THREE-DIMENSIONAL MATERIAL MODELS
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1 Three-dimensional material models

In this chapter we consider three-dimensional material models for various material behavior.
Implementation in finite element software is the main focus, which means that the calculation
of the stress and the stiffness during the iterative solution procedure is paramount.

In the following sections we consider models for elastic, elastomeric, elastoplastic, linear
viscoelastic, viscoplastic and nonlinear viscoelastic materials behavior. Implementation in
FEM modules is explained and simple examples are calculated.



2 Elastic material behavior

For elastic materials the 2nd-Piola-Kirchhoff stress tensor P is related to the Green-Lagrange
strain tensor E. The Cauchy stress tensor can be written as a function of the right Cauchy-
Green strain tensor B. To assure the stress to be zero when there is no deformation, it is
more suitable to relate the Cauchy stress to the Finger tensor A.

P =G(E) with  E=3(C—-1I)=3(F°-F—1I)
o=J'F.-P.-FC=J'F.G(E)-F° with J=det(F)
= K(A) with A=4{B-1)=3(F-F°—1)

2.1 Isotropic elastic material models

For an isotropic material a principal strain deformation of a material cube can only result in
normal stresses on its faces. Using its definition it can be shown that the principal directions
of the 2nd-Piola-Kirchhoff stress tensor coincide with the principal strain directions. It is
easily seen that the principal directions of the Cauchy stress tensor coincide with those of the
Finger tensor.

01

Fig. 2.1 : Deformation in principal directions
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P — F model

For a general isotropic material the principal directions of the 2nd-Piola-Kirchhoff stress
tensor P and the Green-Lagrange strain tensor E, coincide. As a result, P can be written
as a polynomial function of E.

Applying Cayley-Hamilton’s theorem, a second-order polynomial relation remains. The



coefficients «; in this relation are not constant. For the isotropic material they are a function
of the invariants of E and have to be determined experimentally.

P = sy1ig17i01 + 2702702 + S37M03703

E = e17p1701 + €2M02Ti02 + £3703703

P = Z 8T To; = G(E) = Z G(Ez)ﬂozﬂoz =aol +a1FE + a2E2 + a3E3 + ...

Cayley-Hamilton’s theorem E3 = J|(E)E? — J,(E)E + J5(E)I

P =oagl +aE + ayE? with o = a; {J1(E), L(E), J5(E)}

o — A model

For an isotropic material the principal directions of o and A coincide, which implies that o
can be written as a polynomial function of A. Applying Cayley-Hamilton’s theorem results
in a second-order polynomial with coefficients depending on the invariants of A.

o = 017171 + o9fiafiy + 03Tisiis
A = Ay + Agfiatia + Asmisiis

Cayley-Hamilton’s theorem A3 = J1(A)A? — L(A)A + J3(A)T

o = Bol + /1A + (A% with B = B {J1(A), J2(A), J3(A)}

The constitutive equation for the Cauchy stress tensor can also be derived from the expression
for the second Piola-Kirchhoff stress tensor, which reveals that the coefficients 3; are related
to the coefficients «;.

o=J'F-P-F'=J'F- [ao]+ E + ;E*] - F°
=J'F. [(ozo — %al + )T + (%al — %ag)C + iazcﬂ - F°
= {J3(B)} V2 [(ap — a1 + a2) B + (a1 — $a) B? + 1ay B
B? = J;(B)B? — Jy(B)B + J3(B)I
= J;UQ [(%al — %042 + ion(]l)B2 + (g — %al + oy — iang)B + iangI}
A=1B-1I) — B=2A+1
A’=1B’-1B+il — B?=4A+2B-1
= J;UQ [(2@1 — 205 + agJy) A% + (ag + %al + %ang — iang)A%-
(ap+ a1 — oo + 3oy — taody + TaoJ3)I]
= B A% + B1A+ Bod



2.1.1 Linear elastic material models

The above isotropic elastic material models are nonlinear. The polynomial functions have a
quadratic tensor term and, moreover, the coeflicients are functions of the three invariants of
the strain tensor. The first invariant is a linear, the second a quadratic and the third a cubic
function of the tensor.

Simplification towards purely linear models is possible and allowed if it suits the exper-
imental observations.

P — FE model

When experiments show that the relation between P and FE is linear, conclusions can be
drawn concerning the coefficients «;. The coefficient of the quadratic term, ao, must be
zero. The coefficient of the linear term, «, must be a constant. The coefficient of the unit
tensor may be a linear, isotropic function of the tensor E, which means it can be written as a
constant times the trace of E. No constant tensor is contained in the linear models, because
stress has to be zero at zero strain.

Substituting an (experimentally motivated) linear relation between P and FE in the
definition relation of o, results in a nonlinear relation between o and B and vice versa.

P =cytr(E)I + 1 E

Tensile test

For a tensile test only the axial component of P is non-zero and can be expressed in the
axial and cross-sectional stretch ratios A and p. Because stresses perpendicular to the axial
direction are zero, u can be eliminated and the axial stress can be expressed in the axial
stretch .

The parameters ¢y and ¢; can be expressed in the more commonly used Young’s modulus
FE and Poisson’s ratio v.

P=co3(N> = 1) +2c02 (* — 1) + 11 (N* = 1)
0 :CO%()\Q -1)+ 200%(,u2 -1)+ cl%(IuQ -1)

o
%(MQ—U:—m%(AQ—l):—V%(AQ—U
c1Bcotc1) 140 1712
_abora)ine o plnoq
20 ¥ o, 5( ) 5 )

A
F=0A= e Pu?Ag = APAy = 1A(\? — 1) EAg

~
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Fig. 2.2 : Tensile test: force and cross-sectional area against stretch ratio

Simple shear test : plane strain

For plane strain F33 = 1 holds and thus for the simple shear test det F' = 1. To calculate the
shear and normal force, the Cauchy stress has to be derived from the material model.

F—I+7€1€2—>J—det( )=1
C-1) = 27 28265 + $7(8162 + &

—

e1)
€ + €2€1)

P= 005721 + Cli’Y &8 + c157(E18
oc=J'F.-P.FC=F.P.F°
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Fig. 2.3 : Shear test plane strain: shear force and normal force against shear



Simple shear test : plane stress

For plane strain Gssg = P33 = 0 holds and thus for the simple shear test F33 can be expressed

in F1; and Esy. To calculate the shear and normal force, the Cauchy stress has to be derived
from the material model.

Ci
o33 =PFP33=0 — co(E11+FEx+Es3)+cib33=0 — Ez3= — fc (B + Eg)
0o+c1

F =1+ (F33 — 1)e3é3 + yé1€2
E = %(FC-F — I) = % [’)/25252 + 7(5152 + 5251) + {2(F33 — 1) + (Fgg — 1)2} 5353]

F33 =+\/2FE33+1 — J=det(F)=F33 =+/2F33+1

CpnC
p=—1 (B + Exn)+aFE
co + 1
CoC1 N - = - =
= —— 1T + 119286 + c1 iy(@18s + xé1)
co + 1
o=J'F-P-F°=J" [P+ (yPi2 + 7Pn + ¥ P2)é1€1 + YPa2(€18 + €2¢1)]
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Fig. 2.4 : Shear test plane stress: shear force and normal force against shear

o — A model

For linear isotropic behavior the relation between o and A is also characterised by two
material constants.

o =cotr(A) I +c A



Tensile test

For a tensile test only the axial component of o is non-zero and can be expressed in the
axial and cross-sectional stretch ratios A and p. Because stresses perpendicular to the axial
direction are zero, u can be eliminated and the axial stress can be expressed in the axial
stretch A. The parameters ¢y and ¢; can be expressed in the more commonly used Young’s
modulus F and Poisson’s ratio v.

o=co5(A\* = 1) +2c 1 (u* = 1) + 1 2(\* = 1)

N
0=co5(A* = 1) +2c0 5(p* = 1) + 1 5(p* = 1)
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Fig. 2.5 : Tensile test: force and cross-sectional area against stretch ratio

Simple shear test : plane strain

A simple shear test for plane strain can also be calculated straightforwardly.
=1+~vyeéée

F-F° =1 +~& + (€18 + 6:&)
(B —1I) = 37%€181 + 57(€16 + &2¢1)

> T
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Fig. 2.6 : Shear test plane strain: shear force and normal force against shear

Simple shear test : plane stress

A simple shear test for plane stress needs some more consideration. For plane stress, it is
assumed here that o33 = 0. This assumption results in a relation for F33 = F - €3. For simple
shear, we can than calculate the normal and shear stress. The normal and shear forces must
be calculated, taking the deformed area into account.

o33 = co(A11 + Aoa + Az3) + 1 A3 =0 —
C
Az = — C()Toq (Ajp +Az) — Fzz3=1y/24A33+1

CoC1
co + 1
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Fig. 2.7 : Shear test plane stress: shear force and normal force against shear



2.2 Hyper-elastic material models

When an explicit stored energy function is available for an elastic material, it is called hyper-
elastic. The stress tensor can then be calculated as the derivative of the energy function with
respect to the associated strain tensor.

When the stress-strain relation is not derived from a stored energy function, the elastic
model is called hypo-elastic. For large strains such a model predicts the elastic behavior not
correctly. In a closed cycle deformation loop residual stresses and elastic energy will remain.
A hyper-elastic material model describes large elastic strains correctly.

The elastic energy must of course always become zero when there is no deformation. The
function can be formulated with various strain tensors. The stress tensor can be derived by
differentiation of the stored energy function with respect to the strain tensor.

The second Piola-Kirchhoff stress tensor P is derived from an energy function ¢(FE),
depending on the Green-Lagrange strain tensor. Instead of ¢, a function W(C') is usually
specified. Although the stress tensor can now still be derived by differentiation — in this case
W w.r.t. C — an additional requirement must be formulated or incorporated, namely that
stress must be zero (P = O) when there is no deformation (C = I).

p=0¢(E) — W=W(C) —

d$(dE) _ dW(C) dC _ dW(C) _

P=—F dC  dE ° dC =G(E)
1 .2 aw(C) .
0=F-P-F'=>F.—"F

2.2.1 Isotropic hyper-elastic material models

For isotropic material the elastic energy function can be written as a function of the invariants

of FE or C.

Isotropic hyper-elastic model : P — E

For isotropic material the energy function ¢(E) is only depending on the invariants of the
strain tensor. Again we see that P can be written as a second-order polynomial of E. The
coefficients «; are now functions of the derivatives of ¢ w.r.t. the invariants of F.

06 dy | 06 dly 00 dJy

¢ =¢(E) = ¢{/1(E), 2(E), J5(E)} — p:a_th 5% 45 + 57, 4B

derivatives of invariants

d)y o d)y o dJs )
d—E_I 3 d—E—JlI—E 3 d—E—JQI—J1E+E —

stress tensor



(90 96, 00 06 _ 09 06 o
P—< + J1+ Jg)I—F( 5y 8J3J1>E+3J3E

=al + o E+ O[2E2

Isotropic hyper-elastic model : P — C

For isotropic material the energy function ¢(E) is only depending on the invariants of the
strain tensor. Again we see that P can be written as a second-order polynomial of E. The
coefficients «; are now functions of the derivatives of ¢ w.r.t. the invariants of F.
owdJ;  OWdJo OW dJs
W =W(C) =W{Lh(C), Jo(C), J5(C P=2———mt—-"t——
(€)= WHI(©), 2(C). 5(O)y - = <6J1dC+6J2dC+6J3dC
derivatives of invariants
dJ1 dJQ dJ3 2
L . &2 _gr— . 29—
iTe] g - Mme s ge s aere =
stress tensor
ow oW ow ow  ow ow
P =2 J Jo | I+2(——————J|C+2—C"
<6J1 T on T o 2> * < 1) LRy
=apl +E + 5[2E2

Isotropic hyper-elastic model : o0 — A

The Cauchy stress tensor is a function of the 2nd-Piola-Kirchhoff stress tensor and can thus
be derived from the elastic energy function W (C).

1 2 dW(C)
- p.P.Fe= .20 \Y) pe
777 J T,
p oW dJ, oW dJ, OW dJs
=2 p.o( =222 7P 2 P28 | pe
AR (ajl dC+8J2dC+8J3dC>
p oW awW oW oW W oW
=—F. I — — J— — 2\ fe
NaA {<8J1+J1(9J2+J26J3> +< a7 J18J3>C+<8J3>C}
p P
= \/—J—?’F' (oI +71C +72C?) - F° = NaA (7B +mnB” + 12B%)
B? = J,B?— 1B+ J3I
P
=7 (71 4+ 72J1) B? + (v0 — v2J2) B + (v2J3)1]
3

A=LYB-1I) - B=24A+1 — B?=4A’{2B-1

= —F [(471 + 42 J1) A% + (Y0 + 271 + 2721 — Y2 Ja) A+

[\]
=

(Y0 =71 +2J1 — v2J2 + Y2 J3)1]
= oA’ + B A+ Bol



2.2.2 Incompressibility

For a hyper-elastic material model the stress-strain relation is derived from an energy func-
tion W(C'). For an isotropic material W is a function of the invariants of C. Due to the
incompressibility, the energy function cannot depend on the third invariant, which has always
the value 1.

From a given function W (C), the 2nd-Piola-Kirchhoff stress tensor can be determined
by differentiation. Subsequently the Cauchy stress tensor can be calculated from P.

J=det(F)=1 — det(C)=J5(C)=1 — W(C)=W{L(C),](C)}

oW dJ, oW dJs oW oW oW
poo(dVal OWda) (W O Y
<8J1 ac "o dC) {(&]1 T on Jl) aJQC}

oW oW oW
_r.p.Fre=2) (L Vg 2" g2
7 {<6J1 % Jl) 0.7 }

Elastic material behavior can be described by a relation between the Cauchy stress tensor o
and the left Cauchy-Green strain tensor B = F - F°. When the material is incompressible
and isotropic, the deformation will not be affected by the addition of a hydrostatic stress plI.
When the deformation is known, the stress cannot be determined, because the hydro-
static stress remains arbitrary. Only the so-called extra stress tensor T depends solely on B
and can be calculated.
To determine the unknown hydrostatic stress pI the incompressibility condition must be

-

used.

p ‘_/

Fig. 2.8 : Hydrostatic stress state

. ow oW ow _,
o=—-pl+F-P-F __pI+2{<6J1 +8J2J1>B_8J23}

=—pl+T

2.3 Rivlin models

Energy functions W (C') are generally written as polynomials of (J; — 3) and (J» — 3) such
that W = 0 when there is no deformation (C = I — J; = Jy = 3). The invariants of C can
be expressed in the principal stretch ratios A1, As and A3z. The polynomial energy function



W(C) can then also be written as a polynomial function of these stretch ratios. This way of
denoting these functions is often referred to as the Rivlin formulation.

W(C) = i icz]{Jl(C) — 3}Z{J2(C) — 3}j with Cpp =0
i—0 j—0

Jp =tr(C) = A3+ A3+ A2

72 = 1{?(©)

= 1{M B+ 23)" - (a2 b =3+ a3+ a3
Jz =det(C) = NN\ =1

3

(111 J
2 2 2 ?
Cij()\1+)\2+)\3—3) <)\—%+)\—%+)\—§—3>

Neo-Hookean model

The Neo-Hookean energy function has only one material parameter : C1g. The model de-
scribes the mechanical behavior of natural rubbers rather well.

W = Cyp(J1 — 3)
o = —pI+ QCloB

Tensile test

In a tensile test, the axial stress is ¢ and stresses perpendicular to the axial are zero. The
hydrostatic pressure can then be eliminated and the axial stress and force can be expressed
in the axial stretch ratio A. The incompressibility condition A\p? = 1 is taken into account.

- o S
B = \2¢1&) + 12 (a8 + E383) = \?é18) + X(€2€2 + e3€3)

1
o=—pl+ 2010)\25151 + 2010—(5252 + 5353)

A
o=—p + 2C o\ 1
101 — 0=2C10(\* =)
O=—p—+ 2010} A

1
F=0cA= JMQAQ = O'X AO = 2010/10()\ - —2)



Mooney-Rivlin model

The mechanical behavior of industrial rubbers cannot be captured well with the one-parameter
Neo-Hookean model. Instead the Mooney-Rivlin model is often used, which has two param-
eters.

W = CIO(JI — 3) + 001(J2 — 3)
o=—pl+ 2{010 + COltI‘(B)}B — 2001B2

Tensile test

In a tensile test the hydrostatic pressure can be eliminated and the axial stress and force can
be expressed in the axial stretch ratio A.

oL oL 1 .. oL 2
B = \%¢&) + M2(€2€2 + €3€3) = \e e + X(egeg +é3€3) ;  tr(B) = A+ 3

I
B2 = )\46161 + E(GZGQ + 6363)

—_

2 . oL o o 1 . . oL
o=—-pl+ 2{010 + 001()\2 + X)}{)\2€1€1 + —(6262 + 6363)} — 2001{)\46161 + ﬁ(egeg + 6363)}

>

2
o=—p+2{Cio + Co1 (N> + X)}A2 — 20 A

1
=2 2_)42 _
0 2(Cho + Con(N + 2)) % — 2Cp1— T 0T A )
=—p +2{C10 + Co1( +X)}X_ 0173
1 1 1
F=o0A=op*Ag =0+ Ao =240{C1o(A = 5) + Cou(1 = 3)}

2.3.1 Other energy functions

There are a lot of energy functions used for different elastomeric materials. They all belong
to the polynomial energy functions.

3-term Mooney-Rivlin W =ci0(J1 — 3) + co1(J2 — 3) + c11(J1 — 3)(J2 — 3)
Signiorini W = c10(J1 — 3) + co1(J2 — 3) + cao(J1 — 3)?
Yeoh W = ci0(J1 — 3) + co0(J1 — 3)2 + e30(J1 — 3)3

2nd-order invariant model

W = c10(J1 — 3) + co1(J2 — 3) + c11(J1 — 3)(J2 — 3) + ca0(J1 — 3)°
Kloaner-Segal

W = c10(J1 — 3) + co1(Ja — 3) + cao(J1 — 3)? + co3(J2 — 3)°
James, Green, Simpson (3rd-order deformation model)

W = CIO(JI — 3) + Col(Jz — 3) + 011(J1 — 3)(J2 — 3) + CQQ(Jl — 3)2 + C30(J1 — 3)3



2.4 Ogden models

For slightly compressible materials Ogden models are used. The strain energy function is
written in terms of the principal stretch ratios. The first part of the Ogden function can
be shown to be purely deviatoric/ The second part accounts for the volumetric deformation.
Because the volumetric behavior is characterized by a constant bulk modulus, the model is
confined to slightly compressible deformation.

To describe the mechanical behavior of elastomeric materials, which show large volumet-
ric deformations, the foam model can be used. The first part of the energy function is not
purely deviatoric.

N 2
—an 1
W= T (N £ g AQ - 3) + 45K (1—J3>
A
n=1
with
Ln moduli
an 1 exponents
K :  bulk modulus
J ¢ volume ratio = det(F’)

foam model

=
| =

N N
W:Z:laz (A?"+A§"+>\§‘”—3)+Zl n (1)

n

=®

2.5 Incremental analysis

In nonlinear analysis, the load is applied in a number of steps, the load increments.

Fig. 2.9 : Incremental deformation



The end-increment state, i.e. deformation and stresses, must be determined such that equilib-
rium equations, material relations and boundary conditions are satisfied. Due to the nonlinear
character of deformation and material behavior, the equations must be solved iteratively. In
each iteration step both the stress and the material stiffness must be updated.

2.5.1 Linear P-E model

2.5.2 Stress update

Elastic material behavior may be described by a linear relation between the second Piola-
Kirchhoff stress tensor P and the Green-Lagrange strain tensor E. This relation can be
derived from an elastic energy function and that is why this model is called hyper-elastic.

For a given deformation the stress in the material can be calculated directly for an elastic
material. The Cauchy stress tensor o can be calculated from P.

P = ¢otr(E)I 4 ¢, E with E=1cC-1I)
=1cC: IT+1c1C — L3¢y + 1)1 with C=F°F

o=J'F.-P-FC=J'F-(P-F°)=J'F.(F.-P°°

2.5.3 Stiffness

In the Newton-Raphson iterative solution procedure, the variation of the stress tensor must
be expressed in the iterative displacement of material points.

Starting from the P ~ E elastic model, the relation between P and JF' is calculated.
The variation of the deformation tensor F' can be expressed in the gradient of the iterative
displacement vector % = 0 :

SF=L-F=(F°-L°° with  L°=Vi

Combining the variations 6 P and do leads to a relation between do and L.

6P = 3cy6C : II + }¢16C
C=F-F —  (6C=0F-F+F°F
=1c(0F°-F + F°-6F) : II + ¢; (JF°- F + F°- 0F)
=co(F°-6F): II + 3¢, (6F°-F + F°-6F)
= coI(F°:6F) + 3c1 {(F°-6F)° + (F°-6F)}

oc=J'F.P.F¢ —

0 =J ' [~6JF-P-F°+0F-P-F°+ F-5P-F°+ F-P.0F°



6J=Jtr(L)=JL:I ; 6F=L-F
=J'[(L:)F-P-F°+(L-F)-P-F°+
F.SP.-F°+ F.P-(F° L°)]
= (L:I)jo+L-c+0c-L°+J 'F-6P-F°
=-0(I:L)+ (6 L) +0o-L°+ J 'F-(F-P%°

2.5.4 Matrix/column notation

The tensorial expression is transferred to matrix/column notation.

P =1cC:II+1c:C —3(3co+a1)l with C=F°F
P=laC LI+~ Bate)]  wih  C=EF
o=J"'F.(F-P°°

¢=J'E(EP)=J"EEP

z — \=r=t —==r=t

SP = coI(F°: 6F) + 3ci {(F°-0F)° + (F°-6F)}
0P = coLESF, + i {(E 6F), + (£ ) }

_ T 1
= col FL0F + ko1 (B, 0F + F 0F )

=M oF=M (L) =MF, L =ML,
b0 =—o(I:L)+ (6L +o0-L°+ J 'F.(F-5P°°
50 = _ggTét + gtrl:;t + gét + J_liir(sgt

= Il +o, L +oL +J 'EF 6P
==z =t =tr=t ==t —=—=rc =

= |-el"+o, +e+J'EE M| L =ML
= =tr = =—=—rc=1| =t ===t

2.5.5 Linear s - A model

2.5.6 Stress update

Elastic material behavior may be described by a linear relation between the Cauchy stress
tensor o and the Finger tensor A = %(B — I) with B = F - F°. The above relation cannot
be derived from an elastic energy function and is thus referred to as hypo-elastic.

o =ctr(A) I +c1A with A=3(B-1I)
=1qB:II1+ic1B—3(3co+ )l with  B=F.F°



2.5.7 Stiffness

The variation of the Cauchy stress tensor can be related to 6F', and consequently to the
gradient of the iterative displacement vector dii.

do = %6053 1T + %cléB
= 2co{(F-6F°)°+ F-5F°} : II + c1 {(F-5F°)° + F - 5F°}
= co(F-6F°) : II + c1 {(F-5F°)° + F - 5F°}
= coIF : 5F° + 1c| {(F -0F°)° + F - 5F°}
with 0F=L-F=(F°-L°°  and L=V

2.5.8 Matrix/column notation
All tensor equations can be trasferred to matrix equations.

scoB : II+ 3c1B — 5(3co + c1)1 with ~ B=F-F°
beoB LI+ 30B~ 4B +e)l  with  B=EF

ST
Il

60 = coIF : 6F° + i) {(F-6F°)° + F-0F°} with §F=L-F=(F°-L°°
g = [E"SE + o1 {E,0F, + F5F,}

[cogle—i—%m {Erc—i-ic}] OF with OF = (FL)

= [wlETE, +4ar (£, £, +EE,)| L

—rc=—tr —c—tr

2.6 Examples

A square plate is subjected to a tensile and a shear deformation. The two linear elastic
models, described before, are used to model the elastic behavior. Both plane stress and plane
strain states are considered.

2.6.1 Tensile test

A square plate or cylindrical bar is loaded uniaxially using different elastic material models.
Dimensions are listed in the table. For plane stress and axisymmetry, the loading is equivalent
to a tensile test.



Cartesian cylindrical

initial width wp | 100 | mm initial radius | 7o | \/(10/7) | mm
initial height ho | 100 | mm initial height | hg 100 mm
initial thickness | dy | 0.1 | mm

The axial elongation is prescribed and the resulting axial force is calculated for various elastic
material models. Material parameter values are C' = 100000 MPa and v = 0.3.

plaxllctpsglaa

% 10° | pléxllctpsglfa

A [mmz]

Fig. 2.10 : Tensile force and cross-sectional area versus elongation; plane stress; o ~ €
model
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Fig. 2.11 : Tensile force and cross-sectional area versus elongation; plane stress; o ~ A
model
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Fig. 2.12 : Tensile force and cross-sectional area versus elongation; plane stress; P ~ E
model.
The latter model is also used in a plane strain tensile test. Both Updated Lagrange and Total
Lagrange formulation are used. The results are the same, which should be the case.

6 plax41ctpeglfa plax4lctpeglaa
x 10 12 ‘ ‘
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A A
Fig. 2.13 : Tensile force and cross-sectional area versus elongation; plane strain; P ~ E
model; Updated Lagrange formulation
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Fig. 2.14 : Tensile force and cross-sectional area versus elongation; plane stress; P ~ E
model; Total Lagrange formulation



2.6.2 Shear test

The simple shear test is analyzed with one element, where the horizontal displacement /force
in the upper nodes is prescribed. Dimensions are listed in the table.

initial width wg | 100 | mm
initial height ho | 100 | mm
initial thickness | dg | 0.1 | mm

Subsequently the material model o ~ A and P ~ E are used in the analysis.

% 10° plax31shggfx ¥ 10° plax31shggfy
3 T T T T 15 T T -
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Y Y

Fig. 2.15 : Shear and normal force versus shear strain; plane stress; o ~ A model
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Fig. 2.16 : Shear and normal force versus shear strain; plane stress; P ~ E model



2.6.3 Inhomogeneous deformation

ho ho h
€y €9
53 gl 53 gl
lo l

l h — hg
Tr1=To1 ; T2=2xp2+ To1%o2 ;T3 = T3
ly holo
I\ . . h—h L. h—h oL oL
F=|—|een+ %02 ) Exéor + ( 1+ 0201 ) @602 + Eé03
lo holo holo
o =cotr(A)] + 1 A with A= 3(F-F°—1I)

= %’[w?n + 23y + 2702 + 3T +

A[(zf) + T3y + 2202)€181 + 38282 + 2201 (€185 + €261 )]
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* €2 00(6+9U%1)+301 i ps =Pr€1 = 2c1201
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3 Elastoplastic material behavior

The one-dimensional mechanical representation of an elastoplastic model consists of a spring
in series with a parallel arrangement of a spring and friction slider. The series-spring repre-
sents the purely elastic part of the deformation, when stress is below the yield stress. The
elastoplastic response becomes manifest when the stress exceeds the yield stress oy.

After yielding the total strain rate € is the sum of the elastic strain rate €, and the plastic
strain rate €,. It is only for small strains that we can also add strains. The rate is a fictitious
time derivative as for this material model the stress is not influenced by the strain rate.

Oy

Ep e

Fig. 3.17 : Discrete model for elastoplastic material behavior

3.1 Kinematics

Transformation from the undeformed configuration at time ¢y (position vector #j) to the
current configuration at time ¢ (position vector Z) is described by the deformation tensor
F = (ﬁoj’)c, where 60 is the gradient operator with respect to the undeformed state.

The right and left Cauchy-Green strain tensors, C' and B, are functions of F' as is the
Green-Lagrange strain tensor E. The deformation rate is described by the velocity gradient
tensor L = (V7)¢, where V is the gradient operator with respect to the current state and @
is the velocity of the material volume.

The total deformation F' is multiplicatively decomposed into an elastic and a plastic
contribution. For the velocity gradient tensor an additive decomposition into the symmetric
deformation rate tensor D and the skew-symmetric spin tensor £2 is used. Both D and {2
can be split into an elastic and a plastic part.

To make the decomposition unique it is commonly assumed that the plastic rotation rate
during the current increment is zero, i.e. £2, = 0. Superimposed material rotations are thus
fully represented in Fe.



F, ——

F.

Fig. 3.18 : Multiplicative decomposition of total deformation

F = (VoZ)° = F,.-F,

C=F°F : B=F.F° : E=1cC-1I1)

L=F.F'=(Vo°
=L.+L,=(D.+ 2.)+ (D, + 2,) = (D, + £2.) + D,

3.2 Constitutive relations

Elastic deformation

The stress is related to the elastic strain with an elastic material model. In elastoplastic
deformation problems, it can often be assumed that elastic strains are small, which allows
the use of a hypo-elastic generalized Hooke’s law, relating the Cauchy stress tensor o to the
logarithmic strain tensor A.

The material is assumed to be isotropic in which case the elastic material behavior is
characterized by two material constants : the bulk modulus K and the shear modulus G. The
fourth-order unity tensor is defined as : *I = €i€;0710;1,€1€; and 41" is its right conjugate.

The current stress state must be determined from the elastoplastic constitutive model,
which is necessarily a rate formulation, i.e. a relation between a time derivative of the stress
and the deformation rate. To avoid problems with large rigid rotations, the constitutive rela-
tions are formulated in invariant variables. A general invariant stress tensor o 4 is introduced
first. It can be proved that both o 4 and & 4 are invariant, when rigid body rotation (rotation
tensor Q) transforms A into A* according to : A* = A-Q°.

The elastic material law can then be reformulated, such that it obeys the objectivity
requirement.

0240:‘/16

1C = oI T + Lei (*T+ I'") = KIT +2G (1 — LIT)



invariant tensors

ocp=A-0-A°=0 with A*"=A-Q° V Q
dA:A-{(A—l-A)-aJra-(A—l-A)chd}-ACZA-EA-AC:d;

objective elastic law oa=2C:D,

Yield criterion and hardening

A yield function F' is used to evaluate the stress state and to check whether the deformation
is purely elastic (F' < 0) or elastoplastic (F' = 0). The current stress state, represented by
the equivalent stress 7, is compared to a yield stress o,. Its initial value is oyg. This yield
stress changes with plastic deformation and is therefore related to the effective plastic strain
€p- The relation between o, and &, is described by the hardening law. To decide whether
elastic or elastoplastic deformation occurs, the Kuhn-Tucker relations are used.

yield criterion F=5%- O'Z (&p)
t
effective plastic strain Ep = / Epdr
=0
. _ . Ooy _
hardening law oy =oy(oy0,&p) with —= = H(&p)
p

Kuhn-Tucker relations {(F<0)V(F=0n F <0} — elastic
{(F=0)AN(F=0)} — elastoplastic

3.2.1 Von Mises plasticity

For the Von Mises yield criterion, the yield surface is a circular cylinder in principal stress
space. The equivalent Von Mises stress can be expressed in the deviatoric stress tensor o?. It
is required that the disspated plastic energy per unit of time is the product of the equivalent
stress and the effective or equivalent plastic strain rate :

oc:D,=0¢,

which leads to the definition of the effective plastic strain rate as a function of the plastic
deformation rate tensor D),

g =4/30d: 0t



F =266 — 20,6, = 266 — 20,HE,
=30%:6 —20,Hé, =30% : 64 —20,HE, =0

Elastoplastic deformation

During elastoplastic deformation (F' = 0) the plastic deformation rate D, is related to the
stress by the flow rule. For a so-called normality or associative flow rule the direction of D,
is perpendicular to the yield surface in stress space. The length of D, is characterized by the
plastic multiplier A\. The normal to the yield surface can be expressed in the deviatoric stress
o

The value of the plastic multiplier A can be determined from the requirement that the
stress state must always reside on the yield surface during elastoplastic deformation, so :

F = 0. This relation is referred to as the consistency condition.

’/L o

F:0

Fig. 3.19 : Associative flow rule

Dp:.g—iz)\a
_OF 00
0ol " Oo
0
—{361:4[}:6—0_{0'——‘& I}—30' (I—%II):?)O'd

3.3 Constitutive model

The material model can be summarized as a set of constitutive relations. In accordance with
o 4, invariant tensors D 4 and a4 are defined. Also a new fourth-order material tensor *C 4
is introduced according to the requirement :

iCy:Dy=A-*C:D-A° vV A



The set of differential equations must be integrated over the deformation history to determine
the current stress o (t) when the current deformation F(t) is known. It is also used to derive
a relation between the variation of stress and deformation, which is an essential part of the
element stiffness matrix.

{(F<0O)V(F=0AF<0} — D=D, — & =0

gi=4%C:D — 6&4=1%C,:Dy

{(F=0A(F=0} — D=D.+D,
&4="C:(D-)a)
26&—20yH§p:0

Ga=14Cy: <DA - AaA>
3o'fl4 e —QO'yH).\\/gaA tap =0

Ga=1Cy4: <DA—AaA>
30'fl4: 4CA:DA—5\<3adA: 4CA:aA+20vH\/§aA:aA> =0

Oy = Uy(0y075p) ;

3.4 Incremental analysis

The figure shows the relevant configurations in a large strain plastic deformation process.
Although the time t is used to identify various configurations, it is noted that the material
behavior is considered to be time independent. The variable ¢ is thus a pseudo-time.

Starting from the undeformed configuration at ¢ty the external load is applied and the
deformation leads to the current configuration ¢. During a numerical analysis of this defor-
mation process the state of the material is determined at a finite number of discrete mo-
ments t;, ¢ = 0,1,..,n + 1. The period between two subsequent moments is an increment :
At; = tit1 — .

It is assumed that the analysis has brought us to ¢ = t¢,,, the beginning of the last incre-
ment and that all relevant variables are known and satisfying all governing equations (balance
laws, boundary conditions, constitutive relations). The state at the current time ¢ = t,41,
the end of the current increment has to be determined.

The incremental deformation is described by the deformation tensor F',,. The incre-
mental principle elongation factors and directions, A\,; and 7i,; (i = 1,2, 3), respectively, with
respect to the begin increment state, can be determined from C,, = F';, - F';,. The incremental
stretch tensor U,, and logarithmic strain tensor A,, can be expressed in \,; and 7i,;.



Fig. 3.20 : Incremental deformation

F(r)=F,(1)-F(t,) — Fu(r)=(Va@)°=F(r)-F(t,)
~1 <Fn-F_1 +F, F,) =R, (U, U + U UL) - R
%{F ~F,°F,} = R,-R,+ iR, (U,-U;' -U;"-U,) - E;

3 3
5 AniTiniTini ; A, = § 1n()\nz)ﬁmﬁm
=1

=1

3.4.1 Elastic stress predictor

The stress integration procedure is always started with the calculation of an elastic stress pre-
dictor. It is assumed that the increment is fully elastic and that the begin-increment elasticity
tensor can be used to calculate the rotation neutralized Cauchy stress tensor. Subsequently
the elastic Cauchy stress tensor is calculated and used to evaluate the yield criterion with two
possible outcomes :

1. the increment is indeed fully elastic,

2. the yield criterion is violated which implies that during the increment further elasto-
plastic deformation has taken place.

elastic trial stress oc=0(ty) + 1C: (A - A(t,))

yield criterion F = %o'g cod — O';(O'yo, Ep(tn))
F <0 — elastic increment
F>0 — elastoplastic increment

matrix/column notation



=qgtn)+C A — op — o=

=—n

Elastic increment

When the increment is fully elastic the end-increment Cauchy stress equals the calculated
elastic Cauchy stress. As no plastic deformation has occurred during the increment, the
effective plastic strain and the yield stress have not changed.

o(tni1) = 0 ; AN=0

Ep(tnt1) = Ep(tn) ) oy(tnt1) = oy(tn)

Elastoplastic increment

During the increment At = t,,+1 — t,, the stress evolution equations must be solved. Before
this is possible the invariant tensors ( )4 must be specified. It is also necessary to make
some assumptions about the incremental deformation. Because the rigid rotation during
the increment is not uniquely known, rotation neutralized quantities are used. This implies
the specification of the invariant tensors by choosing A = R;, resulting in Dienes tensors and
Dienes rates. The complete elastoplastic model can now be formulated in rotation neutralized
quantities op, Dp and ap.

. ®
ocp=R,-0-R, — op=R;-0p-R,

Dp=R,-D-R, =} (U,-U,' +U;'-U,)

é‘D: 4CD: <DD—}\aD>

30’th 4CD:DD—}\<3UdD: 4CD:aD+2ayH\/§aD:aD> =0

Rotation neutralized elastoplastic increment

It is assumed that there is no rigid body rotation during the increment. All rigid body rotation
will be taken into account at the end-increment time ¢,1. The integrated stress tensor is the
so-called rotation neutralized stress tensor o p.

When it is also assumed that the incremental principal strain directions are constant
during the increment, the tensors U, and U, L are commuting. With this assumption, the
constitutive equations for the rotation neutralized Dienes stress op can now be used for
integration.



th <7 < tpi1 : R,=1 ; Dp=D ; ap=a ; *‘Cp="C

T =tny1 : Ry(tn1) = F(tng1) - U (tny1)
3
Un(T) = Z )\ni(T)ﬁm(tn)ﬁm(tn)
=1
3 .
U, U= A7) ) 5 k) =
D=U,-U, Zzl ()\m(q-)> ni(tn)Tni(tn) = An

constitutive equations

d’D = 4C : {An —)\a}

304, : 4C:An—§\<3a%: ‘C:a+20,H %a:a) =0
During the increment At = t,,11 — t, the stress evolution equations are integrated using an
implicit Euler integration scheme.

The derivative of the incremental logarithmic strain tensor is the end-increment value
divided by the time increment, because A, (t,) = O.

op =op(ty) + 1C : (A, — A)a)

309, : 4C:An—A)\<30'dD: 4C:a+2ayH\/%a:a> =0

3.4.2 Iterative stress update

The set of coupled nonlinear equations is solved iteratively following a Newton-Raphson
procedure. The derivative of a is :

da da ol da 4
= : = (- LIT) =31
dop 0ot " dop Dol ( 3 11) =3

From the coupled set of iterative equations dop and dA leading to new values of op and A\.
The iteration process is stopped when the residuals s; and s9 are small enough.

For a plane stress situation, the deformation tensor must be adapted during the stress
update procedure. This implies that the elastic trial stress will change as well. Excluding
plane stress situations, the elastic trial stress is constant in the stress update procedure, so

dop, = 0.



‘R:6op +to) = —s

u:o0op +vI\ = —s9

‘R=11+3ANC: T
t="14C":a
1
u = (34C—II: 40) :An—A)\{(34C—II: 40) :a+40yH(§a:a)f§a: 4I}

v=3%C:a:0%+20,H %a:a

S1 :O'D—O'D(tn)— 4C:An—|—A)\4C:a

52:30'dD: 4C:An—A)\<30'dD: 4C:a—i—20yH\/%a:a>

3.4.3 Stiffness

To evaluate the iterative Updated Lagrange weighted residual equation not only the Cauchy
stress o, but also the relation between the stress variation do and L, = (62‘[)0 has to be
known, i.e. 6o = *M : L,.

The consistent stiffness tensor *M, eventually leads to the consistent stiffness matrix.
It must be derived from the coupled nonlinear equations for o and AM\. Iterative changes
(variations) of do and 0\ can be derived.

To simplify notation we omit again the upper index ¢, which indicates the iteration step
number.

op—op(ty) — C: A, + ANC:a=0
304, : 4C:An—A)\<30'dD: 4C:a+20wa/§a:a> =0

Sop =op(ty) +1C:6A, —\'C:a— AN'C :6a =0
360% o A, +30'Cll) 40 5A,,—
6)\<30'Cll): 4C:a+20yH %a:a)—

AN <36adD :4C:a+30%: 1C : da+t

260,H\/23a:a+20,H%[2a: a]_l/Qéa : 5a> =0



4 Linear viscoelastic material behavior

The modeling of linear viscoelastic material behavior is based on the principles of superpo-
sition and proportionality. Current stress and strain are given by a Boltzmann integral over
the strain or stress history. Fourth-order relaxation (4C) and creep (4S) tensors relate stress
to strain and vice versa.

Experiments show that long past history has less impact on the current stress than re-
cent history. This fading memory property motivates the use of Prony series for C and 4§.
In the one-dimensional case they represent the behavior of discrete spring-dashpot models.

E<B,S © E
m L2 - —
[ noom

Fig. 4.21 : Generalized Mazwell and Kelvin model

o(t) = / 1Ot —71):e(r)dr ; e(t) = / 1S(t—71):6(r)dr
=0 7=0

t

N N t
IC(t)="Cu+) *Cien ; 1S(t) = *See + Y _ 1S, {1 — e‘E}
i=1 i=1

4.1 Constitutive model

We now focus attention on the calculation of the current stress o (t), because this is of im-
portance in a numerical procedure like the finite element method. The hereditary integral is
evaluated after substitution of the Prony series for *C(t).

Using the Prony series expression for *C/(t) and assuming the initial strain to be zero
(e(t =0) = O), an expression for o (t) can be derived.

7=0 N —
IC(t)="Co+ Y "Cie ™
i=1
¢ N _ N | t—7
o(t) = / [4000 + Z 1Ce i ] ce(r)dr = 1Cy : e(t) + Z ic, / e T &(r)dr
7=0 =1 i=1 7=0
N



4.2 Incremental analysis

It is immediately clear that calculation of the stress involves the evaluation of a (large) number
of integrals over the complete time history. For this reason the deformation time period is
subdivided into a discrete number of time increments.

Fig. 4.22 : Incremental deformation

In the numerical analysis of the time dependent behavior, the total time interval [0,¢] is
discretized :

[O’t] - [tl - 0,t25t3, ">tnatn+1 - t]

The timespan between two discrete moments in the time interval is a time increment. It is
assumed that these increments are of equal length.

At =t — 1 coi=1,..,n

It is assumed that the strain is a linear function of time in each time increment.

e(r) =€e(ty) + (7 — t,) Ae — €&(r) = 3—;:

Stress update

The hereditary integral is split in an integral over [0,¢,] and an integral over the last or
current increment [ty,,t,4+1 = t]. Here we consider only the i-th term of the series : ().

¢ tn ¢
b= t-1 b1
oit) = 1C;: / e 7 é(r)dr=1C;: / e T &(T)dr+ / e T &(T)dr
7=0 =0 T=tn
tn t




The stress o;(t,) is known from the previous increment. Calculation of Ae;(t) can be done
analytically because it has been assumed that the strain is a linear function of time in each
time increment.

t ¢
_At =T A _At =T A
oi(t)=e T oi(ty) + ‘e / e i E dr=e 7 oi(ty) + NoIr / e i dT—E
_At P AAY
4 ,
— Ti 1— Ti -
e Tioity)+ "C;: ( e > v

Calculating the current stress does not mean that the Boltzmann integral has to be evaluated
over the total deformation history. When results are stored properly we can easily update
the stress o (t).

N
o(t) = "Coo i e(t) + ) _oilt)

N At
= 4000:5 +Z |:€_TZ 0'@ n 40 ( —6_7'_1'> %]

4.2.1 Stiffness

The variation of o (t) results in the consistent material stiffness tensor.

At

do = [40 +Z4C oy <1—67_i>] : de

= 4M : de

4.3 Isotropic material

For an isotropic material the mechanical behavior is the same in each material direction and is
characterized by two material parameters, the Lamé coefficients A and u. The elastic stiffness
tensor *C can then be written as :

4C = NI +2u°T°

where the fourth-order tensors IT and *I° have the following index equivalents :



I71 — 5ij5kl
241° = 41 + i - il(sjk + 6ik5jl
Using the above expression for *C the hydrostatic and deviatoric parts of the stress tensor
can be decoupled and expressed in the hydrostatic and deviatoric strain tensor, respectively.
Instead of the Lamé coeflicients other elastic material parameters are often used : Young’s
modulus F, Poisson’s ratio v, shear modulus G and bulk modulus K. These parameters are
related as only two independent material parameters exist.

o="1C:¢
= [MI+2u'T"] e = [MI+p('T+*T°)] e =Atr(e) +2ue
= (BA+2p) %tr(s)I+2,usd = (BN +2u) e +2ue? =3K " +2G &
— oh 1 gl
E Ev

n=CEa ) AT aroa—w)

K=30B\+2u) =5~ ;

3 (B3A+20) = 55,
For a viscoelastic isotropic material the stress tensor is also split into an hydrostatic and a
deviatoric part. In analogy with the elastic model, time dependent bulk and shear moduli
are used, which are expressed in a Prony series.

t t
_ d h d d
=3 /K(t_T)E{s (T)} dr +2 /G(t—T)E{E (T)} dr
7=0 7=0
- t 1 n t
K(t)_KOO+ZK,e =3 EOO+ZE,~6 n]
=1 =1
n t 1 n t
G(t) = Goo + Y _Gie T = 3T Ew+ ) Eie n]
i=1 =1

4.3.1 Stress update

Discretising the total time interval [0,¢] in equal time increments At = t;11 — t;;4 = 1.n
allows an efficient calculation of the stress where an integral only has to be evaluated over the
current increment, which moreover can be done rather straightforwardly when it is assumed
that the incremental strain rate is constant (= linear incremental strain).

N
o(t) = *Coo : e(t) + Y _oi(t)
i=1
N At At
= O ie [G_Tiai(tn) Ly <1 - e—?i> %}

Noroa : At
= 3K A" +2G o Ae + ; [e i 0i(tn) + % (1 —e T ) {3KZ-A€h + 2GiA€d}}



4.3.2 Stiffness

The relation between a small change in stress and a small change in strain is straightforwardly
derived from the incremental stress relation.

N At
_ h d Ti P s_h c.d
o = 3K 06" + 2G.5e% + ;:1: = (1 e ){3}(255 +2G,be }

Matrix/column notation

The relation between the incremental stress and strain tensor can be written in indices with
relation to a vector basis. Components can then be stored in columns and matrices. For
a two-dimensional deformation the following columns for stress and strain components are

defined :

gTZ[Un o2 033 012 021 ] §T=[€11 €92 €33 E12 €21 |

Hydrostatic and deviatoric stress/strain components can be related to total stress/strain com-
ponents with the following matrices :

11 1 2 1 1

a2 2 a 00 i —3 —3 00

I IO
PR EE R B PO B I B A
= — | 3 3 3 2 T | T3 73 3

00 00O 0 0 010

00 0 00 0 0 001

resulting in : A&;h = éh Ag A&;d = éd Ag

The stress column can then be rewritten.
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=1
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4.3.3 Initial stiffness formulation

Some implementations of the linear viscoelastic model (e.g. MARC) are formulated in such a
way that the initial moduli Ky and Gy are required. The initial moduli are defined as

N N
Ko=Kw+) Ki ;  Go=Goot) Gi
i=1 1=1

The relation for stress increment and stress variation can be derived easily.

N At .
_ h d_ (17 ) 2 Aeh Al
Ao (t) = 3Ky Aeh + 2Gy Ae 2[1 <1 e > At] {31945 +2G2As}

() oot

=1
h d al AN g h d
So = 3Ky0e" + 2Gydet — ; [1 _ (1 e ) ZJ {3[(165 492G, 0e }

4.4 Example

An axial strain step with amplitude 0.01 is prescribed on an axisymmetric tensile bar with
initial cross-sectional area Ay = 10 mm?. The stress response is calculated for a 12-mode

generalized Maxwell model. The modal parameters are listed in the table.

E [MPa] T [s] E [MPa] T [s]
1 3.0e6 3.1e-8 2 1.4e6 3.0e-7
3 3.9¢6 3.0e-6 4 5.4e6 2.9¢e-5
5 1.3e6 2.8¢e-4 6 2.3eb 2.7e-3
7 7.6e4 2.6e-2 8 3.7ed 2.5e-1
9 3.3e4 2.5e+0 || 10 1.7¢4 2.4e+1
11 8.0e3 2.3e+2 || 12 1.2¢e4 2.2e+3

x 10

0 0.02 0.04 0.06 0.08 0.1 0.12
t [s]

Fig. 4.23 : Tensile stress versus time for avisymmetric element



5 Viscoplastic material behavior

The one-dimensional mechanical representation of the elastoviscoplastic Perzyna model con-
sists of a spring in series with a friction slider, a hardening spring and a linear viscous dash-
pot. The series-spring represents the elastic part of the material response. The viscoplastic
response, represented by the hardening spring and the viscous dashpot, becomes manifest as
soon as the friction slider ”"opens” when the stress o exceeds a characteristic value, the yield
stress oy.

After yielding, the total strain rate € is the sum of the elastic strain rate €. and the
viscoplastic strain rate €,,. It is only for small strains that we can add strains.

VA A

Evp Ee

Fig. 5.24 : Discrete model for viscoplastic material behavior

5.1 Kinematics

Transformation from the undeformed configuration at time ¢y (position vector &) to the
current configuration at time t (position vector Z) is described by the deformation tensor
F = (ﬁof)c, where ﬁo is the gradient operator with respect to the undeformed state.

The right and left Cauchy-Green strain tensors, C' and B, are functions of F' as is the
Green-Lagrange strain tensor E. Material velocity is taken into account by the deformation
and rotation rate tensors D and 2, the symmetric and skew-symmetric parts of the velocity
gradient tensor L = (ﬁﬁ)c, where V is the gradient operator with respect to the current state
and v is the velocity of the material volume.

In Perzyna’s model the total deformation F' is decomposed multiplicatively into an elastic
and a viscoplastic contribution. Regarding the kinematics, this implies the introduction of
elastic and viscoplastic (rate) tensors.

To make the decomposition unique it is commonly assumed that the viscoplastic rotation
rate is zero, i.e. £2, = O. Superimposed material rotations are thus fully represented in F.
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Fig. 5.25 : Multiplicative decomposition of total deformation

F = (V?)=F.,-F,
C=F°F ; B=F.F° ; E=31(C-1I)
L=F.F'=(Vp°

= L.+ Ly = (De + $2¢) + (Dop + 2,)

!
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5.2 Constitutive relations

Elastic deformation

The stress is related to the elastic strain. Because we want to describe large elastic strains,
the elastic behavior must be described with a hyper-elastic model. In that case it is assumed
that an elastic strain energy function exists, which can be used to calculate the stress. The
2nd-Piola-Kirchhoff stress tensor P is related to the Green-Lagrange strain tensor E. The
current stress state is characterized by the Kirchhoff stress 7 = F - P - F°.

An elastic energy function is chosen, which characterizes isotropic, compressible material
behavior. The fourth-order material tensor is completely determined by the volume ratio
J = det(F) and by the constant Lamé coefficients A and p, which are related to Young’s
modulus and Poisson’s ratio.

. 2 .
_OW(EB) _ W _ oy e p_oOW s

P :
OE. oC. 0C*?

W (A1, A2, Az) = 2 {07+ A3+ 03— 3 —2In(J)} + 3 A {In(J)}?
vE FE

with  A=mT ATy ¢ AT 2y ,




Yield criterion and hardening

A yield function F' is used to evaluate the stress state and to check whether the deformation
is purely elastic (F' < 0) or viscoplastic (F' > 0). The current stress state, represented by the
equivalent or effective Kirchhoff stress 7, is compared to the current yield stress 7,, which
increases from its initial value 7,9 due to plastic deformation and is therefore related to the
effective viscoplastic strain &,,. The relation between 7, and &,, is described by the hardening
rule. To decide whether elastic or viscoplastic deformation occurs, the Kuhn-Tucker relations
are used.

yield criterion F=7—1y(cp)

t
effective viscoplastic strain &,, = / évp dr
=0

5]
hardening law Ty = Ty(Tyo,Evp)  With 3—7}} = H(&))
€p
Kuhn-Tucker relations F <0 — elastic deformation
F>0 — viscoplastic deformation

5.2.1 Von Mises plasticity

For the Von Mises yield criterion, the yield surface is a circular cylinder in principal stress
space. The equivalent Von Mises stress can be expressed in the deviatoric stress tensor 7¢.
It is required that the disspated viscoplastic energy per unit of time is the product of the

equivalent stress and the effective or equivalent plastic strain rate :
T: Dy =TEy

which leads to the definition of the effective plastic strain rate as a function of the viscoplastic
deformation rate tensor D,,.

F=/3rd:7d
2
Eyp = 3 DUp DUp
_ /3.d..d -
F=\/57%: 7% —71/(&p)

Viscoplastic deformation

During viscoplastic deformation the direction of the viscoplastic strain rate is defined by the
commonly used normality or associative flow rule : the viscoplastic strain rate is directed
normal to the yield surface in stress space. The length of D,, is characterized by the rate
of the viscoplastic multiplier A. The normal to the yield surface can be expressed in the



deviatoric stress 79. The time-derivative of C,, can be related to D,,,.
In contrast to elastoplastic models, stress states outside the yield surface can exist, which
explains why these viscoplastic models are often called over-stress models.

(9F

L Dvp

F:O

Fig. 5.26 : Associative flow rule

. OF . . .
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5.3 Constitutive model

The material model can be summarized as a set of constitutive equations. During viscoplastic
deformation the rate of the viscoplastic multiplier is related to an over-stress function ¢(F)
by a fluidity parameter v and a rate-sensitivity parameter N, which has to satisfy N > 1 to
make ¢(F') convex.

The set of equations must be solved to determine the stress when (an approximation of)
the deformation is known. From the same set of equations a relation between the variation
of stress and deformation is derived.

F<0 — C=C.
W . . .
P= 28C :C ; Cy,=0 ; Evwp =10

F>0 — C:C +Cvp —

PW /. o
P_2802 : (C—zjirv Aa-F)
: F
AZWS(F):W(—)

Tyo

_ = . ) 2 .
Ty = Ty(Tyo, Evp) : Ep=M/5a:a



5.4 Incremental analysis

The figure shows the relevant configurations in a large strain viscoplastic deformation process.

Starting from the undeformed configuration at time ¢ the external load is employed and
the deformation leads to the current configuration at time ¢. During a numerical analysis of
this deformation process the state of the material is determined at a finite number of discrete
moments ¢;, ¢ =0,1,..,n+ 1. The period between two subsequent moments is an increment :
At; = t;41 — t;. The increments are assumed to be of equal length.

It is assumed that the analysis has brought us to t = t,, the beginning of the current
increment and that all relevant variables are known and satisfying all governing equations
(balance laws, boundary conditions, constitutive relations). The state at the current time
t = tp+1, the end of the current increment has to be determined.

The transformation during the current increment is described by the deformation tensor
F,,(7), where 7 indicates a moment in time during the last (= current) increment : ¢, < 7 <

tnst.

Fig. 5.27 : Incremental deformation

F(1)=Fp(7)-F(t,) — Fu(r)=F(r)-F '(t,)
Fo=(Vp@)°=Rp-U, ; Jy=det(F,) ; V=F;°V,
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5.4.1 Elastic stress predictor

The first step in evaluating the end-increment stress is the calculation of the elastic stress
predictor. As a first assumption the current increment is taken to be purely elastic, so AXA = 0.
The elastic trial stress is used to evaluate the yield condition and to see if the assumption of
elastic deformation holds. There are two possibilities :

1. the increment is indeed fully elastic,



2. the yield criterion is violated which implies that during the increment further elastovis-
coplastic deformation has taken place.

W
elastic trial stress P.=P,+2 ¥ver) (C-C(ty)) — Te=F:-P.-F°
yield criterion F=,/3 (1) (1) = 7 (740, Evp(t1))

F <0 — elastic increment
F>0 — elastoviscoplastic increment

matrix/column notation

= 2{pu— MNn(J)} I+ \[IT

H=2
with en=3I—-F,"F;') — e,
A=F

Elastic increment

When it is concluded that the current increment is purely elastic, the end-increment or current
stress equals the calculated elastic trial stress. Viscoplastic strain does not need updating and
is thus also known.

T(tht1) = Te ; AN=0

évp(tn—i—l) = gvp(tn) ) Ty(tn—i—l) = Ty(tn)

5.4.2 Viscoplastic increment

During the increment At = t,11 — t, the stress evolution equations are integrated using an
implicit Euler integration scheme.

2
p=2"" (& _oFja-F)
oC N
F
A= 6(F) = 4 (—)
TyO
2
P:P(tn)+2% {C - C(t,) —2F°- A\a-F}



The current or end-increment time ¢t = ¢, 11 is not indicated further. Constitutive equations
are reformulated in the Kirchhoff stress tensor 7, using 7 = F . P - F¢, the incremental
deformation tensor F',, and the Almansi strain tensor e,. A fourth-order elastic material
tensor *H is introduced and can be calculated for the Neo-Hookean elastic energy function
wW.

2
Flor F e =F ) 7(ty) - F(tn) + 2% {C -C(t,)—2F°-A\a-F}

AN = Aty¢(F)

F,=F.F'(t,) — C-C(t,)=F-I-F,-F,")-F=2F.¢e,-F

C aQW C C
T:Fn~7(tn)-Fn+4F-602:F~(en—A)\a)~F-F
AN = Atvyo(F)
92W le,re e
‘H=4F. <F ez -FC> cFC=2{p — \In(J)} I + T

T=F,-7(t,) - F.+*H : (e, — A\a) =T.— A\"H : a
AN = Atyé(F)

Iterative stress update

The coupled set of equations is solved iteratively following a Newton-Raphson procedure. In
the stress update procedure it may be necessary to take into account the change in the elastic
trial stress and deformation. This is the case in a plane stress situation. Both §J and d74,
can then be expressed in 7 and 6. New variables (Jy, Jo, M1, 4M2) are introduced, which
can be specified explicitly later.

From the coupled set of iterative equations 7 and §\ can be solved, whereupon new
(better) values of 7 and A\ are determined. The iteration process is stopped when the
residuals s; and s are small enough.

When the iteration process has converged, the current values of 7 and A\ are known.
Then the Cauchy stress o and the viscoplastic deformation rate D, can be determined. The
latter is used to calculate the effective viscoplastic strain &,,. Subsequently the yield stress
is updated according to the hardening rule.

0T — 0T+ *H :ad\+ AN*H :a+ AN *H : 6a = —s4

F
5A—At’y<§—?)a:57’—At’y<§—?) <§€ >5)\:—32
up




0Te = M1OXN+ * My : 67
4
H
0*H = 0 6J = 4eoJ
. oJ
with da
da = <—> 0T = b o1
or
6J = 1o+ Jo : 6T

This can be rewritten with some abbreviations.
R0 +to) = —s

u: 0T +voA = —s9

‘R=1*T+AN*H:%
t=‘H:a

9
=4ty <a?>

o6
v=1-diy <6F> (6‘)

S1=T—Te+A\‘H : a
sg = AN — Aty ¢(F)

Derivatives

The variations of various variables are determined by differentiation.

The hardening law relates the current yield stress to the equivalent viscoplastic strain.
To describe the intrinsic softening followed by hardening, the relation between 7, and &, is
taken to be a polynomial of 7th-order. Coefficients are fitted onto experimental data.

Ty—Tyo+haUp+aa + bel —|—ca —i—da

0‘H 4 1
07 —2)\— I = — c= —2)\3 £
OF § .
< 38—@;;) aﬁvp (—7y(Evp)) = —h — 2a&,, — 3b€%p — 40831, - 7d€?,p
(@) 0 _ F(r, %))N‘l

oF Tyo Tyo Ty0
a_a ~ Oa
or  ord 67’
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5.4.3 Stiffness

To evaluate the iterative Updated Lagrange weighted residual equation, not only the Cauchy
stress o, but also the relation between the stress variation do and L, = (ﬁﬁ)c has to be
known, i.e. o = *M : L,.

The consistent stiffness tensor *M, eventually leads to the consistent stiffness matrix.
It must be derived from the coupled nonlinear equations for 7 and AA\. Iterative changes
(variations) of 7 and J\ can be derived. To simplify notation we omit again the upper index
1, which indicates the iteration step number.

To arrive at a relation between 7 and JF',, some new tensors are introduced which can
be specified later, when a coordinate system is chosen.

T=F,-7(ty) - FS+ *‘H : e, — AN*H : a

5
AN = Aty ¢(F)
6T=0F, - 7(t,) - FS + F, - 7(t,) - 0FS +6*H : (e, — AXa)+ )
“H :be, — “H : ad)\— ANH <ga>'5'r
T

ol ()} -3 () (2 o=

{4I+A)\4H:<@>+014H:aa}:672
or

6F, -1(t,) - F¢ + F, - 7(t,)-0FS +6“H : (e, — Ada) + ‘H : de,
v .61 = ‘E:6F, — or = ‘v! . YE:6F,

The additional tensors are calculated below.

6F,-7(ty) - FS + Fp-1(t,) - 0F¢ = ‘T : 6 F,,
J =det(F,) =det(F, +6F,)=J1+F,':6F,) — 0J=JF,':F,

0'H 0'H
dryr _ _ -1,
5 H_< 1 >5J—< 1 )(JFn . 5F,)
de, = —26F, - F,' —1F,“.6F;' = —"A; : 6F,'
6F,' = -F,'.0F,-F,' = -*A,:F,




de, = (A1 : *Ay) : 6F, = ‘P : 6F,

Using the definition 7 = Jo a relation between é7 and 0F,, can be derived, which can be
transformed to do = *M : L,, .

T=Jo — a:%T —

_ 1 _ _lfayt g -1 . _ 4.
bo = — (o7 an)_J{V E aJFn}.(SFn_ C:JF,

= 4C  {F“(t,)-0F°}° = ‘C : {F~“(t,)- F°- L}°
=ML,

Matrix/column notation

The matrix/column notation for the consistent stiffness matrix is derived.

bo = *C : 6F, — bg=C0F,,
0F, = (F°(t,)-6F°)° — 0F,= (E;l(fnﬁfft) — 0F,, = E " (tn)oF,
= = =t/ ¢ = — ~
§F°=F°.L¢ — O0F, =F L,
~t =t ~'t
_ —1 _
6 = [CE (t)E,| Ly, = ML,
_ —1
% - ggt (tn):
1/ _
C=5(v'E, - JgkT)
V=I+ANH b+c1H aa

5.4.4 Plane strain

For plane strain some terms in the stress update equations vanish. During viscoplastic defor-
mation the volume will not change, so §J = 0. Also, the elastic trial stress will remain as it

is, i.e. 614 = 0.

0J = J1oA+Jo: 07 =0
011 = M10A+ ‘M : 67 =0



Iterative stress update

‘R:67+to)h = —s

u: 0T + VoA = —s9

‘R=‘T+AN*H: % ; t="H:a

BY) 96\ [ OF
= — Aty [ — : =1- Aty (==
weman(G)e e (G) ()
s1=7—Ty +AN'H :a ; S = AN — Aty ¢(F)

Matrix/column notation

It is assumed that there is no deformation in the xs-direction (ug = 0), which results in the
plane strain deformation in the (xjz2)-plane. The plane strain case can be derived rather
straightforward from the three-dimensional formulation.

Stiffness

Bt %
gtT v oA 82
R=I+A\Hb, t=Ha,
o¢ 96\ [ OF
= Aty =— =1-— Aty ==
u=-aty aF>‘3 ’ ° t7<8F> <0avp>
$ =11, tAHg, 5 s =AA-Atye(F)

The plane strain stiffness in tensorial notation is analogous to the three-dimensional relation.

1 (e -
So = 4C:6Fn:j{4V 1;4E—UJF;1}:5Fn

vy = {4I+A)\4H: 4b+c14H:aa}
‘E={'T+ *c: (e, — A\a)JF,' + ‘H: *P}
6F,-7(ty) - FS + Fp-7(t,) - 0F¢ = ‘T : 6 F,,
de, = ‘P : 6F,



Matrix/column notation

Matrix/column notation of the consistent stiffness matrix for plain strain deformation.

_ 1 -T
og = C (oF,) [ L, -qJk, }} (s8,),
V=I+A\H b+clH aa
B~ T+ (c- A\g) JE;7+ H P

5.4.5 Plane stress

For plane stress we have to take into account the variation of the trial stress and the defor-
mation.

Iterative stress update

Again the system of equations to be solved can be written with some abbreviations.

iR : 5T + o\ = —s4

Uu: 0T + Vo = —89

AR=14T—*My+AN*C:aJy+AN*H:*; t=-M,+A\C:aJi+*H:a

_ 00 | 00
woman(Gp)e e=1-an (55) ()

$1 =T — Tiria + AN'H : a ; s2 = AA = Aty ¢(F)

Matrix/column notation

Introduction of a suitable (problem dependent !) coordinate system leads to the transforma-
tion of vectors and tensors into their components, which are stored in columns and matrices.

ﬁc g §1
ul v 52
R=1- M—{—A)\CaJT_'_A)\Hb ; §:—£1+A)\CCLJ1+HCL
_ ¢ , O¢
u=-an <0F> ’ v=1-diy <8F> (agw)

nw
I
uS

-1

.+ ANHg, s2 = AN = Atyg(F)



Stiffness

The plane stress stiffness in tensorial notation is analogous to the three-dimensional relation.

o = 4C i 6F, = {4V*1 : 4E—aJF;1} . 0F,

Sl

with

{4I—|—A)\4H <g—z> +014H : aa}

{ <64H> c(e—Ala)JF,; '+ *H : 4P}

6F, -1(ty) - F¢ + F, -7(t,)-6F¢ = “T : §F,,

Matrix-column notation

With the assumption that 713 = 793 = 733 = 0, the three-dimensional formulation reduces to
that for two-dimensional plane stress deformation in the (z;2z2)-plane. Columns with relevant
components of stress and deformation rate are :

T
T= [ Ti1 T2 Ti2 T21 ]
D= Dy Dy Dy Dy ]T

During the plane stress return mapping we have

0F11 = 0F3 = 6F19 = 0Fy; =0 and srtrial —
As deformation in x3-direction is allowed, d.J can be expressed in dF33 :

0J = (F11Fag — F1oF51)0F33 = J10A + J2T5z

which results in the set of iterative equations for 47 and J\.

5.5 Examples

5.5.1 Tensile test

A square plate or cylindrical bar is loaded uniaxially. Dimensions are listed in the table.



initial width wo | 100 | mm
initial radius | rg (10/7) | mm
initial height ho | 100 | mm

initial height | hg 100 mm

initial thickness | dp | 0.1 | mm

Tensile test at various strain rates

The Perzyna model parameter values for polycarbonate (PC) are used and listed in the table.
The axial elongation is prescribed as a linear function of time with a constant elongation
rate. The tensile bar is axisymmetric with initial cross-sectional area Ay = 10 mm?. The
axial stress and force are shown in the figure as a function of the elongation.

E 1800 | MPa | v | 0.37 -
oyo | 37 MPa | H | -200 MPa
~v o001 |1/s | N |3 ;
a 500 MPa | b | 700 MPa
c 800 MPa | d | 30000 | MPa
Al
elongation rate = {0.01,0.1,1} s7*
0
400 3000
350 .
25001 1
3001 1
— deps=1
250f - diﬁi =01 2000y 1
s - - deps =0.01 _ .
=200 T S : Z.1500} e 1
o L ’
150F 1
. 1000} ‘ 1
100t J
500+ — deps=1 |
50+ B ---deps=0.1
- - deps=0.01
o 11 12 13 14 15 o 11 12 13 14 15

A A
Fig. 5.28 : Axial stress and force versus elongation for PC.



5.5.2 Shear test

The simple shear test is analyzed with one element, where the horizontal displacement in the
upper nodes is prescribed. Because there are no unknown degrees of freedom, the stiffness
matrix is not used. The shear force is calculated for polycarbonate (PC). The prescribed
strain rate is constant.

initial width wo | 100 | mm
initial height ho | 100 | mm
initial thickness | dp | 0.1 | mm

. o )
strain rate ¥=-—=0.01s

ho

1800
16001
14001
12001

4 3 ZlOOO r

w goof-
6001
400
200}

0 0.2 0.4 0.6 0.8 1
Y

Fig. 5.29 : Shear force versus shear strain for plane strain



6 Nonlinear viscoelastic material behavior

The one-dimensional mechanical representation of the nonlinear viscoelastic (Leonov) model
consists of a hardening spring in parallel with a Maxwell model, of which the viscosity is a
nonlinear function of the stress.

For some materials the viscosity is decreased using a damage parameter, to describe
intrinsic softening. Hardening at higher strains is described by the parallel spring.

In the model with hardening, the Cauchy stress o is additively decomposed in an effective
or driving stress s and a hardening stress w. This decomposition reflects the contribution of
secondary interactions between polymer chains and that of the entangled polymer network.

e €v
: E - n(s)
: N : : s
o
H - ————————=

Fig. 6.30 : Model for nonlinear viscoelastic behavior

o=8+w

6.1 Kinematics

The deformation tensor F' is multiplicatively decomposed into an elastic (F'¢) and a plastic
(F)) contribution : F' = F -+ F,. This decomposition follows from the postulate of a stress-
free plastic intermediate configuration C,. As the decomposition is not unique with respect
to rotational contributions, an extra assumption will later be needed regarding the rotations.

It is assumed that during plastic deformation the volume change is zero, i.e. J, =
det(Fp) = 1 and thus J = det(F') = det(F). The elastic volume deformation is decoupled
from the isochoric distortional deformation by the definition of the tensor F', according to
F.=J13F,.

The left Cauchy-Green strain tensor B = F - F€ is used as a strain measure. Its volume
invariant elastic part is given by B, = F. - F Z The velocity gradient tensor L = (627)6 =
F . F~! can be written as the sum of the symmetric deformation rate tensor D and the
skew-symmetric spin tensor € : L = D + €. Using the decomposition of F', we can split L
in an elastic and a plastic part. This leads to associated tensors D, D), €2, and £2,,.

To make the decomposition of F' unique, €2, is chosen equal to the null tensor. It has
been shown by e.g. Boyce, that this specific choice regarding rotational contributions has no
significant influence on the overall stress-strain behavior.



= (VoZ)=F.-F,=J*I.F.-F,
C=F°F : B=F.F° —- B,=F,-F
L=F.-F'=(Vo°

:Le"‘Lp:( e+ne)+(Dp+Qp):(De+Qe)+Dp

6.2 Constitutive relations

Stress decomposition

The deviatoric part of the driving stress, s?, is related to isochoric elastic deformation Bg
through a generalized Hookean relation. The hydrostatic part s* = —pI (p = hydrostatic
material pressure) is related to the volumetric deformation. Hardening is modeled according
to Gaussian chain statistics as this model is applicable to a large number of thermoplastic
polymers, both amorphous and semi-crystalline, up to very high extension ratios.

Material parameters are : the shear modulus G, the bulk modulus x and the hardening
modulus H. For the elastic part to be hyper-elastic, the shear modulus G should be replaced
by %

oc=s+w=s'+s"+w

s=GB ' +w(J-1I ; w=HB"

Elastic deformation

As the model describes time- and history-dependent behavior, the elastic strain must be
updated by integration of appropriate evolutlon equations for B,. The expression for B can
be derived starting from B, = F, F and using the decomposition F = F, - F', and the
assumption 2, = O.



F,-F,'=I — F,-F, =-F,-F,' —
=(L-D,)-B.+B.-(L° - D))

Viscoplastic deformation

The viscoplastic deformation rate D), is related to the deviatoric stress s?, through the vis-
cosity, which is a nonlinear function of the equivalent stress s, the hydrostatic pressure p, the
absolute temperature T" and the damage parameter D.

For polymers the Eyring viscosity function is successfully used and for metal alloys the
viscosity function of Bodner-Partom ([?],[?],[?]).

For the equivalent deviatoric stress s is the Von Mises definition is used.

Eyring viscosity

For polymer materials the plastic deformation rate tensor D), is related to the deviatoric
stress s¢ by an Eyring viscosity 1. This is a function of the equivalent Von Mises stress
s, the hydrostatic stress p and the absolute temperature 7. In the model, presented here,
the viscosity is depending on an intrinsic softening quantity D, determined by an evolution
equation, which has to be solved with the other constitutive relations.

Material parameters are :



Ay time constant
AH activation energy
R universal gas constant

P hydrostatic pressure
7 parameter describing pressure dependence
\%4 shear activation volume
Do saturation value of D
As
n= 3
V/3sinh >
37’0
s_ /3.d.
§=1/58%:5
AH
A= Agexp [——F@—D]
T )
RT
7'0—7 ; p——%tr(a)
D 3
D=h|1—— ;. Del0,D
< D00> \/677 | o

Bodner-Partom viscosity

To describe viscoplastic behavior of metals, the plastic deformation rate tensor D,, is related
to the deviatoric stress s? by a Bodner-Partom viscosity 7. This is a function of the equivalent
Von Mises stress ¢ and Z, the resistance to plastic flow. Iy is a constant which reflects the
smoothness of the transition from the elastic to the viscoplastic response and n characterizes
the rate sensitivity of the viscoplastic response. The plastic flow resistance Z depends on the
equivalent plastic strain &,. Its lower and upper bounds are Zy and Z.

The Bodner-Partom model corresponds to isotropic hardening.

Plastic strain rate

The current value of Be(t) can be determined by integration of B,. However, the integrand
B. is not objective, so that rigid body rotations will influence the results, which is of course

not allowed. The problem of non-objectivity of B, can be circumvented by using an evolution



equation for the Cauchy-Green plastic strain tensor C),, which is invariant.

Starting from F an expression for C'p can be derived, containing ée. With the earlier
derived expression for ILE'G, C'p can be expressed in B, and D,,. The relation between D,
and Bz allows Cp to be related to B, and C),. This equation states that the direction of

the plastic strain rate is defined by the directional tensor A, while the plastic strain rate

magnitude is governed by the characteristic plastic deformation rate I'.
The plastic strain rate is invariant for rigid body rotations. It is shown in literature that

this formulation with a plastic predictor, can be used to apply an implicit, robustly stable
and efficient time integration procedure.

:Fe.Fp N Cp:FC.Fp:jr.

F
. e o~-1 [= e o -l . S~ S
¢,=F.B.'.|B.-L°+B.-B, -B.+L-B.|-B,'-F
o

B.=(L-D,)-B.+B.-(L"-D,) —
~ »—1 ~ ~ - ~ ~
B.-B, =-L-B.-L°“B,' +D,+B.-D,-B."

~ 71 ~

6.3 Constitutive model

The material model can be summarized as a set of constitutive equations. The differential
equations must be integrated to determine the current elastic strain and stress. Also the
variation of he stress must be derived from the constitutive model, representing the current

stiffness.

a:sd+sh+w



6.4 Incremental analysis

The plastic strain C), at the current time ¢ must be determined by integration of the differential
equation for C'p(T). In an incremental procedure the total deformation period is subdivided
into a number of sequential time increments : At = ¢;41 —¢; ; ¢ = 0---n. A solution for
the governing equations is determined for the discrete end-increment times, starting from
the known state — with known values of all variables — at the begin-increment time. This
implies that the differential equation for C'p has to be solved for the last increment ¢,, — 11
assuming that Cp(t,) is known. For simplicity we skip the indication of the current end-
increment time #,1.

We now focus attention on the last increment [t,,t,+1]. It is assumed that at time ¢,
the configuration C, is completely known and all equations are satisfied. The begin-increment
state C, at 7 = t, is taken as the reference configuration for deformation variables, which is
known as the Updated Lagrange procedure.

If(T) = I?n(T) If(tn) —  Fu(r)=F(7) F_l(tn)
F(r) = Fy(r)- F(ty)
F, = (Vai) =R, U,

Incremental plastic strain

Using the multiplicative decomposition, an expression for C,, (7) can be derived. It contains

= c 1 . . . ~—1
the tensor B, ~which is the rotation neutralized version of B, :



where R, is the incremental rotation tensor.

Constitutive equations

With the incremental procedure the constitutive model is formulated in the incremental vari-
ables.

J=det(F) — F=JYF - B=F.F - w=HB"

. G /- = )
Cpn:g(cn_%tr<Be">Cp")
B. =U,-C;*.U. - B.=R,-B., -R" -
.en n Dn "g € noTe T HSd:GBZng: %Sd:sd
D=hm|1——

Doo>\/5n
n:n(§7p7T7D)

a:sd—i-sh—i-w

6.4.1 Stress update

The incremental plastic strain rate Cpn (1) can be integrated over the last increment ¢, — ¢, 41

to determine C), (t,+1). An implicit backward Euler integration scheme is used. With

~ = —1 ~ _
U, (tn) = I we have C,, (tn) = B, (t,) = B. (t,).

The scalar X is the so-called elasticity scalar, a state variable indicating the proportion of
incremental elastic/plastic strains with respect to the incremental total strains (A = 1, fully



elastic increment, and A = 0, fully plastic igcrement). This parameter depends on 7 and thus
on s and C). The isochoric elastic strain B, can be calculated from C),, and F),,.

jod 1 _ 1 =
Cpn(1) =) [€ulr) = 5 Cnln)| 5 3= hr (B
1 > 1
an At - Qn,
Cpn = Gn + AtT Cn+ an+ AT Cpultn) —
~ ~ Ol . ..
C,, =an(1-XNC, +XC), (t,) ; A= o T AT elasticity parameter

Sub-incremental plastic strain update

The differential equation for the incremental plastic strain can be integrated more accu-
rately by subdividing the current increment At = t,41 — t, in a number (ns) of sub-
increments 0t = At/ns. The known iterative approximation for the end-increment defor-
mation (F, — C),) is also subdivided and subsequently values for Cg)n are determined with
a backward Euler integration scheme.

The incremental rotation is not taken into account during this procedure but incor-
porated afterward at the end-increment time. It is also assumed that the principal strain
directions do not change during the integration procedure.

The sub-incremental integration scheme results in a more accurate determination of C,,
and thus o. It allows for larger incremental time steps.

Be aware that the final M = A"*! is not the elasticity parameter A introduced ear-
lier, indicating the elastic part of the increment. This A must be calculated without using
sub-increments or just according to

|
ap, + A 1+ AtD

where we assumed &, = 1.

) - 1 1 =
Cpr) = T [Cutr) - =)+ == (BL)
sub-incremental deformation: j=1---ns+1
j=1 : 7T=t, ; j=ns+1 : T=ty4
~ - 1/ns - i - j
5t = At/ns  ;  6C, = {Cn} . &= {5Cn}j

1
ot

-1 J
[C]Pn — C]Pn ] =Y |:Cn — ? C]pn:| —

=7 j ) ~j
joo O mi  On gy
an, + ot I ag, + ot 1

—
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Ci =al(1-N)Cl+Nei M=
Dn n( ) n Dn s d% L StI
incremental plastic strain C,, =Cp (thy1) = CZjJrl
total isochoric elastic strain Be =R, E’en ‘R, = Fn . C;nl . F;

Iterative scalar variable update

The current plastic strain depends on two scalar variables : the elasticity parameter A and the
softening parameter D. These are a function of the stress o, which implies that the integration
has to be carried out iteratively. A Newton-Raphson iterative procedure is employed and the
resulting equation system involves partial derivatives of A and D, which can be calculated

rather straightforwardly.

After convergence of the iterative process the (sub)incremental plastic strain and stress is
known, but beware that these are only approximations for the real end-increment values. The
update procedure is part of the iterative procedure which has to be repeated until convergence

is reached.

A=1/(1+ AtD) —  fAD)=A1+AI) =1

{0 -D(t)} =D  — g\ D)=D—AtD = D(ty)

Newton-Raphson iterative solution procedure

of of * x

5 a—D (5)\ _ 1—f _ 7">\

% g_lg) oD D(tn) —g* ™D
of r G On 06
5_1+AtF+AAta_1+AtF—AAt?%5

G 1 1
=1+ AtI' — MNAt— - — %
n? [77 <U \/gToﬂa

of or G oy G
dg oD oD 9o D
- At = At = At |— |5
B Lo "55 o ! ﬁmla
dg oD : h&

L 1A= =1-At |D— ——

oD "D t[ \/EDoon]



Matrix/column notation

The tensors and vectors in the presented mathematics can be written in components w.r.t.
a vector basis. The components are stored in columns and matrices and the tensor formu-
lations are transferred into matrix/column formulations which can be implemented rather

straightforwardly in a computer code.

J=det(F) — F=J'YF — B=FF — w=HB

A=1/(1+ AtI')
— A\D
ﬁ{D_D(tn)}:D
C,p, = (1=NC, +AC,, (tn) § B,=R,B, Rl -
—>§en—>
B, =0,C;1Un s =GB,
Ed:Géen —  §5=4/3tr(s?3%)
n_n(gapaT’D)

6.4.2 Stiffness
The stress is related to the elastic isochoric strain B., the volume change J and the total
isochoric strain B. Each of the three quantities will be considered separately and relations

between their variations and JF will be derived.
The consistent material stiffness tensor relates the iterative change of the Cauchy stress

tensor do to the iterative displacement d@. In the derivation of this relation it is assumed
that approximate end-increment values of all relevant variables are known. %S, %S} and

4H are properly defined fourth-order tensors.

0':sd—i—sh—i—w:GBz—i—nI(J—l)—i—HBd

B.=F-C,'-F°
C,=(1-NC +\C,(tn)
F=J'3F



bo = ds? + 65" + dw
= GOB! + kI6J + HOB" = ('Sy+ *Sh + “H) : 6F
=18 :6F = 18" 0F° with (F°=Vyi=F°-Vi=F°-L¢
= 18" (F°-LY)
=iM:L,

Elastic strain variation

The elastic strain B, must be calculated from the total deformation F and the plastic strain
C,. Its variation is related to 0 F and 0C), which will be considered separately.

B.=F.C;'. F°
§B.=0F-C,'-F*'—F-C,'-6C,-C,' - F* + F-C,'-0F°
= (F-C,coF) —F-C,'- (F-C,°005) + F-Ct - oF
- (Mm SFO\ — M@ <M<1>.5C;>C+M<2>.5 ¢
B =B, - ln(B)I = (*I - LIT): B,
SBY = (*I - LIT): 4B,

Plastic strain variation

The variation of the plastic strain C), is related to §F (via §C) and §\. These variations will
be considered separately.

5C + <C'p(tn) - é) S\

(1-X)
(1-X)

—(1-\) (5FC.F + Fc.ai?) + (cpan) . é) A
(1-X)

Deformation tensor variation
The variation of the isochoric deformation tensor F' can be expressed in the variation of the
total deformation tensor F'. The volume ratio J is assumed to be constant in this variation.
F=J'3F
SF = —LJ 'Y3FI: (6F -F~' + F°.6F¢) + J '3 F
= —LJ7BF (F~¢ . 6F°) + J7V/3%F



Elasticity scalar variation
The variation 8\ of the elasticity parameter A can be expressed in 6B, and §F, starting from

1 n AALT
frg g — -_ @@
1+ AT 7+ GAL GAt+1""

The variation 7 can be written as :

_On . Oy on 0D . On 0D
M=55+3,"* 3035 °° * 30 ap P
2 2
55 = 3 gt st = 39 BB,

26 ¢ ¢ 26

dp = —kJtr(0F) = —kJI : 6 F

3G? (On  On 0D\ ~d .= dn  0n 0D
= — —_— - B : 6Be - A I : 6F
20 <8a oD 60) ¢ el ( * >

Op 0D Op
— B 0B, + hoI : OF

A number of partial derivatives must be calculated to determine h; and hs.
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Deviatoric stress variation

.. . . . ~d
The variation of the deviatoric stress tensor is related to 6B, and subsequently to dF :

sl = GOBY = 48, : 6F



Hydrostatic stress variation
The variation of the hydrostatic stress s” is related to the variation of the volume factor .J.

The latter can be related to the variation of F, resulting in a relation between ds” and 6 F.

os = kI5J =18, : 6F

j:Jtr(D):J%tr{F.F_1+<F.F—1)c} -
0J = 3Jtr (0F -F~ + F~°:0F°) = 3] (F~°: 0F°) + 3. (F~° : 0F°)
— JF . 6F° = JF . 6F

Hardening stress variation

. . . . . . . 5d
The hardening stress w is related to the deviatoric total volume invariant strain B . The
variation dw can be related to 0 F'.

sw=HSB" = ‘H : §F

6.4.3 Consistent material stiffness tensor

The variation of the Cauchy stress do is related to the variation of the deformation tensor
OF. In the iterative weighted residual equation do must be related to the gradient of the
iterative displacement L, = (V@) = (V6Z)¢. The resulting fourth-order tensor *M is the
consistent material stiffness tensor.

The components of §o (in column 6¢) and L, (in column L ) are related by the consistent
stiffness matrix M.

bo = 65+ 0s" + ow
= ('Sa+ 'S+ 'H):6F =S :6F = 'S"° : 6F°
with 6F°=Voi=F-Vi=F-L —
= 18" (F°-L¢) ="M : L,



6.4.4 Matrix/column notation

0B, = (MY + MDY oF - MPMVoc, 5 MO = FCT M® = Byt
= é(1)55+é(2)59p
~d
0B = (L-4117) o8,
6C, = [(1=2) (E, + E,)| 6F + (C,(tn) — C) 81 = CWoF + P
6F = [=3J7PE (£ + 77 PL] 6F = EoF
~\NT  ~ T

5)\ == ll <§e>t 5@6 + l2£t 55

0B, = AWGE + A®5C, = (41 + APCW) oF + AP Do) = B
= BOESE +1B® (BY) 0B, + B2 ITor
o8, = |L-up® (8)), ] RERIRN R
o8, = (L-3117) 98, = (1-3117) [£-08% (B), ] [BVE+ 0817 or = B0
08" = (1, -311]) (£, + E,) oF
= (£, + £, - 31ITE ) FoF = BYsr

6.4.6 Matrix/column notation
The components of the deviatoric, hydrostatic and hardening stress tensors are now stored

in columns.
5" = GoB, = GBYSE = § oF
67 = kI L(E"), oF = 5,0F



sw = H5B" = HBWSF = H6F

og = &gd + 5§h + 0w
= (8,48, + ) 0F = S6F = S oF, with oF,=F, (L,),
-5.£, (L),
- (L),

6.5 Examples

6.5.1 Tensile test

A square plate or cylindrical bar is loaded uniaxially. Dimensions are listed in the table.

initial width wp | 100 | mm
initial radius | 7o (10/7) | mm

initial height ho | 100 | mm
initial height | hg 100 mm

initial thickness | dy | 0.1 | mm

Viscoelastic model in tensile test

The axial elongation is prescribed with a constant elongation rate. The axial stress and

force are calculated for polycarbonate (PC). Parameter values are listed in the table. The

deformation is assumed to be plane strain.



FE 2305 | MPa v 0.37 -
H 29 MPa | h 270 -
- Ag | 9.7573E-27 | s
AH | 29E5 | J/mol | u 0.06984 -

) 0.72 MPa

elongation rate — =0.01s
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Fig. 6.32 : Axial stress and force versus elongation

6.5.2 Shear test

The simple shear test is analyzed with one element, where the horizontal displacement in
the upper nodes is prescribed. Because there are no unknown degrees of freedom, the stiff-
ness matrix is not used. Only strains, stresses and reaction forces are calculated. Material
parameters for polycarbonate (PC) are used. The prescribed strain rate is constant.

—_— —_

initial width wo | 100 | mm
initial height ho | 100 | mm
initial thickness | dp | 0.1 | mm

strain rate v = hﬁ =0.01 57!
0
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Fig. 6.33 : Shear force versus shear strain for plane strain
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