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Abstract: Multi-stage single-point incremental forming (SPIF) is a state-of-the-art manufac-
turing process that allows small-quantity production of complex sheet metal parts with vertical
walls. This paper is focused on the application of multi-stage SPIF with the objective of
producing cylindrical cups with vertical walls. The strategy consists of forming a conical cup
with a taper angle in the first stage, followed by three subsequent stages that progressively
move the conical shape towards the desired cylindrical geometry.

The investigation includes material characterization, determination of forming-limit curves
and fracture forming-limit curves (FFLCs), numerical simulation, and experimentation, namely
the evaluation of strain paths and fracture strains in actual multi-stage parts.

Assessment of numerical simulation with experimentation shows good agreement between
computed and measured strain and strain paths. The results also reveal that the sequence of
multi-stage forming has a large effect on the location of strain points in the principal strain
space. Strain paths are linear in the first stage and highly non-linear in the subsequent forming
stages. The overall results show that the experimentally determined FFLCs can successfully be
employed to establish the forming limits of multi-stage SPIF.

Keywords: single-point incremental forming, multi-stage forming, forming-limit curve,
fracture forming-limit curve

1 INTRODUCTION

Single-point incremental forming (SPIF) is a new

sheet-metal-forming process with a high-potential

economic pay-off for rapid prototyping applications

and for small-quantity production.

The basic components in the SPIF process are

presented in Fig. 1: sheet metal blank, blank holder,

backing plate, and rotating single-point forming tool.

The blank holder is utilized to clamp and hold the

blank sheet in position during the SPIF process. The

backing plate supports the sheet, and its opening

defines the working area of the single-point forming

tool. The tool is utilized to shape the sheet

progressively into a component and its path is

generated by a computer numerical control (CNC)

machining centre. During the forming process there

is no backup die supporting the back surface of the

sheet.

The main advantages of SPIF over the conven-

tional sheet-metal-forming process are as follows:

(a) the increase in material formability due to the

incremental nature of the process;

(b) the great flexibility derived from the absence of

positive or negative dies;

(c) the advantage of utilizing a conventional CNC

milling machine;

(d) the possibility that design changes can be easily

and quickly evaluated using computer aided

design and computer aided manufacture (CAM)

data to produce the parts directly [1].

In the last few years the governing mode of

deformation in SPIF has been the subject of

controversy in the metal-forming community [2].
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Some researchers have claimed that deformation

takes place by stretching instead of shearing while

others have claimed the opposite, but assertions are

mainly based on ‘similarities’ to well-known pro-

cesses of stamping and shear spinning rather than

on experimental evidence from SPIF itself. In

previous work [3], the present authors presented a

theoretical framework built upon the combined

utilization of membrane analysis and ductile da-

mage mechanics that is capable of addressing the

fundamentals of SPIF of metallic sheets. The

theoretical framework accounts for the influence of

major process parameters and allows their mutual

interaction to be studied both qualitatively and

quantitatively. It also allows the conclusion that

the likely mode of material failure in SPIF is

consistent with stretching, rather than shearing

being the governing mode of deformation. More

recently, numerical simulations combined with the

experimental observation of the suppression of neck

formation and the study of the morphology of the

cracks enabled the present authors to conclude that

traditional forming-limit curves (FLCs) are inapplic-

able to describe failure. Instead, fracture forming-

limit curves (FFLCs) should be employed to evaluate

the overall formability of the process [4].

Plastic deformation in SPIF takes place by uniform

thinning until fracture without experimental evidence

of localized necking before reaching the onset of

fracture [3]. The production by SPIF of conventional

(i.e. single-stage) parts with shapes having straight

vertical walls is impossible since, according to the

sine law, a 90u drawing angle would lead to a wall

thicknesses equal to zero and strains towards infinity.

This paper deals with new concepts of multi-stage

SPIF that have been recently proposed for eliminat-

ing the aforementioned drawback of conventional

SPIF related to the production of complex sheet

metal parts with vertical walls. The first attempts, as

far as the present authors are aware, to utilize multi-

stage SPIF were made by Kitazawa et al. [5] and

Kitazawa and Nakane [6] who produced hemi-

ellipsoidal axisymmetric parts by employing two

sequential stages. The first stage was utilized to

shape an intermediate conical geometry that en-

abled these workers to form the desired hemi-

ellipsoidal shape during the second stage. Later,

Kim and Yang [7] and Young and Jeswiet [8] utilized

two-stage forming sequences with the purpose of

achieving a more uniform distribution of thickness

in the parts and concluded that multi-stage strate-

gies significantly improve the overall formability of

the process, allowing the production of parts that

could not be obtained by conventional SPIF.

The extension of multi-stage forming methodolo-

gies to variants of incremental sheet metal forming

was also attempted by other researchers. For

instance, Hirt and co-workers [9, 10] proposed a

multi-stage two-point incremental forming metho-

dology for producing non-axisymmetric sheet metal

parts. The approach consists of alternating the tool

movement from upwards to downwards, and from

stage to stage the angle is increased. The number of

intermediate stages is chosen to be as small as

possible in order to avoid surface wear and to limit

the overall forming time. The risk of wrinkling is said

to increase with the decrease in the intermediate

number of stages.

Very recently Skjoedt et al. [11] and Verbert et al.

[12] defined new multi-stage forming strategies to

produce SPIF parts with vertical walls. Skjoedt et al.

[11] reported the production of a cylindrical cup,

Fig. 1 Schematic representation of a cross-sectional view of the rotational symmetric (SPIF)
process
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starting from a cone with a 45u angle, and progres-

sively moving the middle of the conical wall towards

the corner of the desired cylindrical shape. Verbert et

al. [12] presented a cylindrical part that was

successfully produced in five steps, starting from a

cone angle of 50u and increasing its angle by 10u in

each subsequent step. They also showed complex

parts produced by means of automatic multi-stage

tool path generation but provided no details on the

number of stages and forming sequences. Finally,

Duflou et al. [13] studied formability in multi-stage

tool paths and concluded that process windows are

extended as a consequence of the straining of

(semi)horizontal areas of the parts that remain

unaffected in conventional tool path strategies.

The aim of the present paper is twofold: first, to

check whether FFLCs can be successfully employed

to establish the forming limits of multi-stage SPIF

and, second, to present an enhanced multi-stage

SPIF sequence that allows the production of flat-

bottom cylindrical cups with vertical walls. The

presentation covers both numerical simulation and

experimentation research topics. The numerical

modelling was performed using the explicit-dynamic

finite element computer program LS-DYNA. The

experimental work involved material characteriza-

tion, determination of FLCs and FFLCs, and mea-

surement and calculation of strain paths and

fracture strains in actual SPIF parts.

2 EXPERIMENTAL WORK

The experimental work was performed on alumi-

nium alloy AA1050-O sheet blanks of 1 mm thick-

ness. Tensile and hydraulic bulge tests were utilized

for performing the mechanical and formability

characterization of the material. Multi-stage SPIF

experiments were performed in order to produce

parts with vertical walls and to support the overall

numerical and experimental investigation.

2.1 Mechanical characterization and formability
limits

The mechanical and formability characterization of

the AA1050-O sheet blanks made use of tensile tests

and biaxial, circular (diameter, 100 mm), and ellip-

tical (diameters of the major and minor axes,

100 mm and 63 mm respectively) hydraulic bulge

tests (Fig. 2). The tensile tests were performed in a

universal materials-testing machine (Instron 4507),

in accordance with the standard for tensile tests NP

EN 10002-1 [14] and the hydraulic bulge tests were

performed in a universal sheet-metal-testing ma-

chine (Erichsen 145/60).

The results obtained for the tensile tests are

presented in Table 1. The symbol E denotes Young’s

modulus, sy is the yield strength, A is the uniform

elongation at break point, and UT is the toughness.

The stress–strain curve of aluminium alloy

AA1050-O derived from the tensile tests is given by

�ss~153�ee0:25 MPa ð1Þ

The experimental technique utilized for obtaining

the FLC involved electrochemical etching a grid of

circles of 2 mm initial diameter on the surface of the

sheets before forming and measuring the major and

minor axes of the ellipses that result from the plastic

deformation in the formability tests. The FLC was

estimated by taking the strains (e1, e2) at failure from

grid elements placed just outside the neck (i.e.

adjacent to the region of intense localization) since

they represent the condition of the uniformly

thinned sheet just before necking occurs [15]. The

resulting FLC is plotted in Fig. 3 and its intersection

with the major strain axis, which is found to occur at

e1 5 0.24, is in good agreement with the value of the

strain-hardening exponent of the stress–strain curve

obtained by means of tensile tests (equation (1)).

The procedure for determination of the FFLC is

different from that of the FLC because it requires

measuring the thickness at fracture in order to

Fig. 2 Tensile, elliptical, and circular hydraulic bulge
specimens utilized in the characterization of
the formability limits of aluminium alloy
AA1050-O

Table 1 Results from the tensile tests on AA1050-O
sheets

Parameter (units) Value

E (MPa) 70 943
sy (MPa) 119.9
UT (MPa) 9.33
A (%) 10
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obtain the ‘gauge length’ strains. The adopted

procedure involved measuring the length increase

parallel to the crack using the grid technique in order

to obtain the strain in this direction. The thickness

strain was determined by measuring the sheet

thickness using a microscope at several places along

the crack, and the third fracture strain component,

in the plane of the sheet and direction perpendicular

to the crack, was determined by volume constancy,

knowing the two other strains. The experimental

FFLC is also plotted in Fig. 3 and can be approxi-

mated by a straight line e1 + 1.08e2 5 1.77 falling from

left to right, which is close to the condition of

constant through-thickness strain at fracture (given

by a slope of 21) [16].

The large distance between the neck formation

FLC and the fracture FFLC in Fig. 3 indicates that

AA1050-O is a very ductile material allowing a

considerable through-thickness strain within the

neck, between neck initiation and fracture.

2.2 Multi-stage SPIF

In previous work, Skjoedt et al. [11] presented an

innovative multi-stage SPIF strategy that enables the

production of a cup with a vertical wall by SPIF. The

strategy makes use of the four intermediate stages

that are schematically plotted in Fig. 4 in order to

extend deformation to all the material available.

The first stage is utilized for forming the sheet

blank into a conical shape with a constant angle of

45u while the subsequent stages are employed for

gradually moving the middle of the conical wall

towards the corner of the cylinder. All stages, apart

from the first, can be performed with the tool

moving either downwards or upwards. For conve-

nience, when the movement of the tool is down-

wards the stage is represented by a D, and when it is

upwards by a U.

The fifth stage in Fig. 4 is supposed to produce an

ideal final shape that is not technologically feasible

because it would require the formatiion of a flat-

bottom cylindrical cup with a vertical wall and a

Fig. 3 FLC and FFLC for aluminium alloy AA1050-O sheets of 1 mm thickness

Fig. 4 Multi-stage SPIF strategy for producing a
cylindrical cup with vertical walls [11]
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bottom radius equal to zero. Still, assuming the

extreme forming conditions of the fifth stage, the

principal strains in the resulting SPIF part can be

estimated by considering the deformation to be pure

biaxial stretching and the meridional strain ew to be

evenly distributed. The circumferential strain eh is

zero at points A and C and maximum at point B

(Fig. 4) and, in the case when h 5 r, the strain field is

given by

ew~ ln
2r

r

� �
~ ln 2ð Þ ð2Þ

eh, max~ ln
2pr

pr

� �
~ ln 2ð Þ ð3Þ

et, max~{ ln 4ð Þ&{1:4 ð4Þ

Previous investigations by Skjoedt et al. [11, 17]

revealed that a multi-stage SPIF strategy consisting

of three downward movements followed by a final

upward movement (DDDU) could be successfully

employed to produce a sound cylindrical cup with

vertical walls. This is the main reason why the overall

investigation was focused on the analysis of multi-

stage SPIF strategies that are exclusively based on

four intermediate stages.

Multi-stage SPIF was performed in a Cincinnati

Milacron Sabre 750 CNC machining centre equipped

with appropriate experimental apparatus. The form-

ing tool has a diameter of 12 mm and a hemisphe-

rical tip and was made of cold-worked tool steel

(120WV4-DIN) hardened and tempered to a Rock-

well C hardness of 60 HRC in the working region.

The feed rate was set to 1000 mm/min and the first

stage, which has a constant drawing angle, is

performed with a vertical step size of 0.5 mm. In

subsequent stages it is not advantageous to utilize a

fixed vertical step size because it results in a large

distance between tool paths in flat regions where the

drawing angle is close to zero, e.g. the bottom of the

cup. Instead the general distance is set to 1 mm,

which results in a vertical step size of 1 mm in

sections close to vertical and a vertical step size close

to 0 mm in sections that are close to being flat.

Tool paths were generated with the program

HeToPaC [18]. The lubricant applied between the

forming tool and the sheet was diluted cutting fluid.

The geometries utilized in the intermediate SPIF

stages were similar to those plotted in Fig. 4, with

h 5 70 mm and r 5 80.5 mm. The initial blanks

consisted of square sheets of area 253 mm6253 mm

that were electrochemically etched to imprint a grid

with circles of 2 mm diameter on its surface to allow

the principal strains to be measured after deforma-

tion.

3 FINITE ELEMENT WORK

The finite element model of the sheet blanks was

built upon an initial course mesh of 26626 shell

elements, each having a side length about 9.7 mm

(element type 16 in LS-DYNA). A full integration

shell formulation was used with five integration

points over the sheet thickness. Adaptive mesh

refinement was utilized throughout the computation

in order to limit the interference between the sheet

and the contours of the forming tool and the backing

plate, as well as to obtain high levels of accuracy in

terms of geometry and distribution of field variables.

The adaptive mesh refinement procedure consisted

of three refinement operations ending up by splitting

the original elements into 64 new elements that have

one eighth of the initial element size.

The description of the forming tool and of the

backing plate was performed by means of surface

meshes. Both active tool components were consid-

ered rigid and a large number of elements were

utilized to model its geometry in order to reduce the

level of roughness that was artificially introduced by

the overall discretization procedure. The movement

of the tool in the finite element model was identical

with that in the actual SPIF process, including the

rotation and the helical path, which was defined by

means of a large number of points. The number of

points was determined by the tolerance setting in

the CAM program.

Acceleration of the overall central processing unit

(CPU) time was performed by means of a load-

factoring (or time-scaling) procedure. This changed

the rate of loading by an artificial increase in the

velocity of the single-point forming tool by a factor

of 1500 for the first stage and a factor of 1000 in

subsequent stages, in comparison with the real

forming velocity. No mass scaling was used. The

maximum increment of time step for performing the

explicit central difference time integration scheme

was based on a characteristic length equal to the

shell area divided by the longest diagonal. As a

precaution, LS-DYNA uses 0.9 times this value to

guarantee stability. The material of the sheet was

considered isotropic with the stress–strain curve

presented in equation (1). No anisotropy effects

were taken into consideration.
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JSA574 J. Strain Analysis Vol. 45



The finite element simulation of each SPIF stage

under the above-mentioned modelling conditions

was computationally very intense. The full-scale

model often required a CPU time of 120–240 h in a

900 MHz computer.

4 RESULTS AND DISCUSSION

This section analyses the numerical and experimen-

tal strain paths resulting from multi-stage SPIF,

provides an enhanced forming sequence that allows

the production of flat-bottom cylindrical cups with

vertical walls, and presents a comprehensive discus-

sion on the validity of FFLCs in multi-stage SPIF.

4.1 First stage

Multi-stage SPIF is initiated by producing a cone

with a constant drawing angle of 45u in the down-

ward movement of the forming tool. This results in

evenly distributed strains along the sheet metal part

except close to the backing plate and the bottom

region of the cone where the radius is approaching

the tool radius. Figure 5(a) presents numerical and

experimental values of the major and minor strains

over the surface of the parts. The agreement is very

good and the strains are very close to plane strain, as

would be expected from conventional SPIF of a

conical shape. The finite element computed evolu-

tions of the strain paths for two elements of the mesh

model located at 10 mm and 60 mm depths at the

end of the first stage are close to straight (Fig. 5(b)),

and the serrated strain paths previously mentioned

by other researchers were not observed.

The results also indicate that surface strains are

principal strains, meaning that deformation is

essentially governed by stretching. If deformation

was due to vertical shear or included a large amount

of through-thickness shear, the surface strains would

not be principal strains [4].

As seen in Fig. 5, the strains at the end of the first

stage are already located above the experimental

FLC of the aluminium alloy AA1050-O. This is in

close agreement with previous claims of the present

authors that formability in SPIF is limited by fracture

instead of necking [3, 4].

4.2 Second stage

The SPIF part at the end of the second stage can be

produced in two different ways: first, DD corre-

sponding to the first as well as the second stage with

downward tool movement; second, DU correspond-

ing to the first stage with downward tool movement

and the second stage with upward tool movement.

Figure 6 presents the numerical and experimental

values of strain on the surface of the parts for grid

locations placed within the depth range 20–60 mm,

for the two different tool path combinations. As

shown, the DD strategy presents a strain path close

to plane strain conditions whereas the DU strategy

presents a strain path that is moved towards biaxial

strains. The overall agreement between measured

and computed values is very good and the results in

Fig. 6(b) show that strain paths differ and become

Fig. 5 First SPIF stage: (a) experimental and numerical strains at the end of the stage; (b) strain
paths computed from two elements located at depths of 10 mm and 60 mm
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highly non-linear in the second SPIF stage. This

seems to be related to the decreasing strain in the e1

direction at the beginning of the second stage,

corresponding to drawing rather than stretching

deformation. The phenomenon is more pronounced

in the SPIF parts produced by means of the DU

forming strategy.

Figure 7 shows the distribution of thickness as a

function of depth for DU and DD multi-stage SPIF

strategies together with the predicted shape of the

parts at the end of the second stage obtained from

finite element modelling. The DD strategy causes a

distribution similar to a conventional single-stage

SPIF where increasing angle causes decreasing

thickness. Using the DU strategy this is not the case,

and most of the reduction in thickness occurs in the

centre part where the drawing angle is smaller. This

is necessary if vertical sides are to be achieved in the

subsequent stages.

As seen, the shapes of the two parts differ

considerably and, in the case of multi-stage SPIF

with a DD strategy, a residual cone is found to

Fig. 6 Second SPIF stage: (a) experimental and numerical strains for DD and DU multi-stage
SPIF strategies, where the enclosed strain values are computed within the depth range 20–
60 mm; (b) strain paths computed from two elements located within the depth range 20–
60 mm

Fig. 7 Second SPIF stage: (a) experimental and numerical evolution of thickness as functions of
depth for DD and DU strategies; (b) final shapes for DD and DU strategies obtained from
finite element modelling (scale in millimetres)
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appear at the bottom end of the part. The residual

cone is formed because the depth of the part is

increased in the second stage, whereas the tool path

only goes down by 70 mm in the first stage. There-

fore, as the tool moves downwards during the

second stage, a small plateau is formed beneath it

(Fig. 8(a)). This plateau is observed experimentally

as well as in the simulation. The existence of a

residual cone has also been reported by Kitazawa

and Nakane [6] in their original work on multi-stage

SPIF.

In the case of multi-stage SPIF with a DU strategy,

no residual cone is observed after the second stage.

However, as shown in Fig. 8(b), material builds up in

front of the tool and changes the contact condition

between the tool and deforming part from point to

linear. Again this phenomenon is observed in both

experiments and simulations. The linear type of

contact causes process forces in the X–Y plane to

increase and special care should be taken not to

exceed the force limits of the machine when forming

harder materials. A similar result was found in

experimental work performed by Kitazawa et al. [5].

However, neither of the aforementioned strategies

utilized in the second stage succeeded in the

production of flat-bottom cylindrical cups with

vertical walls at the end of the multi-stage SPIF

sequence (Figs 8(c) and (d)). The following section

presents the solution-focused enhanced multi-stage

SPIF sequence to solve this problem.

4.3 Multi-stage sequence

The multi-stage SPIF sequence that allows the

production of a sound cylindrical cup with vertical

walls and a residual cone at the bottom end of the

part consists of three stages with a downward

movement of the tool followed by a fourth stage

with an upward movement of the tool (DDDU).

Figure 9 shows the results obtained from experi-

mentation and finite element analysis, and special

emphasis is placed on the residual cone that

Fig. 8 Multi-stage SPIF of a cylindrical cup: (a) formation of a plateau during the second stage
(DD strategy) obtained from finite element modelling; (b) formation of a linear contact
during the second stage (DU strategy) obtained from finite element modelling; (c) final
part obtained from a multi-stage DDDU strategy; (d) final part obtained from a multi-
stage DUD(D) strategy

Fig. 9 Comparison between experimentation and simulation for each stage in the DDDU
strategy
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develops immediately after the second stage and

remains until the end of deformation. The overall

agreement between experimentation and simulation

is good during the first three initial stages but rather

poor in the last stage. A possible explanation for this

result is the too coarse mesh which is due to a large

increase in surface area.

The elimination of the aforementioned residual

cone requires enhancement of the multi-stage SPIF

sequence with the aim of producing flat-bottom

cylindrical cups with vertical walls (Fig. 10).

The enhanced multi-stage SPIF strategy proposed

by the present authors makes use of the same

number of stages and the same sequence as the

previous DDDU strategy shown in Fig. 9. The shape

resulting from the first stage is the same as the first

step of the multi-stage SPIF strategy shown in Fig. 9.

The second stage produces a deeper shape (55 mm)

with a radius of curvature R 5 10 mm at the bottom

of the part in order to smooth the transition between

the bottom and the conical wall. The third stage is

designed to obtain a depth of 65.5 mm and the tool is

forced to stop when it reaches the flat region located

at the bottom centre of the part. The fourth stage is

performed by upward movement of the tool starting

at the bottom flat centre of the part located at a

depth of 66.5 mm. Table 2 provides the details.

4.4 Formability limits

Table 3 summarizes the multi-stage SPIF strategies

that were analysed in the investigation. The forming

stages, where cracking occurred, are indicated in

parentheses and the experimental values of fracture

strains were always measured for the forming stages

that could not be completed because of fracture. The

fracture strains were measured using the circle grid

technique because no necking was found to occur

(see section 2.1).

It is worth noting that strategy 5 results from the

attempt to shape the geometry of the third stage

directly from the initial sheet blank without resorting

to intermediate forming stages. The outcome was

the occurrence of fracture and a clear indication that

multi-stage SPIF is advantageous over conventional

SPIF because it is capable of distributing the strains

more evenly throughout the sheet metal parts.

Figure 11 illustrates the distribution of thickness

for the multi-stage SPIF strategies DDDU and

DUD(D). As seen, the reduction in thickness using

a DU strategy is slightly higher than that using a DD

strategy. This is due to a shift in the strain field

towards biaxial conditions which, for equal values of

the principal strain e1, will necessarily lead to a

higher reduction in thickness (see Figs 6 and 7). As a

result of this, the DDDU strategy can be performed

without fracture, whereas the DUD(D) strategy

results in fracture during the fourth stage just after

finishing the vertical section of the part.

The fracture appears in a zone with high thick-

ness strain. Thickness measurements below this

point are taken for only the first three stages because

the fourth stage could not be completed. Both

strategies give minimum thickness in the bending

section between the vertical and the horizontal

regions of the SPIF parts. This corresponds well to

the theoretical strains which indicate a maximum

thickness strain at the corner of the cups (see section

2.2). Using the suggested strategy it seems that the

critical area is not the vertical sides themselves but

the transition zone between vertical and horizontal.

The reason is that this zone experiences a deforma-

tion close to equal biaxial stretching.

Figure 12 contains two different FFLCs. The thick

solid line (e1 + 1.08e2 5 1.77) is obtained from the

fracture strains measured in the experimental tensile

and biaxial hydraulic bulge tests (see section 2). The

dashed line is derived from the critical value of

damage at the onset of cracking, and its slope is

Fig. 10 Cylindrical cup obtained by means of the
enhanced multi-stage SPIF strategy

Table 2 The depths of each stage that were utilized in
the enhanced multi-stage SPIF strategy

Stage Depth (mm)

1 (D) 45
2 (D) 55
3 (D) 65.5
4 (U) 66.5

Table 3 The different multi-stage SPIF strategies that
were investigated

Strategy Stages

1 DDD(D)
2 DDDU
3 DUD(D)
4 DUD(U)
5 –(D)–

Multi-stage single-point incremental forming 41
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Fig. 11 Measured thickness of the multi-stage SPIF parts produced with DDDU and DUD(D)
strategies as a function of the distance along the surface

Fig. 12 Fracture forming-limit diagram containing the FFLCs and the strain values obtained for
different multi-stage SPIF strategies. Filled symbols indicate data measured at fracture
locations whereas open symbols indicate data measured and computed along the
meridional section slice in order to cover the whole geometry of the parts
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determined in accordance with previous work

published by the present authors [3, 4], according to

ebiaxial
1 {e

plane strain
1

ebiaxial
2 {e

plane strain
2

~
De1

De2

~{
5 rtool=tð Þz2

3 rtool=tð Þz6
ð5Þ

To determine the equation for the dashed line a

truncated conical shape characterized by various

drawing angles with depth was formed until fracture.

The experimental value of the drawing angle at

fracture is 77.5u, corresponding to a strain e1 5 1.5

and to a final thickness t 5 0.22 mm. By substituting

the thickness and the radius of the tool (rtool 5 6 mm)

in equation (5) and by taking into account the

above-mentioned value of strain at fracture, the

corresponding FFLC is given by e1 + 1.58e2 5 1.5.

The numerical and experimental values of strain

resulting from the entire set of multi-stage SPIF

strategies (Table 3) are also plotted in the principal

strain space (Fig. 12). The values of strains without

fracture were measured as well as simulated in the

first three stages (DDD and DUD) and only mea-

sured in the fourth stage. As seen, all the strain

points corresponding to sound SPIF conditions

(DDD, DUD and DDDU plotted as open symbols)

are located below the FFLCs. Moreover, the agree-

ment between FFLCs and fracture points (DDD(D),

DUD(U) and DUD(D) plotted as filled symbols) is

also good. Major deviations are found in the com-

parisons with the experimental FFLC and can be

attributed to the measuring procedure of the gauge

length strains because it is difficult to execute when-

ever the thickness of the specimens is very small.

This is the reason why a 15 per cent uncertainty

interval is recommended to be plotted around the

experimentally determined FFLC (see the grey area

in Fig. 12).

The difference between the two FFLCs can also be

explained by the fact that the experimental data

(solid line) give a general fracture line constructed

from different testing methods (i.e. bulge and tensile

tests) whereas the theoretical FFLC (dashed line) is

built upon an analytical framework that was speci-

fically developed for SPIF and a strain point (e1, e2) at

failure that needs to be obtained from SPIF experi-

ments [3]. The three failure points for the DUD(U)

strategy seem to be outliers and this can be a result

of the linear contact between tool and workpiece

which is observed as the tool moves upwards (see

section 4.2). In fact, the theoretical FFLC is derived

under the assumption of a small contact area

localized at the radius of the tool instead of a linear

contact along the side of the tool.

5 CONCLUSIONS

A multi-stage strategy is presented which allows the

formation of a cup with vertical walls. The move-

ment of the tool (upwards or downwards) in multi-

stage SPIF has a considerable effect on the thickness

distribution and position of strain points in the

principal strain space. Tool paths going upwards

imply more biaxial strains than downward tool

paths, which are closer to plane strain conditions.

The strain paths are linear in the first stage and

highly non-linear in the subsequent stages.

The FFLC independently determined from tensile

and hydraulic bulge tests can be successfully utilized

for establishing the formability limits of multi-stage

SPIF provided that an uncertainty interval is taken

into consideration in order to avoid errors attributed

to the measurement of the gauge length strains. The

correlation between the experimental FFLC and that

resulting from the theoretical framework proposed

by the present authors [3, 4] is good and supports

the claim that SPIF is limited by fracture instead of

necking. In fact, the overall level of strains achieved

in multi-stage SPIF is much higher than the experi-

mental values of necking currently found in con-

ventional sheet metal forming.

Finally, an improved multi-stage SPIF strategy that

allows the production of flat-bottom cylindrical cups

with vertical walls was presented and details given

about the overall forming sequence.
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APPENDIX

Notation

A elongation at break point

E Young’s modulus

rtool radius of the tool

t thickness of the sheet

t0 initial thickness of the sheet

UT toughness

ew meridional strain

eh circumferential strain

et thickness strain

ē effective strain

l half the cone angle of the component

y draw angle between the inclined wall

and the initial flat configuration of

the sheet

sy yield strength

s̄ effective stress
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