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Abstract: Double side incremental forming (DSIF) is an emerging technologyierimental sheet forming (ISF) in recent
years. By employing two forming tools at each side of the sheetD®iE process an provide additional process
flexibility, comparing to the conventional single point incremental fog(ISPIF) process, therefore to produce complex
geometries without the need of using a backing plate or suppdiginglthough this process has been proposed for years,
there is only limited research on this process and there are still margiwamad open questions about this process. Using
a newly developed ISF machine, the DSIF prodsdavestigated in this work. Focusing on the fundamental aspects of
material deformation and fracture mechanism, this paper aims to impeuedbrstanding of the DSIF process. Two key
process parameters considered is #tudy include the supporting force and relative position between nzasteslave
tools. The material deformation, the final thickness distribution as wsétleaformability under varying conditions of these
two process variables are investigatAd analytical model was developed to evaluate the stress state in the dieforma
zone. Using the developed model, an explicit relationship between the stress dtdiey gorocess parameteveas
established and a drop of stress triaxiality was observed in the double cmractwhich explains the enhanced
formability in the DSIF process. Based on the analytical and experimentdigaties, the advancements and challenges
of the DSIF process are discussed with a few conclusions dravriufor research.

Key words: double-sided incremental sheet forming; material deformatiomaldity; fracture.

Nomenclature:

a Slave tool contact radius ¢ Forming angle

d Distance from slave contact center n Stress triaxiality

F Supporting force K Contact condition parameter
k major/minor strain ratio H Friction coefficient

Ps  Contact pressure of slaveoto 0 Tangential contact angle
I Master tool radius Tro Tangential shear stress
r, Slave tool radius o Equivalent stress

t Sheet thickness O Hydrostatic stress

t,  Initial sheet thickness or Radialstress

&y Tangential strain o,  Tangential stress

&, Meridional strain Oy Meridional stress

€ Thickness strain Oy  Yield stress

& Equivalent strain
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1. Introduction

Incremental sheet forming (ISF) is a highly versatile and flexible procesadiat manufacturing of complex
sheet metal parts. This process has attracted an increasing interest il thiestielet metal forming in the past
decades due to its unique advantages including process flexibility, reduced todiingctaosxcreased material
formability. Comparing to the conventional sheet forming prae$SF has clear advantages in manufacturing
of small batch or customized products. In the ISF process, localized plastic deforedés place
incrementally to ensuranimproved material formability and therefore suitable for a wide range of sietat
materials. During the past decades of the ISF technological development, f@mosi®f ISF processes have
been proposed. Iseki etEl developed the modern single point incremental forming (SPIF) process in late
1980s. A non-symmetrical part was first made based on a contour line toolspad a manubl operated XY

table. Matsubar developed a two-point incremental forming (TPIF) process, in which the toal dre
contours from inside to outwards while the blank holder gradually moves downwards mal® die. Aiming

to reduce the forming time and improve the sheet thickness distributiomi/alagl developed a hybrid
process in which the stretch forming and non-symmetric incremental sheengonare combined. Other
processes such as laser-assisted incremental fo@imyd electricity-assisted incremental form@ have

also been developed for processing diffitaiform materials at elevated temperature. Other processes such as
ISF using water jet has also been developed thus the directtmatatal contact between tool and sheet can
be avoidec@. In addition, novel ISF tools including laser surface-textured (LST Gﬂnd an oblique roller

ball (ORB) tool have also been developed to improve the lubricant condition and to reduce frietiveen

the tool-sheet contact surfaces. As a result of the continuous effort in the ISF deve|gireet metal parts
with complex shapes can be quickly formed using simple generic tools by developing gepaeific tool

paths.

In all ISF processes, the material plastic deformation occurs around the tebtshict point because of the
localized effects caused by the forming tool, such as bending-under-tension (BUFijcaigth tthickness shear.
These localized effects enhance the material deformation stability and suppress/elopment of material
necking. In this way, the fracture forming limit diagram (FFLD), insteathefconventional forming limit
curve (FLC), is used to evaluate the ISF formability. Concerning the fundameptatsashe ISF material
deformation mechanism has been investigated by many researchers. Emmens and @dgmmdﬂthat the

effect of continuous BUT is a critical factor to facilitate the |lamadi material deformation and to achieve the
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improved formability of ISF process. Through experiments, Eyckens @}aldetected the existence of
shearing deformation during ISF process by drilling small holes in thé.bl@ackson and AIIwoo
demonstrated that the material deformation of ISF is due to the combinatiordfghestretching and shearing

by using experimental measurements in both SPIF and TPIF. Allwood and Seuggested that the
through thickness shear is a significant factor to increase the sheet fiagmBpdkens et aI investigated

the through thickness shear effect by using the Marciniak-Kuczynski modsuiggdsted that this effect could
enhance the formability. Eyckens et also argued that the dominant material deformation mechanism, i.e.
shearing or bending, depertion the specific process conditions, for example, bending is the dominant factor
for the ISF of large wall angle cones. Hadoush e@ suggested that the enhancement of deformation
stability in the SPIF process was due to the tension and bending deformadiahe goresence of compressive
stress which improved the stability of the material deformation. ConcettméniF modelling, Silva et
presergd an analytical model based on membrane approach to address the material deformatiosmethani
ISF process and the effect of forming parameters on the ISF formability. Fan@ astablished an
analytical model to analyze the effects of bending and material hardening on Ehii®flbility. In a recent
research, Lu et z@ investigated the effect of friction on the sheet deformation and fracture behavior in the ISF
process. A 3D analytical model was developed with the consideration of tlée a@ffiiction. The above
published literature identifies that the major SPIF deformation mechanism wemila of the combined

deformation of bending, stretching and shearing, depending on process conditions.

In conventional ISF process whether it is SPIF, TPIF or hybrid forming processes, a single forrooigvas
usually used. Another emerging method is the double side incremental forming (DSIR)¢lintwo forming

tools are employed at each side of the sheet. In this way, greater processtyi@dbilbe achieved and parts
with both concave and convex features can be produced without a pre-prepared supportingctiegplate.

In the DSIF development, Meier et proposed a two point incremental forming process with two moving
forming tools. Malhotra et developed an in-out toolpath strategy so that the continuous tool-sheet
contact condition can be maintained. Another DSIF research was based oecttie plilse aided material
deformation, in which the two tools aetl as two electrodes. These studies demonstrated considerable
potential of DSIF technology. Concerning the DSIF material deformation mechanisshettedeformation in

the DSIF process may be different from those in the SPIF process when two tools abtsiddsodf the sheet.

Limited study in the DSIF deformation mechanism has been reported in the litefaihangy these, Meier et al
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H theoretically and experimentally investigated the DSIF process. Smit@ @ompared the difference

of deformation mechanisms between conventional SPIF and the latest DSIF process. Both pgesed sug
that by squeezing the sheet using two forming tools, the formability of theiahatmild be further improved

due to the increased compressive pressure. Although these studies showed advantageSIbBfpgrecdss
comparing to the conventional SPIF process, there are still a number of questions to be answeted so as
provide an in-depth insightto the fundamental aspect of material deformation mechanics of the DSIF process
This is especially true for the role of two forming tools, the se&drmation under double side compressive
loading and the enhanced formability under the distributed hydrostatic stress caustiifetant tool

squeezing effects.

Aiming to obtain a better understanding of the DSIF process, this paper focuneseotietailed investigation

of the material deformation and fracture mechanism in the DSIF process. In tkjsawanalytical model has
been developed based on the stress analysis of the sheet under the combmeatiatefof stretching
squeezing, bending and shearing. Stress triaxiality, as an indicator of the prooedslityr was evaluatetb
explain the fracture behavior under two key different forming parameters, i.aeldtige position of the
master and slave tools and supporting foheeaddition to the analytical study, experiments were also carried
out to validate the analytical results and to further investigate the DSdRrigfon mechanism and fracture
behavior. Combining the analytical study and experimental observation, the unique rdeferiaation and
fracture mechanism in the DSIF process were discussed. The challenges of thrda&$s have also been

identified, which is essential for the future development of this flexible sheet foreasingaiogy.

2. Stress Analysis of DSIF Process

The stress analysis is an efficient approach to improve the understamdiey material deformation of the

incremental sheet forming process. Concerning the modeling approach of the conv8RtiBraiocess, a few

analytical models have been proposed, such as the work done b,zlsulizé ] Fang and Lu. These

models are based on either 3D or 2D plane strain analysis to explaindgheatafn and fracture mechanisms

in the forming process. However, in the DSIF process, the stress state amatéhal deformation are even
more complex due to the involvement of a slave tool. In this work, the stress aivaedgsiperformed to
investigate the stress state in different deformation regions of the foshmeed. The definition of symbols used

in the analysis is given in Nomenclature.
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According to the geometric features in the deformation zone of the DSIF procemsalgical model was
developed and illustrated in Fig. 1 (a) and (b). The master tool-sheet contastratednilarger than the slave
tool-sheet contact area due to the convex contact between the master tool and thetkieeiay, although a
slave tool was employed in the DSIF process, the slave tool is only in coittaatpartial region of the whole
sheet deformation area. Depending on the contact condition and stress state, ithatidafarea can be split
into the stretching zone and compression zone, respectively. The stretching zdmereistihve sheet only
contacts with the master tool, which may be under tensile stress sthzeas no additional squeezing from
the slave tool. The compression zone is where the sheet contacts wittodisthwhich may be under

compressive stress state as this region is squeezed by the master and slaBy tomfsideringa small

element through the sheet thickness in the contact zone, as shown in Fig. 1(c), ébseeostiponents, ,

o, and o, are defined along the directions:ot and ¢ respectively. Concerning the shear stress, only the
shear stress component, in the tool movement directiois considered whdt the other two shear stress
components?,, and 7, are ignored as the two tools moveimhain the tangential direction. In the analysis

the shear stresg,, is determined by the fricti@hforce caused by the two forming tools.

Tool center
3, :
Master S R ae,
I Tensile V@ NdeS g - —Ldy
| \ ~ S
e zone - o e / (l;dt
b LT A~ .
Masterro\o! . ¥ Compressive c-:, - r(_fd-aﬁ sv’, }\7;,
\ Sheet | zone | A s/‘/\‘
| A iy
| 2 ’e__':/,: 4-}‘ (7[,‘
/ Slave 1o % \'
¥ : re P
Tensile tool ; -
Deformation zone S Slave tool zone
a) b) c)

Fig. 1 —Analytical modeling of DSIF: a) Deformation area; b) Tensile and compressive zones; ¢) stress components

Based on the above analysis, the assumptions used in the analytical modeling of the D8IBuramarized
as follows:
(1) Membrane method is employed therefore no bending effednsidered in the analysis as the sheet is

very thin comparing to the dimensions of the forming tool radii.
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(2) Only the shear stress component in the tangential directipralong the tool movement directias
considered therefore the other two shear stress compofgntand 7, are neglected.

(3) It is assumed that the radial stress comporgntis independent of the tangential contact angle

therefore the normal stress through thickness applied by tool présswemnly distributed along the tangential
direction on the contact surface.

Considering the force equilibramf the selected sheet element as shown in Figure 1 (c), along the tool

movement direction, the equilibrant equation can be given by:

aerd¢(t+—)cos% uo, -rdg-r sipdd+x- uR- ((+ t+—)dz$ [SiIpd

= (o, +dag)rd¢(t+ it cosd—g

(1)

where K can be considered as a parameter to indicate the tootadition: in the double contact region,
=1; while in the single contact regiong =0. To determine the distribution of contact pressurat Phe

slave tool interface, Hertz contact equation of two spherical suritaeeqoloye, giving:

P@= - @

In this equation,a isrelated to the radius of the slave tool radipand other geometric parameters such as

the curvature of outer surface of the sheet. This value may bdydirexdsured in the experiment.

By neglecting the higher order terms, Eq. 1 can be simplified as:

dagz—ﬂs'tin¢[rl-ar—x-(rl+t) o] & 3)

As o, is assumed independentdofand the tangential stress is approxityateero i.e. o, =0 at the
boundary of contact zon®€0), using these boundary conditions, the tangential stegssan be given by:

0y =~ 010, —k-(r+0P) @

In the thickness direction, the equilibrant equation can be given by:
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o.1.dg- 1 Singd0+xc- P (1+ t+%)d,75- (sing @

1 . do . 1
+09r1d¢(t+§ dt) ~sm7- sm@+—2

+a¢r1d9-sin¢-tsin%+ o, +do, )do- sing+ dp ) sindg (+dtx O

B W 6, + b, )gdﬁ(t+—; dt)sind—g- sinj§+—12d§ (5)

which can be simplified as:

i+Kr.1__'_tF>S+@+%:0 (6)
t rt n n
Combining Eq.3 and Eq.6, it gives
a¢=(usin¢-9—l)% o —xc (W siryﬁ-e)rltips )
1

Applying Tresca yield criteriano, —o, =0y, it gives:

Oy

(L+ using-0)(L + 1)
o = + L

' K
(ysinqﬁ-@—l)%—l (u Sing- 60— 1)%— 1

R (8)

Therefore, the hydrostatic stress of the contact zone can be caladated

r1 ﬁ_ ing-60—
1 1 ?_1 K(Zt 1);1 sing- 6 2rl
am::—g(a¢+09+o;):—

LK
31+(1—ysin¢-9);—1 3 ]:k(l—ysin}ﬁﬂ{[l t

1 p ©)

S

Using Egs 8 and 9, the stress triaxiali#}, , at the single and double tool contact zone can be obtained:

£ h_ ing-0—
PR R G s o 0
g o, 3 o einaoY1 3 e ;; t o (10)
1+ (- u sing 6?)? Y (Fu sip-0 ;
- 1 r,—t
In tensile zone £ =0): == 1 11
=) =730 (2 spro r, )
In compressive zonex{=1): Ny :775+7/-E (12)

Y

(2r,—t) using-0— 2r +t

here y =
v 4 t+@Q—using-6)r, 3

is a coefficient relating to the geometrical parameters and frattion
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coefficient of the forming tools and the sheegs 11 and 12 indicate that the stress state in compressive zone

can be considered as the tensile stress state plus an additional term that is thilyeheeapplied supporting

force F and the material yield stress .

As shown in Eqg. (9), the hydrostatic stress varies with the actuahésislof the sheet t at different position of

the deformation zone, which may be further expressed by the thickness strain coraponent
t=1 & (13)

By neglecting the shear strain components, the equivalent stragan be given by:

_ 2
z= \/é (&8 +&,+¢&)) (14)
In the ISF process, it has been shown that the major strain may be considerednaddio@al strain &,

while the minor strain may be considered as the tangential . The relationship of these two strain
components may be given by a ratio, k:
gy =Ke, (15)

The ratio k may be determined by the sheet deformation state: whil¢hie=@eformation is under plane strain

condition and while k=1, the deformation is under bi-axial stretching condition.

By considering the volume constant conditiogy: +¢&, +&, =0, the relationship between thickness strain and
meridional strain can be given by:

gt
“7 k) 4o

Using Egs 15 and 16, the relationship between thickness strain and equivalent strain can beagbtained

__ Bk+D

& = (a7)
" 2k k1
Combining Eq.13 and 17, it gives
Bkt 1)
t=toe 22 +k+1 (18)

Thus the actual thickness can be represented by the equivalent straforeatiege 11 and 12 can be rewritten
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as:
_ Bk
. ) 1 r —toe k% +k+1
Tensile zone: ns BT (19)
toe 20t 4 (1- using-0) 1,
Compressive zone: 7, = 775+7/-& (20)
Oy
where
_BkD) _ Bk
. (2I’l—t0e 20K+l )lu Sin¢. -2 r+ toe 2k +k+1
B Bk (21)

toe 24/k2+k+1 +(1—,uSin¢-6’)-li 3082 K2+k+1

From EQ.19 it can be seen that the stress triaxiality in the tensileszrlated to the geometric parameters, r

6 andg, the frictioral coefficienty, and the equivalent straig . In the compressive zone, however, the stress

triaxiality is further related to the material yield stregs and the contact force F.

Table 1 - SPIF and DSIF parametersused in the analytical calculation

Parameters Value
Master tool radius;r 5mm
Support force F 240N
Yield stressy 375 MPa
Forming angle ¢ 450
Friction coefficient u 0.1
tangential contact angte 10°
Strain ratio k 0
Salve tool contact radius a 0.5mm
Initial sheet thickness t 1mm

Using Eqgs(19) and (20), the distribution of stress triaxiality in relation to the equivaieain & can be
determined. Using the assumed SPIF and DSIF paranmedagwen in Table 1, the distribution of stress
triaxiality against the equivalent strain can be shown in Fig. 2. It can be sed¢netliiference between the

SPIF and DSIF processes comes from the sudden drop of stress triaxthl@ydatible contact zone between

both the master/slave tool and sheet.
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Fig. 2 - Comparison of stresstriaxiality between SPIF and DSIF process: (a) DSIF; (b) SPIF

The stress triaxialityr7 is usually used to evaluate the formability in the incremental sbheetrig process,
such as in the work reported by Huang e, Silva et al. and Lu et a. The shaded areas in Fig. 2
represent the integration of stress triaxiality along the equivatesin, which is a similar form of ductile
fracture criteria, such as the Oyane fracture crit@n When the shaded @& increased to a certain critical
value during the deformation process, the material fracture occurs. As shown in Fig. 2, if dusasbaslin the
SPIF and DSIF processare the same, with tHestress drofy the fracture point in the DSIF process Idou
achievea greater strain value comparing to the SPIF process, which indicates the procb#iyctapattaina
greater material deformation and larger forming wall angle witfraature failure. This analogy explains the
basic principle of the enhaadformability in the DSIF as compadlto SPIF: thé‘stress drop generated by the

supporting force delays the fracture failure of material during deformation.

3 Experimental Design
The above analytical modeling describes the material deformation and fractinamisectin the DSIF process.
In order to validate the analytical model, a series of experiments are deaighednducted to examine the

sheet deformation and fracture behavior in the DSIF process.

By reviewing previous study on the DSIF procésbas been concluded that major challenges come from the
over squeezing or losing contact between the tool and @etThis may be caused by under or over
prediction of sheet thinning, which leads to the inaccurate control of the gagebetiwe two forming tools. In
order to overcome this problem, Malhotra et proposed an in-out tool path strategy, which could

overcome the problem of loss of contact. In this work, a different forminggyravas proposed by developing

10
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a new DSIF concept without tool shift and with tool shift. As shown in Fig. 3ewiné master tool is rigidly
clamped and driven by the master XYZ linear motion unit, the slave tool is suppodedaiycylinder, which
acts as a spring to ensure the contact between the slave tool and sheet. By impléhiestiagegy, the rigid
master tool guarantees the accurate position whilst the flexible slave toaplgra supporting force on the

sheet to ensure the sheet squeezing.

[——&
VWith tocd shift b A

Wit faich =360 B

(a) (b)
Fig. 3— Developed DSIF concept: (a) without tool shift and with tool shift (b) developed DSIF machine

In the experiment, AA7075-T6 aluminum sheet with initial thickness of i1snreed. The stress-strain curve of
the sheet is obtained by tensile tests and is shown in Fig. 4. As can be seen, theymidestaess is about
375MPa. The elongation in the tensile test is about 8% due to the low strdémimg effect of the material. In
the experiments, the radii of the master and slave tools are 5mm. A constaspeed] of 800mm/miis
maintained for all testing cases. Solid lubricant MoS2 pastised to reduce the friction between tools and
sheet. The DSIF toolpaths are generated according to the designed forming ygdnmesingin-house
developed software, in which the tool shift can be considered. In this work, the supoden fvaried in the
range from 160Mo 640N. These are empirical values based on the estimation of cont@mad the yield
stress of the testing sheet, which ensures that the tool squeezing byatddlfnot cause the yielding of the

sheet.

11
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Fig.4 - Theflow stress of AA7075-T6 sheet

In order to illustrate the material deformation and fracture mechanisno@daled in the analysis in Section 2,
the hyperbolic cone with varying wall angle has been employed as shown in Fig. 5(a) enodgtsections of
formed sheet part at both tangential and meridional direction are examinedwmdeipporting force values

of 240N and 480N with and without tool shift, respectively. In the experiment,othealbility at various
process conditions can be examined by the depth at which the fracture occurgoinmthg proces.
Varied values of the supporting force from 160N to 640N have been applied in the expevimie the tool

shift has also been applied. In each case, the experisneteated three times and the average \altaken

to ensure the repeatability of the resultsaddition, a pyramid shape as shown in Fig. 5(b) is also employed to
investigate the sheet deformation under the bi-axial stretching conditionwhia the fracture forming limit

diagram EFLD) is derived to evaluate the effect of forming geometry on the DSIF formability.

Mandonal
- o
direction | | .- LES

Circumfacential 35mm

dreation < Re6bmM

(@) (b)
Fig. 5-Tested DSIF geometrieswith variable wall angle: (a) Cone; (b) Pyramid
4 Resultsand Discussion

4.1 DSIF material deformation

To examine the sheet deformation behavior in the DSIF praessiown in Fig. Gmall holes with a diameter

12
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of 0.4 mm have been drilled in the sheet by using the mlexirical discharge machining (EDM) before DSIF
processing. In order to reduce the local deformation caused by these drilled holes thegiseigassed to fill
the holes before the DSIF process. In this way, the localized deformation affectd the hole may be
minimized. With the pre-drilled holes in the sheet, the deformation cfhtbet can be examined by the final

shape of the holes after deformation.

Fig. 6 — Sectional view of initial small hole on the sheet blank

The sheets with EDM holes are processed under different DSIF process cordliibitise samples are
prepared from the produced DSIF parts. The cross-sections of the holes in theveatent direction are
illustrated in Fig. 7. As can be seen in the Fig. 7, the through thickness shear in the tool mdirenti&mt can

be observed for all the testing cases. This shear is independent ofltpesition and value of the support
force applied. The observed shear is similar to the that found in the SPIF p@c@encerning the sheet
deformation, shearing can only be observed for the testing case without tiomhdtsupporting force of 240N,

as shown in Fig. 7(a). While holding the supporting force constant in 240N, introdbeingpt shift resulted

in greater compressive deformation, as shown in Fig. 7(b). While the wilé afrilling hole, indicated by
arrow A, remains as a straight line, however the wall indicated by @rimsaocally bended and beows a
concave shape. The differenicethe deformation of wall A and B is not quite clear. It may be related to the
combined effect from through thickness shear and squeezing. By increasing the sufgrositg 480N from
240N as shown in Fig. 7(c), greater compressive deformation can be observed while the tthickngss
shear is less obvious. With both tool shift and increased supporting forcezddattformation of the hole can
be observed as indicated by arrow C in Fig. 7(d) and the hole is almost closed @fattee afithe slave tool
side, indicating an even stragrgqueezing effect. The observations on the deformed hole in the tool movement
direction suggest that shifting the tool and increasing the supporting fdieentance the squeezing effect,

which can even cause the closure of the hole.

13
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Fig. 7—Material deformation in tangential cross-section of the hole: (a) 240N without tool shift; (b) 240N with tool

shift; (c) 480N without tool shift; (d) 480N with tool shift

Fig. 8 shows the deformed cross-sections in the meridional direction under diB&iE&nprocess conditions.

As can be seen, there is no obvious shear in this direction, which is consistent with the obsenthg SPIF
proces. In addition, under the low supporting force, no obvious squeezing can be observed and the major
deformation occurred in this direction is stretching as shown in Fig.8 (a) and (imcrBgising the supporting

force from 240N to 480N, the hoiesignificantly deformed or even closed in the case of applying tool shift, as
shown in Fig. 8 (d). The observation in the meridional direction suggestsntheat low supporting force, the

main deformation mode occurred in the meridional direction is stretching. However, higtlesupporting

force, obvious tool squeezingobserved and the sheet deformation bessostretching plus squeezing.

Stretching

(b)

Stretching

RN

i If f.!é i fi?’;’.fffif‘ 1
tte ettt
Hole closure

tttr et
Stretching + Compression
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Fig.8 — Material deformation in meridional cross-section of the hole: (a) 240N without tool shift; (b) 240N with tool

shift; (c) 480N without tool shift; (d) 480N with tool shift;
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Considering the sheet deformation in both tool movement direction and melridii@eéion together, it can be
concluded that the major deformation mode in the DSIF process is stretching in the®makdirection,
compression in the radial direction and slight through thickness shear in thend@ement direction.
Introducing the tool shift and increasing the supporting force have similar effiecreasing the compression
However it does not significantly affect the occurrence of the througkntss shear, as the contact area at
slave tool side is smaller tharattat the master tool side. This result also implies that the mastestill plays

the major role than that of the slave tool in the DSIF material deformation.

4.2 The effect of supporting force on DSIF fracture

Tool squeezing is the most significant factor that differentiates th& B&m the SPIF process. In order to
study the effecof tool squeezing on the DSIF formability, a series of values of the suppantoejd applied

on the sheet by using the slave todieVariations of fracture depth under different values ofstoorting
force are illustrated as Fig. 9(a). The evolution of fracture depth can be dintdetiree stages: at the first
stage, when the supporting forisdess than 240N, theiie no significant change in the fracture depth and the
tool squeezing does not make any obvious effect. At the second stage, when the suppmtininfoeased
from 240N to 480N, the fracture depth increases from about 20mm to 30mm, whigstsuthat the tool
squeezing has significantly enhanced the DSIF formality. By further increasiaggerting force up to Dl

as illustrated in the third stage, the fracture depth starts to decré@se.stiggests that the tool squeezing is
not a case of the larger the betiéthe tool squeezing force is too high, it would have a negative impact on the
formability. This is because the extremely high supporting force could bring sonedffsitte as shown in Fig.
9(b): under the high support force of 560N, the two tools not only leavebdervable marks on the sheet

surface, but also clamp and stretch the shedhe tool moving direction and resulted in the sheet fracture

failure.

33.00
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5 /’I
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Fig. 9 — Effect of squeezing force: (a) Variation for forming depth under different supporting force; (b) Typical part
formed under supporting force of 560N
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The observatiorof the enhanced DSIF formability may be explained by using the developed stress analysis
model. Using Eqs 19 and 20, the distribution of stress triaxiality alondefioemationis obtained undemto

values of the supporting force of 240N and 480N, as shown in Fig. 10. It can be seenetet greater
“stress drop” occurs when the support force is increased from 240N to 480N. Greater suppwaiéufther
enhances the formability as the fracture point has moved further tolthefra greater equivalent strain due to

a greater stress drop. In this way, higher degree of material deformationaager dorming wall angle can be
achieved without fracture failure. Fig. 10 explains the mechanism of enhamoebility due to the increase

of the supporting force from the stress triaxiality point of view. Howeter, drop of formability under
extremely high supporting force and stress triaxiality could not be explained becausectteoeffsevere tool

mark on formabilityis not considered in the analytical model.

. .

Fracture Fracture
point point
(240N) {480N)

Stress Triaxiality

04

Equivalent strain

Fig. 10 - Effect of supporting force on stresstriaxiality drop and DSIF for mability

5.3 The effect of tool shift on DSIF fracture

The DSIF process provides additional flexibility on tool motion by introdutiregslave tool. The relative
position of the two tools is represented by the shift of slave tool. Esiigate the influence of tool shift on the
DSIF formability, the fracture depths in the testing cases with atiebutitool shift are examined under three
levels of the supporting force at 240N, 400N and 480N. As shown in Fig. 11, lomdsupporting force of
240N, the formabilityin the caseof tool shift is slightly lower than that without tool shift. However,hnithe
increasing of supporting force, the tool shift shows a positive effect on tmabidity. In addition, it can be
seen that the trend of formability variation with or without tooltsisifdifferent, where a rapid increase of
formability at the enhanced squeezing effect can be obtained when toaksipiplied. For the cases without
tool shift, the increase of formabilitg much slower. This result confirms the analytical assertion shown in Fig.

5 that the tool shift haspositive effect on DSIF formability.
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Fig. 11 — Influence of dlavetool shift on DSIF for mability

Fig. 12 further examines the effects of DSIF with and without tool shiftamtufre. It is worth noting that the
tool shift also affects the position of crack during the forming psodasboth cases, the cracks occur in the
single contact aregther than the double contact area, which suggests that the crack is initidtedeatsile
deformation zone. For the case without tool shift, the cimdkveloped before the material reaches the double
contact zone. For the case with tool shift, the crack occurs when themihweoves away from the contact
region, which may be caused by the post-stretching of the master tool. By examining the caséoeitbloiit,

it can be found that the shastreversely bended due to the high supporting force. As shown in Fig. 12, this
reverse bending may ¥aa positive effect for enhanced formability. This evidence can be found in Fig. 11 in
the cases with the supporting force of 240N. In the case with tool shift, therebsioas reverse bending, but

the supporting force causes the localized material deformationfatablemarks at the contact zone.

’ . Forming force

A from master tool

Supporting force % ’
from slave tool

Local yield and
tool marks dueto %

supporting force

Fig. 12 — L ocalized material defor mation with tool shift: a) Without tool shift; b) With tool shift
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The effect of tool shift may be explained by the change of the locatiore wheistress drop occurs using the
developed analytical model. Fig. 13 compares the stress triaxiality distributiondiffigiemt contact positions
due to the shift of the slave tool. With tool shift, the contact position andrédss strop move towards to the
left side ofa smaller equivalent strain value where the deformation begins. Consequently, diraadieh
could reach the stress drop earlier than the case without tool shift. Thus bygkibepshaeld areas the same,
the cracks may occur even before reaching the double contact zone in the caseteodtishitt, while the
fracture point with tool shift would move further to the right ofraager equivalent strain value due to the
stress drop, indicating an enhanced formability. This result matches theabieseshown in Fig.12: the crack

is initialed before the sheet deformation rezgthe double contact zone in the case without tool shift while the

crackis initialed after the double contact zone in the case with tool shift.

N [

(wishout socé shift) \/
Fracture point

2 (with oot shift)

| Without oot shift
With tool shift

Stress Triaxiality

A | 12 L]

Equivalent sﬁlin

Fig. 13 - Effect of tool shift on the location of stresstriaxiality drop and DSIF for mability

5.4 Comparison of SPIF and DSIF formability

In addition to the use of the forming depth as an indicator of the DSIF fortyabHLD was also used to
evaluate the formability for both SPIF and DSIF processes.idrsthdy, both hyperbolic cone and pyramid
parts were produced to demonstrate the effects of tme-gleain and bi-axial stretching deformatiomthe
incremental forming proce. To evaluate strains at the occurremédracture, small circle grids with a
diameter of 1mm were prepared on the sheet as shown in Fig. 14. By measuring theddefljpse after the

DSIF processing, the strain values at fracture were determined.
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() (b)
Fig. 14— Fracture under different tool position: (a) Prepared sheet; (b) Formed part

Fig. 15 shows the FFLD for both SPIF and DSIF praegds can be seen that the fracture forming limit
obtained in the DSIF processis always higher than that obtained from the SPIF pro&smcreasing the
supporting force, the fracture forming limit can be increased. At the same time, by imgpthectool shift, the
fracture forming limit can be further improved. Comparing with tefonation mode, it can be observed that

the enhanced formability at the plane strain mode is more obvious than that at the direteizihg mode.
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Fig. 15— Fracture forming limit diagram under SPIF and DSIF process conditions

To understand the varied formability under both plane strain and bi-axial stretbéfiognation modes
different tangential contact angfe and strain ratio k are employed. Under the plane strain condition, the
assumption of the tangential contact angle of 10° and strain ratio ofre=Made while under the bi-axial
stretching condition, the tangential contact angfied0° and strain ratio of k=1 are assumed. Under these
conditions, the distributions of stress triaxiality are obtained as shrowig. 16. It can be observed that the
“stress drop in the bi-axial stretching condition is much smaller than those in plaaa stondition.

Comparing the supporting force, it can be found that increasing the supportiagMoutd not significantly
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affect the stress triaxiality under theaxial stretching condition comparing to the plane strain condition. This
result explained the observation in Fig. 15 where the supporting force anghtfichre less effective in
increasing the formability under th@-axial stretching condition than that under the plane strain condition.
Therefore, the strategy of using supporting force to increase the fatynahrhore effective under plane strain
condition. Or in other word, this strategy may be not effedtivacreasing the formability when forming a part
with obvious corner features such as pyramid.
T

Bi-Axal J’

Syeching »

240N \ A N
Bt Aval RS Plane Striain, 240N
.

Sreching

480N /

/ Plane Strain, 430N

Stress Triaxiality

Equivalent strain

Fig. 16 - Effect of material defor mation mode and supporting force on DSIF for mability

5.5 Summary of results and discussion

The DSIF process concept developed in this study could significantly in¢heapeocess flexibility: e two
tools could be positioned in different relative angles where different suppddrces can be applied.
Additional support die or backing plate therefore becomes unnecessary. This work developseat difSIF
strategy comparing to previous research reported by Merie@ arjd Cao et @9]. In their work, the sheet
was squeezed by predefined tool gafisqueezing by gap” strategy. In this work, the sheet was squeezed by
predefined supporting force with “squeezing by pressure” strategy. Concerning the advantages of the
“squeezing by pressure” strategy, the problem of “losing contact between tool and sheet” in the conventional
SPIF can be overcome. Although some novel strategies such as the “in-out” tool path have been developed ,

it may limit the potential of tool path variation. The advantag&@feezing by pressure” approach developed

in this workis that sheet squeezing can be well controlled and the defects such as “over squeezing” or “loss of

contact” can be avoided. In this way, the DSIF process can be better controlled.

The increased flexibility in the DSIF process results in even more complex she®bation comparing to the
SPIF process. The analytical model in this work suggests that the tool rptaditien and the supporting force
employed in the DSIF process may cause varied stress states and the deformatmneitbee tensileor

compressive stress state the compressive zonthe “stress drop” would delay the material damage to reach
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its critical value, which explains the increased formability in theFD@@bcess. The results obtained by the
analytical model were further confied by the experimental results obtained in this work. However,
concerning the limitation of the model, the experiment also shows that the supportiecgand the stress
triaxiality is not the larger the better. This phenomenon is not welbigqul by the analytical model as the

effects of surface mark and tool stretching are not considered.

In addition to the analytical investigation, the experimental study sugtpestsomparing to the stretching,
bending and shearing existing in the conventional SPIF process, additional squeezinmtediduced in the

DSIF process plays a major role in material deformation. The tool squeezingl@raht sheet compression in
the thickness direction, together with the stretching and bendingnk¢be major deformation modes in the

DSIF process.

Concerning the squeezing effect, by increasing the supporting force with or wstiiftintg the tool relative
positions, the DSIF formabilitgan be enhanced as observed in Figs 10 and 11. However, there is a limit on
enhanced formability: when the supporting force is too high, the formathdldseases. This may be due to the
excessively high contact pressure and stress triaxiality caused by the high sgdpocé. This observation is
consistent witfHussain’s recent wor , in which the excessive high stress triaxiality could cause premature
failure. In the DSIF case, under excessive high contact pressure and high filitiono tools mayclamp’
and“stretch” the sheet in the moving direction. This stretch may cause high tensile sbndition around the
deformation zone and early failure of sheet. The analytical model couldreiptaDSIF fracture mechanism
under normal stress triaxiality well but not under excessive stress ltjexdarther efforts are required to
improve the developed analytical model. Concerning the enhanced DISF formalslitgwis great potential
especially in processing difficulb-form materials and the ability to combine with other techniques asich
using electricity for local heating to further increase the forrigbHowever, formability increase is more
obvious under the plane-strain condition than under the bi-axial stretching conditbaeaged in the DSIF

experiment in this work.

Concerning the bending effect, the experimental results obtained in this studyt shggesverse bending of
the sheet may occur due to the slave tool pushing on the sheet. This reverse teEsdiagn higher

formability when the supporting force is not too high as shown in Fig. 14.ifMdrsased formability may be
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explained by the enhanced bending-under-tension ¢8&ftand the increased deformation stability in DSIF
process. However, when the supporting force is increased beyond a certain limit, teeinggedfect
dominates the deformation of the sheet when this reverse bending effatiebéess significant. The reverse

bending effect is not very clear at this stage and further investigation is neeldedutute.

Concerning the shear deformation similar to SPIF process, the through thiskeassan be observed in the

DSIF deformation. However, the shear effect may be overshadowed by the effect from squeezing and stretching
in the DSIF process: the effect from shearing is not very obvious in the expecongaring to those from
squeezing. As also mentioned in previous work on investigation of the frictifieed in SPIF proce%', the

shear deformation may not be the dominate deformation model in the incremental shimgt foocess. The

role of shear effect on the formability is still not quite clearttiarrfundamental and systematic research on the

shear effect is required.

This work has improved the understanding of the DSIF material deformatiowlimg stretching, squeezing,
bending and shearing, and their combined effects on DSIF formabilisywibrth mentioning that the DSIF
process also provides high process flexibility with more degree of freedoitefdesign of forming strategies
than that in the conventional SPIF process. The tools could either move synchronously or indgpsrttent
same or different z-level. In addition, multi-pass forming strategies may alapptied in the DSIF process
with specially designed intermediate sheet preforms. To achieve above fatrategies, robust tool path

generation algorithms are indispensible to further explore the DSIF process flekilitig/future.

6 Conclusions

In this work, the material deformation and fracture mechanism of the developed®Btpt, considering two
key process parameters, supporting force and tool shife been investigated based on membrane stress
analysis and experimental study. From this work, the following conclusions may be drawn:

1) In addition to the material deformation modes of stretching, bending and thhiclgiress shear in the
conventional SPIF process, the squeezing effect plays a major role in the DSIF process.

2) The tool squeezing and tool shift are the two key process parametersdtiathaffsheet deformation
behavior and the formability in the developed DSIF concept.

3) By applying different levels of the supporting force and tool shift, theur@dorming limit can be

increased to an even higher level thaat thy the SPIF process. However, this increase is more obvious for
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forming geometries under the plane-strain condition rather than the double stretching condition.

4) The reverse bending generated in the DISF process without tool shifisoancrease the formability
when the supporting force is not too high.

5) The analytical model suggests that the tool squeezing result$'stness drop”, which delays the
material deformation to reach the critical fracture point. The variatiorsugborting force and tool shift
influence the DSIF formability through the change of the slave tool position ameh@iaéude of the “stress

drop”.
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