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Introduction

Tango Black is a polymer from the family of Tango.
It has various applications notably in testing.
Modeling the material is a must to run simulations of testing experiments.

ASTM Metric
Tensile Strength D-412 1.8-2.4 MPa
Elongation at Break =~ D-412 45-55%
Compressive Set D-395 0.5-1.5%

Shore Hardness (A) D-2240  60-62 Scale A
Tensile Tear Resistance D-624 3-5 Kg/cm
Polymerized density ~ D-792  1.14-1.15 g/cm®
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Viscoelasticity

Viscoelastic material behavior 1s a combination of elastic and viscous behavior.

This 1s a rheologic model of rubber viscoelastic behavior, “Generalized standard model”.
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We will be interested in viscoelasticity at finite strain (large).




Equilibrium

Viscoelasticity of Polymers

Non-Equilibrium New Equilibrium
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Tensile Testing

Engineering or Nominal Stress

F
°= 4

Engineering or Nominal Strain
u

Boundary conditions for uni-axial
strain-controlled loading:
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Characterization and Constitutive

Modeling of Tango Black




Sample Design

3D printing

3D printing or additive manufacturing is the
process of building a three-dimensional
structure from a CAD model.

(A) Geometry @ (B) Geometry @

3D Printer Objet Eden 260VS (© Geometry @ -




Sample Design

We started by using a classic dogbone specimen.

Drawbacks

* Breaks at the non-linear part.
« Slips out of the clamps.

Then, we changed the geometry to a
band specimen.

3.0 - 32.88

Useful Length: 78 mm
Cross section area: 18 mm?
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SolidWorks Simulation

(A) Boundary conditions
and force initialization

Sample Design

(B) Meshing (C) Von Mises Stress plot

(D) Location of maximal
stress




Diagram of Experimental Setup

Station Manager Takes an image
_or , 1l d
MultiPurpose Elite Camera eieor}tier\fvusézzcr?éls ’
TestSuite
Y
Controls the Hydraulic Data Acquisition,
movement of the Testing ~ |———— Processor [———| SylvielC |——( Image Recording,
machine's actuator Machine DIC




Tensile and Cyclic Testing: Experimental Setup

1. Load Cell 1500 N 2. MTS 250kN 3. Grips 4. Lamp

5. Camera

Using the Hydraulic Testing Machine MTS
250kN and the Geometry 1:

Maximal Strain rate 1s:

30mm/s

~ 0.4s!
78mm ,
Characteristics MTS 100kN MTS 250kN
Load range +100 kN +250 kN
Stroke +100 mm +80 mm

Actuator maximum speed 100 mm/s 30 mm/s

Using the Hydraulic Testing Machine MTS
100kN and the Geometry 1:

Maximal Strain rate 1s:




Tensile and Cyclic Testing: Increasing the Strain Rate

3.00 - 32.88

Useful Length: 78 mm

Using the Hydraulic Testing
Machine MTS 100kN and the
Geometry 1:

Maximal Strain rate 1s:

Cross section area: 18 mm?2

3.00
4.80

Useful Length: 45 mm

Using the Hydraulic Testing
Machine MTS 100kN and the
Geometry 2:

Maximal Strain rate 1s:

Cross section area: 18 mm?
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Tensile and Cyclic Testing: Limitations

Non-linear strain for high strains at high strain rates

Strain Rate: 0.1 s Strain Rate: 0.0001 s
0.14
0.6/ 0.121
05 = 0.10
o =
204 B
n = ¢n 0.08;
£03 £0.06/
: / g
202 ) S 0.04
/
01 0.02
/
0.0/ 0.001
0 1 2 3 4 5 6 0 200 400 600 800 1000 1200
Time (s) Time (s)

Speed: X1 Speed: X120




Nominal Stress (MPa)
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Tensile and Cyclic Testing: Results

0.0

0.2 0.4 0.6
Nominal Strain

0.8

1.0

2.1s71
1.8s71
1.7s71
1.47 s71
1.3s71
1.15s71
0.66 s~ 1
0.5s571
0.26 s71
0.1s71
0.075 s71
0.05s71
0.04 s71
0.027 s71
0.01 s71
0.0064 s~1
0.0013 s71
0.00064 s1

Strain Rate Young’s Modulus Poisson Ratio
107! 4.1 0.46
102 4.007 0.4766
1073 3.914 0.4879
104 3.818 0.4956




Nominal Stress (MPa)

Nominal Stress (MPa)
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-0.1 0.0 0.1 0.2 0.3 0.4 0.5
Nominal Strain

(A) Strain rate: 2.2 571

— cycle 1
— cycle 2
— cycle 3

0.0 0.1 02 03 04 0.5
Nominal Strain

(C) Strain rate: 0.7 s~1

Tensile and Cyclic Testing: Results

o)
[a W
§ — 2.2/s
§ 1.4/s
2 251 0.7/s
E — 0.1/s
5 —— 0.06/s
2 2.0
§ s —— 0.01/s
0.5 é_.d —— 0.0064/s
2700 0.2 0.4 0.6 |
Nominal Strain S 1.51 —— 0.0001/s
(B) Strain rate: 1.4 571 E
® 1.0
1.50{ — cyclel &
—— cycle 2 i)
g 1 95 F= cycle 3 U)
& 1.00 0.5
a
g 0.75
% 0.50 0.0
=
'3 0.25
B &
Z 0.00 | | | | | | |
—0.25 0.0 0.1 02 03 04 0.5 0.6

00 01 02 03 04 Strain

Nominal Strain
(D) Strain rate: 0.06 s !

0.7
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Relaxation Testing: Experimental Setup

_— =

Relaxation tests were realized at a
constant deformation level.

Tango Black is semi-brittle.
Relaxation tests should be realized at
o a relatively low force to avoid fracture.
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1. Noisy measurements
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Relaxation Testing: Challenges

1. Noisy measurements: Solution

Increase the cross sectional area
to increase the force measured

| Y

Useful Length: 120 mm
Cross section area: 6mm X 12mm = 72 mm?

h

Change the 1500 N Load Cell to a
200 N Load Cell (precision increased,
requires a change of setup)

, , ( ]

20




Relaxation Testing: Challenges

1. Noisy measurements: Solution

1. Load Cell 200 N 2. MTS 250kN 3. Grips 4. Lamp
5. Camera

21




Relaxation Testing: Challenges

2. “Relaxation” in Strain: Solution

Use a dogbone specimen instead
of a band geometry

.
o
N
L
-
I‘ R

Useful Length: 55 mm
Cross section area: 6mm X 3.3mm = 19.8 mm?
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Relaxation Testing: Challenges

2. “Relaxation” in Strain: Solution

Use a dogbone specimen instead
of a band geometry

Useful Length: 55 mm
Cross section area: 6mm X 3.3mm = 19.8 mm?

0.20

o
n
v

Nominal Strain
O
=
(=)

0.05

0.00

0 20

40 60
Time (s)

80 100
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Relaxation Testing: Results

0.90

o 9
© @
S O
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0.50

{1 — 16%

I

— 12%

— 20%

0 50 100 150 200 250 300 350
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The two-potential constitutive modeling of rubber viscoelastic materials
proposed by Lopez-Pamies

c L g : 2 2 -1
PEU(E) = { o, Pl =3+ 5 el 3] i =1 5= [E?’l""yrli""l F+ Y 37"m, (C-CV‘l)a FC' ! —pF T
+o0 otherwise r=1 r=1
31—111 31—a2 ) 2 _ _ a,—1
NFa(Fe) = {ﬁml[li‘l ~ 3]+ T mllE ~3%] i =1 2131 “m, (C-C"") )
i C'== c-;(c.c )
+00 otherwise 30k ( 3 ( ) )
-1 2 N Stress-deformation response for
1—a, 2 2 1 1—a, ZA‘U A A /\v . . .
5= 213 Py tA A-az)t 13 me -tz 2T < the uniaxial strain-controlled
= v .
' ' deformation
2 2 ur_l . . .
Y 310, (% + %) y Ay 1s a solution of this
Ay =1 S (’A‘_ _ %) < ODE to be solved with
i ° Runge-Kutta method
B
— oo +k (—-i-)\z) —3h 1\ 2
N Mo—™H 1 /\‘0 v NEg 1 (ﬁ - /\_2)2 (iBl_ar (Zﬁ . )Lz)u 1)
e s () - =sw) \ BT
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Model for isotropic incompressible elastomers proposed by Lopez-Pamies

Parameter Fitting
{1 625.8 kPa R R
[ho 625.8 kPa % %
(o %1 2.3664 = @
(07) 2.3668
my 362.8 kPa
ma 362.7 kPa 0.0 0.1 0.2 0.2?10.4 05 0.6 0.7 0.0 0.1 0.}%1 03 04 05
al o 1 13225 (A) Strain rate: 1.4s~! (B) Strain rate: 0.7 s~1
as —1. 1.2
K, 274 kPa s g Pt ) L = Noae
o 4.7 kPa s ' '
Noo 0.3 kPa s s =1
5 26.7236 £0s6
B 0 o
Ky 18.9752 MPa?
0.2
Sumsq =356 0.0 01 ;)\._21 03 04 0.0—5 10 "219 (3()) 0 50
ime (s
(C) Strain rate: 0.065~" (D) Relaxation at 15% and 20%
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Fracture Study

é

0.8

H_
o

FXXBE I REDE FX XY 1 BY )

0.0001
0.00064
0.0013
0.0064
0.01
0.027
0.04
0.05
0.075
0.1
0.26
0.5
0.66
1.15
1.3
1.47
1.7

1.8

2.1
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Application: Compression of Tango

Black Hexagonal Structures




o

!

Experimental Setup

| __— Load Cell

|— Loading Plate

| __ Transparent

Guide

| — Test Specimen

g
A R R B R R RN RN B S R R R R R EX BRI EIRSBNR

1]

J... . . .}

Parameters:

» Displacement control at displacement rate 0.01 mm/s
* Stopping criterion: force control

— Porosity of 70%: stopped at 190 N

- Porosity of 80%: stopped at 120 N

- Porosity of 90%: stopped at 10 N
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Results

Linear Elasticity
Collapse Plateau

[ Densification
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Mechanical Testing

Stress (MPa)
B

0.5

o o
® @
S O

e
N
o

o
o
o

Nominal Stress (MPa)
=} =)
(o)) ~
o o

o
w
O

0.50

00 01 02 03 04 05 06 0.7

Strain

— 12%
— 16%
— 20%

—

0 50 100 150 200 250 300 350

Time (s)

Conclusion

Constitutive modeling

31_“1 (51 31 31—042 a 193 :
I[JEq(F) _ W}‘l[h -3 ] =+ 2, }42[11 —id ] if]=1
400 otherwise
31—a1 a1 aq 31—a2 az a .
leEq(Fe) — ﬁml[Il -3 ] + 2(12 mz[Il -3 ] lf] =1
+00 otherwise

Parameter Fitting
1 625.8 kPa
28 625.8 kPa,
a 2.3664
Qo 2.3668
mq 362.8 kPa,
a1 —1.3595
a9 —1.36
K; 274 kPa s
Mo 4.7 kPa s
Moo 0.3 kPa s
51 26.7236
B2 0
K, 18.9752 MPa?

Application in structure
testing
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Nominal Stress
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Neo-Hookean incompressible model

—_—  ——.—.—_—_—_—

3.5

Equilibrium and non-equilibrium free energy --- Data
functions —— Model

$F9(F) = % (F-F — 3) and yNE9(Fe) = % (F° - F° — 3)

Stress-deformation response for the uniaxial
strain-controlled deformation:

1 A Ay
s=m (A=) (53 33)

A, 18 a solution of this ODE to be solved with
Runge-Kutta method:

A — H2 (/\3_/\%)
0 =
377k )LAU




Stress [kPa]
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More Results for Part 3

e —

Porosity: 80%

Porosity: 90%

60" 10

50 38
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wn wn
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=20 =
wn wn

10 2

01 0
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Strain Strain
Y E (kPa) S P (kPa) €D

0.7 23393+566 30=x15 0.52+0.05
0.8 97.21 :4.68 9+1 0.6 =0.05
09 1756+237 16+04 0.7=+0.05




log(S)
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Fracture Study
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Boundary Conditions

Assumption

_0X _ 0XeO9Xv _ repv
F=x~ oF oX =FF




The two-potential constitutive modeling of rubber viscoelastic materials proposed by Lopez-Pamies

31—041 " . 31—042 . . )
lPEq(F) _ Wﬂl [Ill -3 1] + 2“2 ]12[112 -3 2] if I =1
+o0 otherwise
31—a1 31—u2 )
leEq(Fe) _ —2a1 ml[Ii‘l -3+ 2 mz[Ifz —-372] ifJ=1
400 otherwise

. 1~ ~
o (F, F', FY) = 51‘v . AF,F)T"

~

Pv — FerVFe ! , I'V= F'p ! , Aiji(F, F¢) = Fe,;il F ijnAmnrs(F, FFV_l)Fer_kl Fis

gyt oyNEa 4 oyNF . 99
= F FFV FFV —
oF ® + oF ( ) oFY ( )+ oFY

! !

2

Y3t m, (cC- cv—l)a’_1

r=1

S (F,F,F")=0

F+

2
S = [E 31—txryr1{ér—1

r=1

FC'' —pF " ¢’ =" (C - % (c : C"_l) C")




The two-potential constitutive modeling of rubber viscoelastic materials proposed by Lopez-Pamies

31—041 31—042 ) 2 2 1
PEU(F) = { 2, P~ P 8] i =1 5= [E 310 I o+ | 81 m, (€ e ) | PO - pF T
+o0 otherwise r=1 r=1
31—a1 31—u2 ) 2 . _ a,—1
NI (Fe) = {Wml[lfl - 34+ T my[I}* —3%] if =1 ) 31" m, (C -CY 1) .
i =" c-—-(c.c )
+o0 otherwise 30k ( 3 ( )
2 5 -1 1 2 o a\* 1 /1 2 Stress-deformation response for
S= Y. 3"u (5 +A A== )+ |3t mm, (245 L )| < . .
PR A 22 P> "\ TR PRy the uniaxial strain-controlled
i deformation
2 2 ar 1 . . .
Y 3"m, o 2 Ay 1s a solution of this
L A A A2 A2\ | < :
Ao = 1L . (A_ - 7") ODE to be solved with
T ° Runge-Kutta method
2
— o Tk <—+/\2) — 3k 1N\ 2
B s o—™n 1 A’o v NE; _ 1 (& - /\_2)2 <i31_arm (%—F /\_2>a, 1)
e 1+ (szi\’ Eq)ﬁz i 3\A A\ A A A




with

Runge-Kutta Method

CV

(=th1

At
= C¥=tn + %(71(1 + 32Kk3 + 12Kk4 + 32Ks5 + 7Ks)

ki =G(ty, C;)

ky =G(th + At/2,C; +Kq At/2)

ks = G(tn + At/4,C{ + (3Kki +ky) At/16)

Ky =G(tn + At/2,C + K3 At/2)

ks = G(tn +3At/4,C; + 3(—Kkz + 2ks + 3K4) At/16)

ks = G(tn + At, C; + (k1 + 4Kk; + 6k3 — 12ky + 8Ks) At/7)




/

Runge-Kutta Method implemented in MATLAB

functionl[tt ] := [Kl =03 K2=0;K3=0; K4=0;K5=0; K6 =0;

A3v=1; dtime =1;
thn=0;

While [tn < tt,

K1=g[tn, A3v];

dtime dtime
» A3V +
2

dtime dtime
» A3V +

= 16

dtime dtime
, A3V + (K3)];
16

. 3 dtime dtime
KS=g|th+ ———, A3v +
- 4 16

dtime

K2=g-tn+ Kl];

K3 =g[tn + (3K1+K2)];

Ka=g[tn+

3 (-K2+2K3+3K4)];

K6 = g[tn + dtime, A3v + (K1+4K2+6K3—12K4+8K5)];

dtime

920

A3V = A3V + (7K1 +32K3 +12K4 + 32K5 + 7K6) 3 tn = tn + 1;]; $33numl = S33[tt, ABV]]




Tensile MTS Program

i

=l Parallel Paths

T

v
Parallel Path: Repeat Loop: 3 Time(s) Parallel Path: DAQ: Runni...
& &
l ~
= Repesat Loop: 3 Time(s)
T
Repeat Loop Activity
h
| ™\
= Parallel Paths
v v
Parallel Path: Ramp: 80m... Parallel Path: Limit Detection: MTS_1..
& Fﬂ DAQ: Running Time; ...
| | .
Ramp: 80 mm Limit Detection: MTS_100kN Force PR
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----- ‘
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Ramp: 0 mm
J

Export Data: DAQ: Running Time; ..
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Tensile MTS Program

[ ——
= Parallel Paths
v
Parallel Path: Repeat Loop: 1 Time(s) Parallel Path: DAQ: Runni...
7 &
|
~
= Repeat Loop: 1 Time(s)
T
Repeat Loop Activity
4
=8
= Parallel Paths
v v

Parallel Path: Ramp: 70m... Parallel Path: Limit Detection: MTS_100kN D...

& & DAQ: Running Time; ..
Ramp: 70 mm Limit Detection: MTS._100kN Déplacement s
¥ Z |

----- «
v v
I J
b

I

I

Export Data: DAQ: Running Time; .
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|
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S4 Station Manager < MTS FlexTest 40 : MTS_100kN.cfg : 200N >

File

T

2
n

Display Applications Tools

=/u|s|p) =/ 8] e

Help

> | Operator ¥, I 74

e

Bl b

Basic TestWare

sialalo

Test Name:
Data File: ts_100

2]

Channel: IMTS_T 00kN
Control Mode: | Déplacement

B=

Abs End Level: 70.00 mm

LI | | | | | I | | /‘ ] ﬂ
-100.00 100.00
Test Rate: 10 mm/s

A i i i

0
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Test Counters

== cye

Current:
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Station Controls

[V Exclusive Control
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|
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Span:
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Reset |
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Reset/Ovemde |
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C-Stop 1
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