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! Hydroforming

2 Pressure-carrying medium
3 Elastic

4 Polyurethane (PU)

5 Plastic
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! Drawability

2 Formability

3 Rubber Pad Forming (RPF)
4 Fabrication of prototype

5 Natural rubber

¢ Silicon

7 Plastiprene

8 Neoprene
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! Finite Element Method (FEM)
2 Partial Differential Equation (PDE)
3 Ordinary
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! Dynamic explicit
2 Implicit solver
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! Interaction

2 General contact

3 Tangential behavior

4 Tie

5 Load

¢ Encastre

" Ramp

8 Mesh

% 4-node 3D continuum

108 node 3D continuum, reduced integration
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! Shell
2 Discrete rigid
3 Reference point
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! Planar isotropy
2 Normal anisotropy
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! Forming Limit Diagram (FLD)
2 Major strain

3 Minor strain

4 Diffuse necking
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3 Principal stretches



4 Silwaige ey 5 600 (gilwand ¥ Lab

I =trB = 22 4+ A% + 22
1
I = 5{(trB)” = tr(BB)} = (A142)" + (A243)" + (A3A1)* -

I; = det(B) = J* = (A14243)?

25 Ol V-V dhaly &g @ Gl ge [, W0 Soliss (LS n300aST 5

Y-Y
Wy = Cy(I; — 3)(I; — 3) (

Al o 0ole 4y bogy e sla 2l Gy (i,j=1,..,n) Jl 14
e AY alslne B 53 2 3leST5 Seta¥nle olge sl Vore cndseym Sge Jio 58 Jemlty (555
Dy s

WM = Cyo(I; = 3) + Co1 (I, = 3) A-¥
s Jsl ulsi I 5 1y 5 5l 59 Cot g Cro adsl (qorm puS 02y 50 (25,5 (555l W byl (l o o8
Gy Y abl) B s g Ay (Sl Lol iiS slap 5 Lawgs oS axdl oo ! (S0l (255 gm0

g oo

L =224+2%3+22 a-r

L= 1A 4 1D
S5 s o3l 5o eail pilinSTys Layis olsS ol b olye 551 asile 2y oSl 58 L

.Qw|)‘)§).3 RN .L:.g‘j)\ w....fdl.m.:‘) O 6)5’““53

M=2; M= =20 A=1l+g Shial

Dg ooy VV-Y adasly CIB 5o (6,9500SS Qﬁ-"}] 2 OS5 Culgd

L=L=2+21"; L=L=12+2 ANy

4 Deviatoric



¥ Silwaige gy 5 o0 (gilwand ¥ Lab

&1y a8 0503 s 1) 15,551 (ol g (gonl (A5 G (Kinmnly (g5 o0 (2855 (6531 Sy 51 ool L

Sedise Jol VY-Y alal) e - See Joke

P 1 1 1 VYo
A_0=2(1_F)(AC10+C01)=2{(A_ﬁ)clo+(1_ﬁ601} ( -

ala) 51 a5 bl o | RS Cend A g adg) alaiie o Ag (9031 )0 (25 (55970 (595 P YL ala 5o

A=— \Y-Y

w25 1y Co 9 Cro sl yiol )L VE-Y bl ) S8 0 (g8 o0 ol 92 5= (Soe Joe sl (IS gosalall ) SO 50

Ifo] Sgad

P
C :—1:/‘1.C10+C01 (\f:_xM

240(1 —73)
Towe 5 0258 5 C1o plp o cuds a5 Cel 4 o 1 s @b S5 € als 598 oo 0anlie a5 a5eSilen
B 515 5Ligo (o

G grlin Condao ;o WL londs sl alflas & g0 a5 wiis oo oled idu ol jo

Ao oo lid |y anl 8 elial fhanul ogon F-Y S ool IS aigl 8 IS gawaina U0 5 )18 o

! Stretch ratio



) Silwaige ey 5 600 (gilwand ¥ Lab

Sl > dlg) 5 B (sl sluge T-1 S0

Ao J> £95 9 Jol 0 Olozi cpumns (o

cswlod oduzen dayl )l g oole o) IS ol 4 axgi b ogd o S a5 G 0 Al (Silw e opl yo
b ol &80 puizred 0 a8 )5 lai 0 ail G ol Jo a8 by ol eolainl  Solos 7 o K>
Samb 4T B WSS 55l (2SS gy 35 Eseme w0 ol S i Atz 655 ks
ol W3 ca 0La 1y 9y (6551 & stz (55 S 4T O-F S0 008 Lo alls Ssbilans

A8 o .\.,.,l; ) E9050

0.016 -
0.014 -
0.012 R
0.01 \
0.008 -
0.006 -
0.004 -

0.002 + L\

0 T T T T 1
0 0.2 0.4 0.6 0.8 1

() ok

90 Sl (St (655 o

RPF al,8 gilwaccss o 90 S5l (s> S5l S s B-Y Jss



Al Silwaige gy 5 o0 (gilwand ¥ Lab

o2 bslil Z ok wlod &5 (i (g
b (Sl g95 5l 5 bl il ol Ol (sogae el Ojp0d zolaw blite Sl agh ol jo

oaid 48,8 a0 LJB g diw S w.as).gdi)odb’..ub goves "&Jb%dlib,olt_]ub5ww)t:é)

195 3b 9 g0 ksl p (5

O slbad 4 by e Jol s 098 co ol dhwd A gilw o (ol o a8 a4y 6550 L]l

G obal> 08 (20 IS (g9, oge pol,8 jshaie 4 Coles o el oald ools Cons LJB x> o alais

o oo Hlad 1y (gilwans o sad Jlesl (650 Layl s £-Y S il 00l Jlasl s x5 0 alais

A o ()8 08

Z‘LY

Sibodard 55 oadJlesl (550 Ll PoT IS

SIS (z

el V0,5 Jlgz olowi b (gomdn cdo Ll oosles a5 R3D4 45 51 yledl e 9 LIB gamaSls sl
$loS ez laiwg g4 5l Gledl G a5 wll o0 SAR £43 31 55 o) o ad) ey ladl el ouls oolaiul
C3D8R ¢4 Lol 5l lavly samino 5 Sy Jolis il plo gl p ol Tadl als 5.5 150! b

20,8 Ol il oo 4Bl galS 6,8 XSG 5 slo,S i (g ingy Sloll &S

' 4-node 3D rigid
2 4-node shell, reduced integration



Al Silwaige ey 5 600 (gilwand ¥ Lab

SoraSand 5l gl izl 3JUT (b
ol 5o s sgame Gl Bl o 4o ol S5b bapledl slass il ol g yiie o5 jsbles
5l oy 5 oS S slite slaglodl sl b allis gy lagloll slast (s sl i3y
slaxi 31 as 0o ,5 canlin A-Y 5 V-V IS0 L sillae .c3,5 J1 3 w0 0,50 bgiluans 51 SO y»
Gl Jedo leg iomem 5 casls walsss anl b S 595 o Sz 8l 05, 518 a5l laglel

20,8 5l YEVAO U ol acs ladl olows ulal 0l 0o o

16 40
...... o 9)”" u
41—l A - - 35
12 - et - 30
O o I
10 - e - 25 )
% /// :.3
= 8 A o - 20 i
E =
T 6 y/ A gl o | ogs S
o= YIYYe oldlslas A
4 /4 YEYVO oldlslss © F 10
@ FYV-a bl sl O
2] Y- 5 3
N0 Gl slaws x
0 T T T T T T 0
0 10000 20000 30000 40000 50000 60000 70000

Lo, Lol sl



¥f Silwaige gy 5 o0 (gilwand ¥ Lab

16 -
—— 12V Ll slass

14 1 —1rye ldlohw
VYN0 Lol sl
12 1
— YV Ll slas

— Y10 Lol slass

10 A

(ton.f) g,.5
o

0 . . .
0.2 0.3 0.4 0.5 0.6 0.7 0.8

) olej

g_:sl.c.,.,o Lgl.QQLo.” Sloss 6‘)‘.’ uL") o> ..x...")s 65)':?-; Goo.o A-Y Ji.w

Wl 58 el (s
oley g ol plol (635,88 YO lawe id oaijloyy b ailly G sl eolainl b (g5le Jaw onl slo o

el 039y el A Dgu y0 (gilwands o gly = gy}

Sileyl oolb —Y-t

Se Oyt SS90l Sl oo (oSS H938lhg) Caesl 4 Cao pALTl b lgieay
@ oad (b lagilesl 65 e b bplele 5 cl gilas 5l moes (Rl Gl syl Sl
6905 Sl g kS 05t longy el 51 (o b ialel (b ail o s oz ColeS
b ogdge Jloel piums b 0l 3 0 SlalST Sl daiolesl (S5 el Gyl 51 gy cnl o e
2355 )8 oy 3y30 ialb sl b e (65,8kes (sla Sy o o)l 3

b Gilesl (b plsieds dole iz Jolds Gralejl S5 50 (Saw Ll solad 3o 5y po (b
Olejl (b porde .l 000 5 (Bime s ele (b Glatear ale BT 5o b, ool il sus

b 0 a8 )T 54wl e plsil (65,0liS A o plaalesl paud aS Sloj (G ()8 o Sgo>



o Silwaige ey 5 600 (gilwand ¥ Lab

b1y Jamme onyidn 0055] Gty slp (65,9L88 (e 59y 2 et Sldos jshite 4 plaules]
[£5] o5 >l )b couidge
1) e b0l 098 oo ooliiul bapinn 5 banyl)d o Sloe ow)p jshaiods b iolesl (IS b
wlkos I oS 5 Olfon | 2l O Vgmao wols (Las AT S8 o lg b 5 oad &l Jow b ol s
Jolis (255 o (lge i) (6395 (Fp ] ;0 4T 05 jpal Koo mlie 5 oLl da g, dapile
Jolis olge (Sl (ol 5 aalB (sloyeio Sl (0 058 00 Jrod oanlie LB Tl e wiz b S
Ao JpuS BB 29,25, 0,2 e G sl o5 Jb o s s LB X1y X2, s Xp
bl ;0,00 Jolis ol See iulejl 5l o
D)y zwls g5,y 2, ﬁb O i &S (6 purie (pns (A
a5 Wgd Sl GlagSay 8 ,5h slax olie (o

Db Soop sl (b Jlade 4y 0)lseny @

WAL SeSY o Dlpss @

d}‘*’ “""‘.."‘"5 Z1,Zy, ---sz LJ)"“"S LJ'!LQJ'A'&' 6&&)@ Q‘)-" °

95 s S5 ialeyT Bun Vgane aites Jole paia ol cdél b ialesT ey 3 53 aS 4555 Lo
L oilesl Cune s iumlin sl 5 oy wblios waew 79,5 Gl oyn bdale (ol 23U

LV aiab oo Siolosl ol !

! Response variables



7 Silwaige gy 5 o0 (gilwand ¥ Lab

S 6 slo e

X X X,
S99 gl
Z Zy Zn

Jrs BB sla i
e b0l 3 S IS 25k A-Y S
PETU GV IWERE B y
5 00 s Dol A olf ol piw CoaS a5 a8l o il glacdss pgo Sl Sl e
A 30,5 olgiiey (pBlie (s Sguge (Sl et conlio D Yol LI Blaal gl IS jsbay
oLy sl S8 iy jslaieds |y samie VLI o &by b olBisle;l b aslie Slaios 3510 (0l
9 3eio (69050 Baa b (>S5 550 Cdiumn L1, o 58Tl LS| sleolKinle ;] Lo ol osS u*'-*-“’l-’

g Cdg 3l sewdie iSu dS 0ged cdnline lis] s S oyl Jeame CualS ioli8l ien Yc\MBS

Jolas 4 sl T (5,58 gk g, 59y 2 o5 ST 5 09 o0 (miitn slagtale] By ayles
il gl Holateds Gaaz lahy) dnwgi 4 £9,5 (25U Bl 2925 e slaa ja il
ouds &Ll (7 sSU sl by, pb b (95T a5 ol (5508 1) e by, sl el (quaipe ol
O @l L oo B el e SIS0 5 ialajT (b (o5b 5 6308 50 S5 0lslid ot o
soe bl Sy J) postie hial IS ol bagsinlesl oo s, e 31 513 el 3,505, bl e

LEP] ol gliie ot sla g, b a8 0,8 a8l aiad jod 5 LS, cuiS

! Electrical Communication Laboratories (ECL)
2 Research and development (R&D)
3 Creative brainstorming



v Silwaige ey 5 600 (gilwand ¥ Lab

"ol U g cukes VoYY
b 2 7 9TB gy el Slita SalST kS i gl 5 Jshie sl 4 Sl (2556 s,
9 )b Gl » Jghaie slabg, a5 Jl=po )l oS bald 5 Ysame (b ple )5 oS
9 kol potie dw 10 (FSU abudd il o Jgazmo 0y o b g adei 0l > 0 cuaS oS
sl 0 o0lgs Ly ool

S5d (o) Jyaze CSle anld (b o sl 4 wgd anoly Jpame Sk plle Wl cok S

2l ol SRS BByt asme elge pln j0 a5 95 2Lk g5k Wl Jpaze o

P ok g 0 9 0ol (S eslailsltiul cdl 5l Sl 2l O g0 4 b Sk a0 @
ol Gl 2 g el Jpazme 393 55 Gl sloml g (b (S Sge o, 0 e 45 39 5k 2l 2 (25
2 7T b b Spiie Jiie anle & Jpans o alind o5 035 n i 5 1 kS
Jyame SG o grmb job 4y el oal ools LSV - =Y IS 0)lsm )b o g0 5 Jglate (slaby, Jlie
Y@Yb Jod b > so5L yo Ban al)b Jlade a5 cul cuaS gl)ls 4 ..L..:L 3,90 3,5 15 B0 5l Slej
po Ve ddlate ol 50 bl ge 09,95 j9ble 4l 10 0l g ) pd (i By j3 0,5 18T b
e Ll 5,5 o 8 sl Sl opme L 5 3550 451 455 by Jpama 5 095 &, 615 0l
o b g (588 D jsods (h) b g0 B ymie 93 Ay Hladie | ik jal )l oS WSl (265U )
Jleaa! jlade 51 GBIzl ojg0a (b5 5 0o @b 0,8 sl (255U 500! 51 -0iS o Bzl 4y 9,8 oS
Tols s9bas (755U el 05 h o by ye oS sl oS (S Gyl (eled bl )3 098 (5 S0l

S5l A..Sl.a & i olo )

! Quality and loss function
2 Upper Allowable Limit (UAL)
3 Lower Allowable Limit (LAL)
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Abstract

The elastomeric tool is widely used in the aviation and automobile industry due to its high
flexibility, good surface quality and cost reduction. In this thesis a new method for producing a T-
branch joint by using an elastic medium to apply double-sided pressure both inside and outside of
the tube is presented. Numerical analysis of the process by assuming an incompressible
hyperelastic material with Mooney-Rivlin behavior model for elastic tool in Abaqus software was
performed. For tube the elastic-plastic model with normal anisotropy and FLD damage criterion
was used. Taguchi test method was used to determine the effective intrinsic and extrinsic
parameters on branch height and thickness reduction percentage. The statistical analysis of this
design showed that the rubber hardness, the distance between punch shouldered and tube edge, the
die corner radius and the tube thickness have the greatest effect successfull of the process. In the
next step, in order to achieve the optimal values of effective factors, the response surface method
was used with nonlinear regression model. In the experimental section, standard tests to extract
the mechanical properties of three copper, brass and aluminum tubes, and two types of elastomeric
polyurethane and PVC tools were performed. The manufacturing of the die after assuring the
optimal design with the help of the 3D finite element method was carried out. Three intact sample
of copper, brass and aluminum tubes after initial tests was successfully produced. For validation
of experimental and numerical results, strain distribution and tube thickness in longitudinal and
circumferential paths were compared. The results showed that, firstly, the idea of using both inner
and outer pressure on tube walls is on oppropriate technique to fabricate a defect-free long T-

branch. Furthermore the simulation results have an acceptable accuracy.

Keywords: Optimization, Elastomer tool, Taghuchi’s design of experiment, Response surface
methodology, Copper tube, Forming of T-branch,
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