaterjalide saommimise tehnoloogia
uurimisele. T66 eesmargiks on meetodite ja tehaikarendamine
sammvormimise tehnoloogia rakendamiseks. Kasitketakmuuhulgas ka
toodete ja protsesside projekteerimisega seotudmasid. Eesmargi
saavutamiseks on vaja lahendada alljargnevad iledan

» paindlike lehtmaterjali vormimistehnoloogiate tlat@loomine;

* sammvormimise protsessi mehaanika uurimine kassitedeeetilist
ja numbrilist analidsi;

e protsessi eksperimentaalne uurimine — toodetestdufparameetrite
mdju uurimine toote kvalitatiivsetele naitajatele;

e toodete ja protsesside projekteerimist holbustavaieetodite
valjatdotamine;

* sammvormimise protsessi parandamine (tapsuse slamanme,
protsessi optimeerimine).
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TOO sissejuhatavas osas on tehtud Ulevaade lelliste@ototilpide ja
vaikeseeriatoodete valmistamise meetoditest. Toodud ka kirjeldatud
meetodite eelised ning puudused.

Teoreetilise ja numbrilise anallilisi osas on tdiudtéseki sammvormimise
joudude mudelit, lisades plastset anisotroopia¢siawa osa. Teoreetilises osas
kasitletakse veel vormimise piirdiagrammide kasusaming ettevalmistamist
sammvormimise tarbeks. T66 numbrilise analliisi @sasiuritud vormimise
protsessi mehaanikat kasutades I8plike elementigietadit. Selleks viidi labi
arvutused staatika ning dinaamika analllsi progigennAnaltisil kasutati
koorikelemente, elastseid-plastseid materjalimudele@ing kontaktiarvutust.
Uuriti nii toega, kui ka toeta sammvormimise skeeMudelite adekvaatsuse
hindamiseks valmistati samade parameetritega ezhdtsoted ning vorreldi
simulatsiooni tulemustega. Vordlusel kasutati defatsioone ja seinapaksust.
Selgus, et tapsemad mudelid vdimaldasid modellaerahuldava tdpsusega
seina 6henemist. Deformatsioonid erinesid reaattaild deformatsioonidest
detaili eri osades piirides -0,8 kuni +0,74 mm &iletgabariitmddtmed olid
110x110x20 mm). Piiranguks simulatsioonide kasutafron nende pikk kestus
— isegi vaga lihtsa detaili vormimise simulatsid@nikulus Ule 24 tunni
kaasaegsel personaalarvutil. Reaalsete detailidhell ppole kogu vormimise
protsessi simulatsiooni kasutamine seega otstasbe®amas on vdimalik
edukalt kasutada I0plike elementide  meetodit vorigjindude
modelleerimiseks. Sel juhul pole tervet protsessjavarvutada, piisab
"raskemate" parameetrite vaartustega simulatsiobimisustatud mudeliga.

Doktoritod kbige mahukam osa kasitleb sammvormineisgperimentaalset
osa. Siin on kirjeldatud uurimistoéd, mille raame®rmiti erinevate
parameetritega puramiidikujulisi  katsekehi nii taeg kui ka toeta
sammvormimise tehnoloogiat kasutades. Materjaliks 1o mm paksune
alumiiniumi leht. Eksperimentide tulemusel koostatidelid tdhtsamate toote
ja protsessi parameetrite moju hindamiseks valjaraipeetritele. Parameetrid,
mille m&ju uuriti olid tddriista raadius, vertikaed samm, seina kaldenurk ning
toega vormimise puhul ka lehe toelevenitamise joddljundparameetriteks
olid pinnakaredus, seinapaksus, kujuhélve, tasapgus ja vormimisjoud.

Kéesolevas doktoritoos leidsid kajastamist sammimise
kasutuselevdtuga seotud kisimused. Toodi ara hadkitsisi tehnoloogilistes
kisimustes, sh. maarimise mdju protsessile, todeadaomisega seonduv,
protsessi parameetrite  optimeerimise  vdimalused. sukeelevdtu
illustreerimiseks kirjeldati terve rea reaalselinvigtatud detailide vormimisega
seotud aspekte.

ToO0 pohilised jareldused on toodud alljargnevalt.

1. Sammvormimine on majanduslikult otstarbekas jukul, partii on
vaike (alla 500 detaili).

2. Toos kasitleti analtdtilist jdudude mudelit. Olemlasat Iseki
mudelit taiustati selliselt, et see arvestaks kastgske anisotroopia
maoju.
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Viidi 1&bi sammvormimise simulatsioonid kasutadedte erinevat
Idplike  elementide  meetodil  pdhinevat tarkvarasgiste
Simulatsioon on keerukas ja aegandudev. Seda sdakale
kasutada vormimisjdudude hindamiseks.

TO0 kaigus viidi [abi sammvormimise (nii toega, Kana) katseline
uurimine. Analldsiti olulisemate parameetrite (tistm raadius,
vertikaalne samm, seina kaldenurk ja toele venganppud) mdju
toote omadustele (pinnakaredus, seinapaksus, Ku@gha
tasapinnalisus, vormimisjoud). Omaduste hindamiselk®di
mudelid.

Katseline uurimine nditas, et toega sammvormimi@@maldab
saavutada toodete paremat tapsust, ehkki ka lis@bevdrra
toomahtu, mis on seotud tugede ettevalmistamisega.

lImnes, et vormimisest tingitud jadkpinged pdhjuath parast
detaililt Uleliigsete osade eemaldamist oluliselanaf kujumuutust.
Kujumuutuste valtimiseks tuleks detailid peale vionmst termilise
tootlusega jaakpingetest vabastada.

Tootati valja soovitused detailide ning sammvornsienprotsesside
projekteerimiseks. Kasutuselevotu iseloomustamisteksli terve
rida naiteid reaalsete detailide valmistamisest.

Sammvormimise edukas kasutuselevétt soltub ennekdlkliste
piirangute korvaldamisest. Kdige olulisemad piinatigon madal
tapsus ja tootlikkus ning seina dhenemine vormimise

Edaspidi vajavad uurimist alljargnevalt nimetatedrhad.

Halvete kdrvaldamine elastse tagasivedrutuse kosg@zimise abil.
Sammvormimise tarbeks spetsiaalsete tddradade $ecstrateegiate
valjatodtamine ja tarkvara susteemides rakendaminig, oleksid
vOimelised halbeid kompenseerima.

Kahe robotiga sammvormimise protsessi tarbeks tida loomise
strateegia ja tarkvararakenduste valjatdotamine.

Jaakpingete mgju uurimine peale Uleliigsete osadeatdamist.
Sammvormimise integreerimine mitmeetapilistesse
tootmisprotsessidesse.
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