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Computational issues in large strain elasto-plasticity:
an algorithm for mixed hardening and plastic spin
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SUMMARY

In this paper an algorithm for large strain elasto-plasticity with isotropic hyperelasticity based on the
multiplicative decomposition is formulated. The algorithm includes a (possible) constitutive equation for
the plastic spin and mixed hardening in which the principal stress and principal backstress directions
are not necessarily preserved. It is shown that if the principal trial stress directions are preserved
during the plastic flow (as assumed in some algorithms) a plastic spin is inadvertently introduced for
the kinematic/mixed hardening case. If the formulation is performed in the principal stress space,
a rotation of the backstress is inadvertently introduced as well. The consistent linearization of the
algorithm is also addressed in detail. Copyright © 2005 John Wiley & Sons, Ltd.

KEY WORDS: large strains; computational plasticity; plastic spin; kinematic hardening; cyclic plasti-
city; logarithmic strains

1. INTRODUCTION

Almost up to the 1990s, the continuum formulation of plasticity was based on the prescription
of hypoelastic constitutive relations, the additive decomposition of the strains into an elastic
and a plastic part and the use of, for example, the incremental Jaumann formulation, see
e.g. References [1-3]. Nonetheless the finite element analysis of hyperelastic materials and
elasto-plastic materials based on hyperelasticity was well establish 10 years earlier [4]. The use
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of hypoelastic constitutive relations with a Jaumann formulation produces dissipation under
elastic closed cycles [5], which is inconsistent with the definition of an elastic deformation
path. It has also been found that the use of the additive decomposition of the strain tensor in
finite deformation inelasticity may produce dependence of incremental elastic deformations on
the deformation history [6]. Nonetheless, new corrected formulations using similar approaches
have been recently advocated due to their simplicity and broad application [7, 8] and reported
numerical simulations using isotropic plasticity seem to produce results similar to multiplicative
plasticity. The approaches given in Reference [8] are based on an additive decomposition of
total (instead of incremental) logarithmic strains and, going back to the work of Green and
Nagdhi, the plastic logarithmic strain is defined in terms of the plastic metric tensor, considered
as an internal variable.

On the other hand, multiplicative plasticity based on the so-called multiplicative (or Lee)
decomposition [9] (see also Reference [10] and an earlier contribution in Reference [11])
is physically well grounded, since it is based on micromechanical dislocation theory and
observations, see for example References [12—15] and the references therein. Even more, it has
also a clear continuum interpretation as shown below. Therefore, computational plasticity based
on this decomposition has gained popularity in the late 1980s and 1990s, see for example
References [16—26] among others, although multiplicative plasticity had already been used
earlier in computational mechanics [27]. The initial formulations required ad-hoc algorithms
to integrate the stress-point constitutive equations due to the inherent non-linear nature of
both the elastic deformation and the plastic flow [13]. More recent formulations have been
developed based on a Kirchhoff hyperelastic stress function linear in terms of the logarithmic
strain measures, see Reference [20] for isotropic plasticity and Reference [21] for combined
hardening, see also References [22,24-26, 28, 29], and the therein references. This hyperelastic
stress function has been shown to yield excellent predictions in moderately large elastic strain
ranges which develop in metal plasticity [29, 30]. Furthermore, the natural additive property of
principal logarithmic strain measures and the use of an exponential mapping in the integration
of the plastic gradient allows for a simple framework, in which the small strain radial return
algorithms remain unaltered and the large strain formulation reduces to a simple pre- and
post-processor [21].

In this paper the formulation of Eterovi¢ and Bathe [21], see also Gabriel and Bathe [31],
based on a vanishing plastic spin, is extended for the use of a (possible) constitutive equation
for the plastic spin. The new formulation allows for a comparison and more detailed analysis
of algorithms formulated in the principal stress space [22] and in which the principal stress
directions are kept constant during the plastic flow even in the kinematic hardening case. It is
shown that keeping the stress directions constant during the plastic flow introduces inadvertently
a spin which obviously affects the solution results. This spin can be interpreted as a plastic spin
since it only affects the plastic correction phase. Furthermore, a more detailed analysis of an
algorithm in which the stress integration is performed in the principal stretch directions shows
that in this case a rotation of the backstress is introduced which affects the plastic correction
phase in a similar way. Hence in both these cases, different computational results are obtained
from using an algorithm performed in the full stress space which does not include any plastic
spin and in which the principal directions are not necessarily preserved.

Also, the consistent algorithmic tangent is calculated. In this formulation, the customary
small strains consistent tangent moduli are modified to account for the non-linear geometry of
the large strain formulation.
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2. CONTINUUM FORMULATION

In the derivation of the continuum formulation as well as in the algorithm for the stress
calculation and the consistent tangent evaluation we follow the notation of References [32, 33].

2.1. Multiplicative decomposition and strain rate tensors

Let ’x denote the current co-ordinates of the point % in the undeformed configuration. The
deformation gradient tensor is defined as

oX = 0'x/0% (1)

The multiplicative plasticity is based on the well-known Lee decomposition [9] of the defor-
mation gradient into an elastic and a plastic part as

o X = (X XP 2)
or conceptually
0 X = X oXP 3)

The physical meaning, based on crystal plasticity, is that a unique intermediate (unloaded
and here also rigid-body motion free) local configuration 7 is established. It is important
to recognize that this intermediate configuration is the only one with direct access to both
independent elastic and plastic deformation measures and therefore represents an effective
configuration to develop the continuum formulation and perform the stress-point integration. Of
course as noted for example in References [15, 34], an arbitrary rotation (or even deformation)
may always be inserted in (2) to obtain for example 0’X= O’XeQQT OIXP, but since QT does
not represent a plastic deformation éXPJF =QT OtXp cannot be considered as a pure plastic
deformation gradient as a consequence of slip mechanisms [15]. It would be somewhat awkward
to have a change of the plastic gradient without any plastic deformation, with an essentially
elastic behaviour and/or rigid body motion, although inclusion of the rigid body motions
in the plastic deformation gradient tensor has been explored in the literature. However, if
the integration algorithm is objective the stress results must be the same regardless of the
preferred option.

Note also that the decomposition equation (2) is continuum based. Consider the current
co-ordinates ‘x of a point given by

x = % + uP 4+ "u® 4)

where ‘uP are the ‘plastic displacements’ from the reference configuration to the conceptual
configuration, that is due to the plastic deformations caused by slip mechanisms in the contin-
uum (dissipative, irrecoverable) and ‘u® are the displacements from the conceptual configuration
to the final (spatial) configuration due to elastic deformations and the rigid body motions in
the continuum (non-dissipative and in principle recoverable). Defining xP = 'xP := %k + ‘uP the
co-ordinates of a stress-free (and rigid body motion free) configuration, the gradient of (4) with
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respect to the reference configuration given by the co-ordinates %k is
ot 0P O'uP 0'u® 0'uP d'aP
o 0% | a0 :I+ﬁ(l+ﬁ>+ 20x
du® 0P 0t o'l o'a® 0P
oo T a0 T awp a0 :< +ﬁ) (H 0%

(X=1+

J-wie

where X := d'x/0"xP and {XP := 0"xP/0 O% have the usual meaning and I is the second order
identity tensor. Equation (5) may be interpreted also as a change of reference configuration
from x to "xP—i.e. the configuration 7 in the interpretation of Equation (3)—which is the
view exploited in the numerical algorithm below. Obviously only % and ’x are tied to the
kinematic compatibility constraint.

Of course, we could define ’x® := % + 'u® as the co-ordinates of a dislocation-free configu-
ration and obtain the reverse multiplicative decomposition, sometimes explored in the literature,
see for example Reference [15] and references therein. However, since unloading occurs over
the elastic part first, the decomposition (2) is far more natural and useful.

The spatial velocity gradient 1 = 0'v/d'x is

1= Ixix! (©6)
and its symmetric part, the spatial deformation rate tensor, is
@=L (XG4 XKD ¢
In view of Equation (2), Equation (6) can be decomposed as
I =14+P =X (X% + Xe[xP (xP) '] (x¢) 7!
" (3)
o'v/o'x = v /o'x 4+ (0'x/07xP) [0WP/0"xP] (07xP/0"x)

where ‘v = 'v¢ + (0'x/0™xP) 'WP. The vector 'v¢ (x) = "u° (x) is the velocity with the plas-
tic deformations frozen, WP (xP) = WP (xP) is the velocity with the elastic deformations
and rigid body motions frozen and measured in the intermediate configuration, and 'vP =
(0'x/07%P) WP = WP ('x).
In the equations to follow in this section the time left-indices will be omitted since no
confusion is possible given that all quantities are evaluated at time 7. The tensor
LP=xr(xr)”! )

is the modified plastic velocity gradient, i.e. the velocity gradient in the intermediate configura-
tion. The over-bar denotes that the tensor operates in the intermediate stress-free configuration.
The symmetric part of L’ is the modified plastic deformation rate tensor

D= J[XP (XP) 7! 4 (XP) T XPT] (10)
while its skew part is the modified plastic spin
We = J[XP (x7) ! - (x0) T 0T] (1

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2005; 63:159-196
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The tensor DP is a consequence of the averaged Schmid rate of deformation tensors on all active
slip mechanisms [15], while WP is a consequence of the averaged Schmid rate of spin tensors
on all active slip mechanisms which for isotropically oriented grams is commonly assumed
to be zero. The pull-back of I¢ to the intermediate configuration is L® := X¢TIEX® = X°¢TXe,
and the corresponding symmetric and skew parts are the modified elastlc strain rate tensor and
modified elastic spin tensor

D¢ = % (XeTXe + XeTXe) , WE — % (XeTXe _ XeTXe) (12)

The symmetric part of 1° is the spatial elastic deformation rate tensor d®= % [Xe X)L+
(Xe)fT XeT] .

Some physical meaning of these symmetric tensors may be obtained from the Almansi strain
tensors for each component of the deformation tensor defined in its proper configuration (the
spatial configuration for the elastic strain tensor and the stress-free configuration for the plastic
strain tensor):

a = [1- (x) T (x0) ] A= - (x0T (x0) ) (13)

The corresponding Green—Lagrange strain tensors in their corresponding reference configurations
are written as

AC — % (XeTXe _ I) . AP = % (XPTxp _ I) (14)

The time derivatives of these tensors with their reference configurations fixed are
Ac =L (XTXe 4+ XTXY) =D°, AP =L (XPTXP 4 XPTXP) (15)
and the covariant push-forward to the spatial and intermediate configurations gives the following

quantities that may be viewed as Lie derivatives with X°® and XP as gradients (i.e. relative to
their reference configurations):

2o =4[ (X)X 4 X (x) ] =
(16)
2P (AP) = 1] (xP) T XPT 4 X (xP) ' ] = P
This view is exploited in the derivation of the consistent tangent moduli. If we define L,

the modified velocity gradient as the pull-back of 1 to the intermediate configuration, we
arrive at

L=L°+cCL’ (17)
where C® = X°TX® is the right Cauchy—Green deformation tensor in the intermediate config-
uration. In passing we note that some of our definitions differ from those sometimes found

in the literature. For example DP is sometimes defined as DP = sym(ceip ), see for example

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2005; 63:159-196



164 F. J. MONTANS AND K. J. BATHE

References [19,35,36]. Nonetheless we believe that our definitions are more useful in the
present work.

2.2. Dissipation inequality

The stress power in the reference volume may be expressed in the intermediate configu-
ration as

S: ¢+ CLh) (18)

L (L
=S:(DC+W6)+S:CG(DP+WP) (19)

where S is the pull-back of the Kirchhoff stress t to the intermediate configuration. Since S
is symmetric the product S : W° = 0, i.e. the modified elastic spin (which also contains the
rigid-body spin) produces no work. Thus, we are left with

S:L=S:D°+CS: (D°+ WP) (20)

where Z:= C°S is the non-symmetric Mandel stress tensor [37] forced by equilibrium of angular
momentum to fulfil the condition C*~'E = 'TCe !, This tensor may be split into a symmetric
part Z; = 5 (C°S + SC°) and a skew one E, = 3 (CeS SC¢), yielding

S:L:S:]_)e—i—(Es—{—Ew):(l_)p—l—V_Vp)
=S:D°+E,:DP+ 5, : WP (21)

Thus, the symmetric Mandel tensor produces power on the modified plastic strain rate, whereas
the skew—symmetric Mandel tensor produces power on the modified plastic spin. This last work
is due to the kinematic coupling produced by the Lee decomposition and possible change of
elastic anisotropy axes. In case of isotropy or deformation through the orthotropy axes, the
term vanishes. Neglecting the effect of temperature, the dissipation inequality from the second
law of thermodynamics is

@:t:d—lﬁ
=S:D°+E :DP+E,:WP—y>0 (22)

where  is the free energy function. This free energy is a function of an elastic strain measure
and other internal variables. In view of (15) we will express i as a function of A® and other
strain-like set of internal variables {&, {} (for simplicity, but without loss of generality, we
consider in the present work that the set is formed by a tensor and a scalar). Thus

. oy 611/ G/ 1/
= :p°4+ = - 23
V=1 +a§ &+ CC (23)
and
) — "_(M - DS aw L__’p PP = - WP
@_<S 61&6)'1) % 1§ GC“__S DP+E,:WP>0 (24)
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Since the equality must hold for pure elastic deformations,

§ = oy /oA (25)

By analogy we define a set of stress-like internal variables as p = —61#/6% (backstress) and
K = —0y /0 (overstress). The reduced (plastic) dissipation inequality is now

GP =B:E+k(+ By :DP+E,: WP >0 (26)

If, as usual, we assume the existence of a yield function f(E, [_i, K) as the contour of allowed
regions of stresses (for simplicity but, without loss of generality, we assume in the present
work that the contour may be expressed in terms of a single function f), the Lagrangian for
the constrained problem is L = 9P —i f, were ¢ is the consistency parameter. If we claim that
the principle of maximum dissipation holds, the stress and other internal variables are such
that VL =0, i.e.

oL _ L of
=0 DP =7
E 0F,
L S
aa_ =0 = szt;Tf
VL=0 = v - (27)
oL s
op op
oL .. of
— =0 =t
% = (=i

These expressions are the associated flow and hardening rules for general elasto-plasticity at
finite strains.

2.3. Isotropic elasticity and the logarithmic stored energy function

We consider in the rest of this paper the special case when the elastic part is isotropic. In this
case, the eigenvectors of S, A¢ and C¢ are coincident, the matrices commute, and therefore
E, =0. The important consequence is that the plastic spin does not dissipate energy in isotropic
elasticity and that Z; alone fulfils the equations of angular momenta. Otherwise, in general a
change in E,, is needed to re-establish the equilibrium of angular momentum lost by the local
symmetric plastic flow.

On the other hand, due to the commutative property, using the right polar decomposition for
the elastic deformation tensor X® = R®U¢®, the symmetric Mandel tensor may be written as

E, = 5 (C°S + SC°) = U°SU* (28)
which in terms of the spatial Kirchhoff stress tensor may be written as
E=E=UX""X"TU=R"R =1 (29)

i.e. in isotropic elasticity the Mandel stress tensor coincides with the usually named rotated
Kirchhoff stress tensor t, see for example References [21, 32, 33].

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2005; 63:159-196
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One of the major difficulties encountered in the development of algorithms was due to
the multiplicative nature of large strain elasto-plasticity. Weber and Anand [20] and Eterovi¢
and Bathe [21] circumvented the problem using hyperelastic stored energy functions based on
logarithmic strain measures. As mentioned, this function has been shown to correlate well with
experiments in the range of moderately large elastic strains, see Reference [30]. Denoting by

/; the principal elastic stretches, by J = det(X) the Jacobian determinant and by i,' =J13);
the isochoric principal elastic stretches, we have:
. 3 232
W, 7, 73) =UJ) + Y (In ;) (30)

i=1

where u is interpreted as the shear modulus and %(J) is the volumetric contribution. Applying
the chain rule to Equation (25) in principal directions we obtain (no sum on i):

30w o 2 oW s 1 oW

Si — — = — 31
=161n)v 6(%&?) ngalnij /L'ﬂvj /11.26111/11' D

Taking into account that

3, 02 | 17
Ini =0 — =y 3y, - 32
i; n4; 6/11 <1] 3}] ( )
from (30),
W 0J 0 301 Oix 0l
=N U J)—— —(In]
oln 4 kZI Nz o 2; (In ")oz,-alnz,-
=U'(J)J +2uln J; (33)

Using (28) and (31), the symmetric Mandel stress tensor for this isotropic stored energy function
results in

— = on ! ed
s =T = ps =JU (J)I+2uE (34)
where E® = In (J~!/30°) and E° = InU® = (In J)I+E® are the Hencky deviatoric and total
strain tensors. The proportionality relationship between T and E° is one of the main ingredients
in the development of the additive plastic return algorithm. Thus, for non-deviatoric plasticity
J%'(J) must also be linear in InJ. For deviatoric plasticity other functions %(J) may still
be used but, as shown below, some modifications are necessary. Stored energy functions %~
that result in stresses non-linear in the logarithmic strains, different from (30), may still be
used, but from a numerical point of view they may require an additional iterative process in
the stress integration algorithm.

In passing we note that S : D® = E: C°~!DC. In the case of isotropic elasticity = = T and
by straightforward use of the spectral decomposition, taking into account that the eigenvectors
of T coincide with those of C¢, it can be shown that T : C*~'D® = 1 : K¢ = 21-3:1 ri):,-/ii
(with t; the principal spatial Kirchhoff stresses). Thus, we are left with the stress power and

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2005; 63:159-196
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dissipation expressions of [21]:
G=7:E4+7:DP — >0 (35)

Nonetheless this form of the dissipation inequality is not necessary for the development of the
algorithm since it is implicitly employed by Equation (34) through the use of the chain rule.

2.4. The spatial and principal stress space formulations

The large strain elastoplasticity based on isotropic elastic response and logarithmic stretches has
also been developed in the spatial configuration, see for example Reference [22]. Of course,
both formulations result into identical response predictions. Using the left polar decomposition
theorem X¢ = V°R®, we define £ = In V¢ = R°E°R®T. Since t = R*TR®T = J/(J)I 4 2ued
we have from (34)
o on .
T= prea 2 e b (36)

where be is the elastic Finger tensor and £ is the deviatoric part of €°. The second identity in
(36) is obtained using the spectral decomposition. Also, using the symmetry of 7, the isotropy
of elastic response yields the following identities:

T:DP =010 L = RTeR® : USLPUS ! = ¢ XOLPX =1 PP =1 : P (37)

These expressions inserted in the dissipation inequality give for (27) the spatial formulation
encountered, for example, in Reference [22]. In fact, given an arbitrary rotation Q on the
intermediate (rotated) configuration, the following tensors can be defined:

1:=QT%Q, d°=QTDPrPQ, & =QTInUQ (38)

and still T = 0%/0&, and t : dP = % : dP. This property was used for the development of
a stress integration algorithm in the principal stress space, considering isotropic plasticity in
Reference [22] (simply set Q = 21‘3:1 N; ® e;, where N; are the eigenvectors of T and e; are
the fixed Cartesian unit vectors). However, as shown below, the integration in a reduced dimen-
sion of (three) principal stresses produces different results in the case of kinematic/combined
hardening due to the back-stress evolution.

3. NUMERICAL ALGORITHM INCLUDING PLASTIC SPIN

In this section we use the time super- and subscripts to clearly indicate the time integration used.

3.1. General formulation

From (9) the evolution of the plastic deformation gradient tensor is given by the differential
equation

IXP = P IXP (39)

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2005; 63:159-196



168 F. J. MONTANS AND K. J. BATHE

whose backward-Euler exponential solution is given by
HAXP = exp (At HALP) (XP (40)

where the exponential function of a matrix exp (At”’A’ LP ) is defined as

exp (Ar " PALP) = io: (ar ’+A'pr)" (41)
n=0 n
and for small steps such that A := HAt t+Ar LPH <1 can be approximated by
exp (At ALY = T4+ Ar ALY . 4 0 () 42)
Also, since "TALP = AP 4 1+AIWP e thus have
exp (At HA’ip) = exp (Ar ’+Atl_)p) exp (A t+AtV_VP) +--40 (h2) (43)
yielding the following useful update formulas:
PHAXPL = IXP~Texp (— Ar"HAWP) exp (— Ar"HADP) (44)
and
THAX® = X exp (— At HATWP) exp (— Ar TADP) 45)

where the tensor X¢ = 'TAX¢ = "*A’X IX® is the trial elastic deformation gradient (i.e. with
the plastic state frozen). For trial tensors we omit the left time superindex since they are
always evaluated at t + Ar and no confusion is possible. In the present work we have used
for simplicity the same consistency parameter At for both the symmetric and the skew parts.
However, ‘TADP and "tAWP are frequently defined up to a scalar parameter and sometimes
different consistency parameters may be necessary. The polar decomposition theorem yields

X¢ = RSUS (46)

where US is the trial (elastic) right stretch tensor and R is the trial rotation tensor.
Now defining

THAIRY = exp (At THATWP) 47)

which is an orthogonal tensor and using (45) and C¢ := X¢TX¢ (the trial right Cauchy—Green
deformation tensor) we obtain

Ci _ t+AwaT exp (At z+Azl‘)p)t+A0tCe exp (At t+Atl_)p)t+A;Rw (48)
— [t—i—A;RwT exp (At t+Atl_)p)t+AltRw] [ H'AfR’”T Z+AOICe t+Awa]
x[ AR exp (At "TADP)HAR™] (49)

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2005; 63:159-196
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The following tensors are next defined

t+Atgve . t+AtpwT t+At e t+HAtpw
VCe = THARUT A Ce AR (50)

exp (At t+Atf)p) — t+A§RwT exp (At l-‘rAt]')p)H-A;Rw (51)
where ’JFAOtCe = (’JFAOIXE)T’JFA(;Xe and is, of course, unknown. We also define ES (the trial
Hencky strain tensor) and ’+A0’E° such that CS =: exp(2E¢) and ’+A0’C° =: exp (2 '+AOII:3°).
Using (42), Equation (49) may be re-written as

ES o HAIRS 4 A THADP (52)

with the additional restriction that A* := ||Ef,i H <1, i.e. the elastic strains and incremental steps
are only moderately large, which typically holds in metal plasticity. Note that the restriction
h* <1 is more restrictive than & < 1. Defining the trial unrotated stress and backstress tensors

- on”
T, =7y :=

= o and B, :=p (53)
*

from (27;) and (51) we have
of (T« — By, 'ic)

D =
* oT.

(54)

and for the case of J; plasticity t+Amp — PP, Equation (52) is recognized as the incrementally
additive decomposition of logarithmic strains that allows for the use of the small strain algo-
rithms to perform the plastic return. In this plastic return the tensor t+AOtI:IC in (52)—or more
accurately the tensor 1+AT__is obtained. If the plastic spin is non-zero, the resulting strain
(stress) is a rotated one. The correct stress is then obtained using (50) and the integration of
any proper constitutive equation for the plastic spin. Which constitutive relation to use is in
general an open issue.

Taking the volumetric and deviatoric parts of (52) for the particular case of deviatoric
plasticity, the stress update is performed through the set of equations

7ol = 2l (In J) (55)
t+AtTd = 2u ’+A0’I::ed, t+Ati_ — t+A;Rw z+AtT z+AttRwT (56)
t+AtB — I+A§Rw I+AIB t+AwaT (57)

where ()9 denotes the deviatoric part. Note that the plastic spin is skew and produces no
work on symmetric tensors, hence the plastic spin is decoupled from the symmetric plastic
return, unless the specific constitutive equation employed for the plastic spin couples them. In
such a case a simultaneous integration should be performed. The spatial Kirchhoff stress and
backstress are finally obtained as

Z+Al‘c — R: t-‘,—Al‘ERzT7 l-‘rAtB — Ri l-‘rAlBRiT (58)

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2005; 63:159-196



170 F. J. MONTANS AND K. J. BATHE

The integration may also be performed in any arbitrarily rotated configuration instead of that
given by Q = RZT, which is an obvious consequence of the objectivity principle that must
hold even for the integration algorithm. We note that the use of our choice makes unnecessary
the update of the backstress by (58,) since this rotated configuration is invariant to rigid
body motions.

The rotation component of the trial elastic gradient tensor is obtained by use of the right

polar decomposition theorem and formulas (45) and (42) as:

RS = "TAIRC exp ("TAE) exp (Ar FADP) exp (Ar A WP) exp (—ES)

_ t+Atpe t+Atpw t+Atge\ t+AtpwT
=""THoRTTIR oE°) TR

exp (
x t+A;Rw exp (At t+Atf)p)t+A;RwT t+A;Rw exp (_Ei)

2
_ t+A6Re t+A;Rw Lo 40 (h*) (59)

which yields
t-‘rA(I;RC ~ Ri I-‘rA;RwT (60)

and so we note that the elastic part of the rotation +A6Re changes with the incremental plastic

rotation ’+Awa. The main tensors and configurations used in the stress integration algorithm are
depicted in Figure 1, whereas the layout of the stress integration algorithm is given in Table I.

Equation (52) constitutes the basis for the algorithm developed in this paper. However,
depending on the constitutive equation for the plastic spin, a different form may be sometimes

(*) Note that exponentials
commute up to h.o.t.

t+AtS

t+AL A D
A

\ - t+AL
exp (At AP ) oR°
tHATRw /
v /t+A8ﬁe e Q
O e
~ t+AL
t+A(t)XP AR t+ate 0 X°

g A
Figure 1. Configurations and tensors in the stress integration algorithm.
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Table I. Stress integration algorithm for the total Lagrangian (TL) and
updated Lagrangian (UL) formulations.

Given ‘B, 'ic, and (/XP~! and "*4{X in TL) or (/X® and "**X in UL)

Obtain trial elastic tensor: X¢ = T4X IXP~1 = IHAIx Ixe
Compute trial Cauchy-Green deformation tensor C$ = X$TX¢
Obtain A, N¥ @ Nf and US = Y7_| J*NF @ N¥ and R = XSUS™! (J = det "T4X > 0)
Compute rotated trial stress T = Ty = JU' (J)I + 2 Z?:l In (171/3Z;<)N;.k ®N;‘< and set By = ’[_3;
ke = i

Call small strains subroutine to perform stress integration returning :

A (as stress), 1+Arg (backstress), Ar 1HADP (plastic strain incr.), I+Al

1A (as constitutive tensor)
Integrate plastic spin obtaining "t RY := exp(Ar I+4'WP)
Rotate {t+At,E’ t+AtB} — H_AttRw{H'A[T, t+AtB}t+AttRwT
Obtain Cauchy stress J 1 /Ty = J=IRE I+AzRET
During iterative phase compute consistent tangent 1+A1C() a5 shown in Section 4 (correct the
volumetric part of "tAD) if necessary and push/pull ‘TACH) as needed)
10. In convergence phase update H'Aéxp_l = éXp_lexp(—At’+A[]~)P)’+AZRWT if TL or H'A(’)Xe =
X¢ exp(—Ar IHAPPYHMRWT if UL formulation is used

o=

W

O xR

more convenient, see Reference [38]. Equation (52) may be rearranged as
H—AwaEi t+A;RwT ~ t+A()tEe + At t+Atl‘)p ©1)
and using "TARY ~ I+ At "TAWP we obtain
RS > ES — At 'TADP — A TAQ (62)
where 4@ is the commutation tensor between ES and ‘+A'WP defined as
1HAIQ = RS IHATWP _ IHATWPES (63)

Equation (62) also preserves the convenient additive incremental decomposition of (logarithmic)
strains.

3.2. Isotropic hardening and mixed hardening without and with plastic spin

Some cases are of special interest and have been studied extensively in the literature. The
first case is isotropic hardening without plastic spin. In this simplest case which was proposed
by Weber and Anand [20] the principal directions of the trial strain (stress) tensor and the
final strain tensor are coincident. Thus "T4E® = "TA'E® and "TAR® ~ R¢. Furthermore, since
the principal directions are fixed during the plastic flow, the return may be performed in the
principal directions space, i.e. reducing the dimension of the problem to three. In this setting
we define tPM¢ .= [}, 15, 13]T as the vector of principal stress values and perform the integra-
tion using this vector, instead of using the full stress vector T := [t11, T22, T33, T12, T23, 713]T.
Also, since R® plays no role in the formulation, it is sufficient to store only the elastic Finger
tensor instead of the plastic or elastic deformation gradient as shown by Simé [22].
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The second case is kinematic hardening when the plastic spin is zero. This formulation
was presented by Eterovi¢ and Bathe [21]. In such cases the formulation simplifies consider-
ably during the stress-integration phase since "TY/ES = "TAE® and "TAIR® ~ RS. However, it is
necessary to note that in general anisotropic kinematic (or combined) hardening the principal
directions do not remain constant during the plastic flow, as a simple inspection of the update
formula (52) shows, since, as shown below, the principal directions of the backstress and the
rotated stress tensors are not, in general, coincident.

Given that for the isotropic hardening case the principal directions of the stress tensor
remain constant in an incremental step during the plastic flow, one may be tempted to extend
this setting to the kinematic/mixed hardening formulation in order to simplify the numerical
algorithm using the following assumptions:

o Assumption 1
The final stresses have the same principal directions as the trial stresses even for the
kinematic hardening case.

o Assumption 2
In addition to using Assumption 1, we simplify the model further by performing the
integration in a space of reduced dimension, using only the principal stress values, i.e.
the vectors PN =z, 15, 13]T for the actual stresses and ﬁprincz[ﬁl, Ba, ﬁ3]T for the
backstresses. This implies that the principal directions of the trial backstress tensor are
also the same as those of the trial stress tensor.

This simplified setting, with both assumptions, was considered in Reference [22], whereas
in Reference [24] the authors used Assumption 1 but using the full stress space for the plastic
return. However, these assumptions have some consequences in the constitutive model and in
the predictions obtained.

3.2.1. Consequences of Assumption 1. The first assumption includes inadvertently a plastic spin
for the general kinematic/mixed hardening cases. This plastic spin is given by the requirement

that the eigenvectors of *'AO’Ee (or 'TAT) are the same as those of ES. Thus, denoting by N7,

+AN; and "TAN; the eigenvectors of E:, I+A0’]§‘,e and I+AO’E6, respectively, the requirement is
t+AtNl, = t+Ang z+AzNi _ N;k (64)

so the incremental plastic rotation is obtained by the explicit expression
A > AN
FAIRY = Y NF @ TN, (65)
i=1

and the plastic spin is inherently given by

- 1
t+Atwp — E In (I+A5Rw) (66)

Let us denote by QV* the spin of the trial basis (i.e. ‘freezing’ the plastic flow) such
that N¥ = QV*N* and by *4QV the spin of the eigenbasis of *A'T at ¢ + At such
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that I+Atﬁl_ — I+AIQN H—AINZ,' Then

: 3 B - 3 .
t-‘rAIQN — Z t+A[N[ ® l-‘rA[Ni and QN* — Z N;k ® N;k (67)
i=1 i=1
and the plastic spin may be obtained from (65) and a simple inspection of Equations (39) and
(40) also as

t+AtV‘Vp — z+A§Rw t+A;RwT — QN* + I+A§Rw(I+Ath\~/)TH—A§RwT (68)

In the limit case when A7 — 0 we have "FA'RY = I+ A "PA'WP — T and "WP = QV* — 1QV,
which is the continuum value for this particular formulation. Therefore the spin tensor for the

vectors 'N; is 'QN = QN + 'WP = QN* and, as expected, we have that the stress tensor rotates
in the same way as the trial stress tensor. This spin produces a special kind of anisotropic
kinematic hardening, different from the usual one as already mentioned in Reference [24].
As shown in the examples below, the predicted behaviour under non-proportional loading is
different from that obtained with the usual kinematic hardening model.

3.2.2. Consequences of Assumption 2. The use of Assumption 2 also introduces inadvertently
a rotation to the backstress. This hidden rotation takes place even during purely elastic defor-
mations, but affects the stresses only during plastic flow (and therefore it can be viewed as
some sort of plastic spin). To understand the reason of this additional rotation it is sufficient
to consider two consecutive solution steps.

Let X® be the final, converged, elastic deformation gradient at the end of step ¢ consisting
of a pure stretch tensor U°. For simplicity we consider a 2D case

A
X¢="U° = (69)
1/4
The eigenvectors of this stretch tensor are
‘N =[L0I", No=[0,1]" (70)

Consider now that the trial deformation gradient X := ’JFA,IXIXe for the step ¢ + Ar is also
a pure stretch tensor US, with a different eigenbasis

a b
XS =US = (71)
b a

If b = £+/a? — 1 the tensor is isochoric. Of course depending on the values of a, b the
incremental response may still be elastic. For instance, the values a = %(}v + 1/A) and b =

%(i — 1/4) give for (71) the same eigenvalues as those of (69). The incremental deformation
gradient is +A;X = U 'US~! and the trial eigenvectors N differ from 'N;, i.e. for (71) we have

Ni = %[1, nr, Nj= %[—1, 11T (72)

The (elastic) rotation tensors of the solid at both time steps are ‘R® = RS = I. If the solution
is performed using the principal trial stress directions for the stress and the backstresses, the
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trial backstress eigenvectors at ¢ 4+ Ar are given by N instead of the correct 'N;. Namely, the
backstress at the end of step r was

_ 2 ‘B
B=X BN®'N; = . (73)
i=l P2
Of course since ‘P is deviatoric in nature, 'y =—"'p, for the 2D case. The trial backstress
for step t + At, which by definition should be B, = ‘B, takes instead the value
t t t t t
_ 2 L[ B+ "B "B —"h 0 'p
Be= 2 BN N =2 [t o= (74)
i=1 Br— "By Bi+ B pr 0
That is to say, although the eigenvalues are the same, the backstress has rotated the amount
t+Arp B 2 * t 1 -l
RP=) N® N, =— (75)
K=rNeN=71 |

so that B, = "TARPB(’ +A§Rﬁ)T. This effect was already noted in Reference [39], where also
more results are reported using a spatial algorithm and a Finger tensor based algorithm. We
note that this backstress rotation affects both the backstress and stress evolution during the
plastic return, since the backstress rotation takes place over the trial value. However, it is only
due to the trial stress rotation. Thus, it seems difficult to formulate a physical characterization
of this spin and a constitutive model that explicitly accounts for this spin.

3.2.3. Example. In order to exemplify the concepts discussed above, consider a 2D example
with two consecutive load steps. The (isochoric) deformation gradient for the first step consists
of the pure stretch tensor:

2
IX = Ix¢ = ‘Ui:{ 1} (76)
2

Consider as material constants =35, H'=15 (a linear kinematic) and g, =4 as yield stress.
The trial stresses and backstresses are

) 6.932 0 _
T, =%, =2uln U = , B.=0 (77)
0 —6.932

For the Mises yield function f := HT - 1_3” —\/g oy, the flow direction and consistency parameter
increment are

i _ of 1T, — 1B, 1 |:1 0 } Ly f(lT* _ 1]-3*)

- 0 -1 2u+ 3H'

= = " - ___ = 0.2452 78
A TN R Y
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Therefore, the final solution for the step is

) ) ) 5.198 0
T=1z=1T, —24'Ar 'DP = (79)
0 —5.198
o ) 1.734 0
'B='p= B, + 0 'Ar'D" = (80)
0 —1.734

We consider now that the trial (isochoric) elastic deformation gradient for the second step is

1.6667 1.3333
X = Ut = (81)
1.3333  1.6667
The trial stresses and backstresses are
_ 0 10.986 _ . 1.734 0
T, = 2uln 2US = , ‘B,=p= (82)
10.986 0 0 —1.734
The stresses T, have the eigenvectors
Nt = %[1 1T and °Nj = %[1 17 (83)
The solution, following the same procedure as for step 1, is
- —0.110 0.698
PP = , At =0.541
0.698 0.110
(84)

_ T0597  7.204 . 1.137  3.782
T = ., B=
7.204 —0.597 3.782 —1.137

If vanishing plastic spin is assumed, the solution is %= 2T and 2p= 2B, as performed in
Reference [21].

If Assumption 1 is enforced, then we proceed to check the eigenvectors of 2T and see that
they differ from those of °T\:

2N| =[0.736 0.677]7 and >N, =[0.677 —0.736]T (85)

Hence, we apply the incremental plastic rotation

) 3, . 0.99915 —0.04133
R" =Y NI @ N; = (86)
i=1 0.04133  0.99915
to obtain
_ 0 7228 B _ 0.821 3.863
T=IRVTIR"T = , ‘B=IR"BIR'T = (87)
7228 0 3.863 —0.821
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We note that in this case the eigenvectors of *T are 2N;" (we have enforced it) but those of 2p
take on, in general, different values:

NP =10.777 0.630]" and 2N/ =[0.630 —0.777]7 (88)

If Assumption 2 is enforced, the trial backstress in Equation (82) rotates in order to have
the same eigenvectors as those of 2T,. The value of these backstresses are

_ 2 0 1.734
B=2 BN @ N = (89)
i=1 1.734 0

Hence, the results from Equations (82) to (88) are different (note that the stresses have the
same direction as with Assumption 1, but differ in magnitude)

. 0 1 0  8.091 ) 0  4.628
2jp — % . 2Ar=0409, 2= . p= (90)
211 0 8.091 0 4628 0

Of course in this case the trial stress, trial backstress, final stress and final backstress tensors
have all the same eigenvectors. In fact the solution could have been performed using only the
eigenvalues.

In Figure 2 the integration process for the algorithms considered here is illustrated. In this
figure we (heuristically) represent tensors by 2D vectors with one ‘principal direction’ given
by the direction of the vector and one ‘principal value’ given by its modulus. It is seen that
all algorithms would give different results. It is remarkable that the backstress rotation, that
takes place in the integration algorithm performed in the reduced space, results in an effective
yield surface (the one detected using the test on the trial yield function 2f, = 0 for all the
possible trial states) similar to that obtained using isotropic hardening, as shown in Figure 2(e).
In the six-dimensional space a similar effect is observed, although, since in this case negative
eigenvalues are possible, a stress reversal would result in plastic flow. The practical consequence
of these observations is illustrated in Section 5, especially in the numerical examples under
cyclic shearing.

We finally note that both special types of kinematic/mixed hardening could also be per-
formed in infinitesimal strain analysis, but such approaches are not a common choice. Hence,
the selection of this model in finite deformation analysis seems to be based only on numerical
simplicity. The more general formulation presented in this paper also allows for the use of
anisotropic yield functions. Note that no assumption has been made so far on the shape of
the yield function and that, frequently, the elastic properties are considered isotropic, even
in the case of anisotropic plastic properties developed in cold-worked metals, see for exam-
ple References [40,41] and for an experimental confirmation [33,42]. If elastic anisotropic
properties are to be modelled, some modifications to the algorithm are necessary, but the kine-
matics of the formulation remains essentially the same, see Reference [38]. Also, the more
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"Principal ”|
direction
of T,

"Principal”
direction
of 27

"Principal”
direction
of 23

(b) Treeaaas -

Plastic
spin

backstress
rotation

© ) — .

(e)

Figure 2. Evolution of the stresses and backstresses for the ‘models’ without and with Assumptions 1

and 2: (a) Step 1—all models; (b) step 2—usual kinematic hardening without plastic spin; (c) step

2—kinematic hardening with plastic spin; (d) step 2—Integration in the reduced space given by the

line O-2T,; and (e) step 2—‘effective’ yield surface for integration in reduced space; obtained by
rotating the trial yield surface 2f, about the origin O.

sophisticated implicit multilayer kinematic hardening models [43, 44] or bounding surface mod-
els [45] for a better description of cyclic plastic behaviour can be inserted in the formulation

with ease.
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4. ALGORITHMIC CONSISTENT TANGENT MODULI

Although a numerically evaluated algorithmic constitutive tangent is possible by means of
a perturbation process of the stress-integration algorithm as shown in References [46,47],
the development of the (analytical) consistent tangent moduli should not be regarded simply
as an important computational convenience to (possibly) reduce the computational time. The
derivation also allows a more detailed analysis of the algorithm itself, which frequently gives
further insight into the formulation.

4.1. General case

During the iterative process, the trial elastic state changes as shown in Figure 3. The updated
co-ordinates are

l+AtX(i+l) _ t+AtX(i) + Cug;—l) 91)

where ( is a parameter which has the value { = 1 in Equation (91) and ul™D is the increment

i)
between iterations. The total and trial deformation gradient tensors may %)e expressed as (just
following the same steps to obtain Equation (5))

t+At (i 41) _ D) t+ AN (i
oX D =X X © (92)

X:([—i—l) _ XEE;—])X:(U 93)

Iteration (i)

Fixed material Fixed stress-free
configuration configuration at t
t+A 6 X(i)

t1Arg()

RYNTIO)
s a0

t+A6 A®

tywp
ALl 0X
st +ALG(i+1)

At i+1
FHALAGHT) AUY

At~ (++1) .
0 X t+At _(i+1)
t+At)£) o S T

/ t+ AL (i+1) —
A

Iteration (i+1)

Figure 3. Main configurations involved in the linearization of the algorithm around iteration (i).
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where XE;;FD =1+ {V(i)ug;rl) and V() = 0/ tAx@ denotes the gradient with respect to the
configuration for iteration (7). In the finite element formulation we wish to obtain the tensor
1+AIC guch that (see Reference [32])

where V7, is the symmetric gradient and CS/”X)C) is the incremental Lie derivative at iteration
(i) defined for contravariant tensors as

yéi)(contr)(i) = 1A [ d (I-I-AOIX(H-I)—I (contr)+D t+AOIX(i+1)—T>

d¢

(=0

and for covariant tensors as

: . . d . : ;
gg)(cov)(l) - t+A0tX(z)—T [—(’*AO’X(’“)T(cov)(’“) t+A0tX(z+1))‘

t+At~ (i)—1
X 96
@ ] 0 (96)

(=0

Given a preimposed fixed (during the iteration process) plastic deformation tensor OtXp, it
is easily checked that since I+AO’X("+1) = Xi(lH) (pr, expressions (95) and (96) may be used
employing either ’+A0’X or X¢; this fact follows also from a comparison of Equations (92)
and (93).

Defining the trial elastic Almansi strain tensor as

a, =3 (I-X¢Txe) (97)
and the pull-back to the stress free configuration as AfkiJrl) = %(Xi(i)TXEE;F l)TXg;r]) Xi(i) — I),
the Lie derivative for the current one is (see Reference [32] for a different but equivalent
approach)

(i), G h-1| 4 R+t
ZVa® = xe® [d—gAgﬁ )

i| Xff")*l _ Vé-) 14+An, G+1) (98)
(=0

ie. d¥) = fg)a(") = gg")ai").
Furthermore, given a superimposed arbitrary rotation Q, it is easily seen that,
200" =Q"¢)’ (@Q")" Q (99)

where EQ(i)(-)(i) coincides with (95) or (96) upon substitution of ’+A0’X by I+A0’)~( = QI+A0’X.
Common meaningful choices are, as already mentioned, Q = RiT, Q=1Iand Q = REnnCT.
Hence, it is simply necessary to obtain the rotated tensor I+A’C(QZ)”H = 0/ 0} ok Qé.
t+AtC(i)abcd such that

i Ar=(i At~(@) . pli Atz (i
gQ(l)(H- zt(z)) _ t+ zq:(é) . gQ(l)(H- tafkl)) (100)

where A7) — Q+A1(HQT and 43 = Q+2a{VQT are the rotated quantities. In order
to simplify the notation we will denote derivatives with respect to the parameter { as time
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derivatives and the iteration index (i) will be omitted. Also, to keep the formulation simple
and concrete, we consider the case Q = R:T, but the same procedure applies to any other case.

The Lie derivative of the rotated stress tensor and the rotated Almansi strains may be
written as

gQ(i) (r+m%> U t+At§Ui, gQa) (z+Az5*) — ! A*Ui_l (101)

where T2 is the pull-back of the spatial Kirchhoff stress tensor (and of the rotated one) to the
intermediate stress-free configuration. It is noted that the pull-back by X¢ of the eigenvectors
of At do not necessarily form an orthogonal basis in the Euclidean metric. In view of (101),

the tensor ‘+A/C gkl may be obtained as the push forward by US of the tensor ‘TA/C such that
HAIG AT AL (102)

Note that if Q = R¢T then
I+Atcljkl Xez X:jbxszXZld H—Atéabcd (103)

and if TA'Cg is the material fourth-order constitutive tensor such that 'TA§ = +ArCg . 1+ATA
(with S the second Piola—Kirchhoff stress tensor and A the Green—Lagrange strain tensor), then

t+At ~IjRL pl. t+At Fabed
Cs™ = z+AtXa t+AtXb t+AtXC t+AtX C (104)

The desired tensor depends on whether we are using the updated Lagrangian (UL) formulation
or the total Lagrangian (TL) formulation. _

We are now left only with the need for the computation of ‘TA/C defined by (102). We
note that

t-‘rA[S — Xe—l H_AZ‘EXG_T (105)
* *
For the case at hand with Q = R , using (581) we are left with
t+AtS — Ue—l t+AtiUe—1 (106)
k *

The {-derivative of 2§ is written as

t+At§ — U:::—l I+AZEU671 + U671 t+AI%U671 + U671 t+At%Ui.—1 (107)
Using
3 .
Qv = Y N @N! = Z ZQN*N*@)N* (108)
i=1 i=1j=1

The derivative of the inverse of the trial stretch tensor is obtained in spectral form as

3 1
-— ® N¥ + - - = ®
A ‘N @ N* . QN*N* N (109)
i=1 A i=1j#i } /“i
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whereas the derivative of the trial elastic Green—Lagrange strain is
A 3 ® 9 Fag* * > 1(9%2 2\ O Nk ng* *
Av= Y 4NFONT + 30 3 5(47 = 47) Q"N ® N; (110)
i=1 i=1j#i
Therefore, using the customary arguments, the following geometric tensor U, relates both rates

as US™ = U, 1 Ay

3 1 3 /25 =1/2F s
U=y - MM+ Y Y20 imr o

L N oM (111)
= a8 SE o A=A !

where for short we defined (no sum on i, j)
M} :=N; ® N} (112)
S
M OM} = (N @ N; + NF @ N)) ® (N; @ N/ + N7 @ N) (113)

The tensor U, has minor and major symmetries and can, therefore, be stored in the commonly
reduced form used for constitutive tensors. For the special case /; = A} it is straightforward
to show that

/2% = 1/F 1
lim 2 LA VA (114)

k% *2 %2 T3
Aj=> 4 /lj — 4 )vi

Hence (107) may be rewritten as
ARG A A* + (U : A*) o tthig AT (U : A*) (115)

where the unsymmetric two-point stress tensor t+A17, is defined as (note that T, and Ui_l
commute in isotropic elasticity but +AT and Ui_l do not commute in general)

A7, . HAe] (116)

and the fourth-order tensor "+A'T, yet to be determined, is defined such that
el rHAGesl kA A, (117)
From Equation (117), by a straightforward application of the chain rule, it is easily checked that
AT L HA L, (118)

In this expression J, is a geometric tensor based on the trial stretch that maps contravariant
tensors from the rotated to the stress-free configuration:

L=UrtoUr e G0l = JUSDR@IY) + WD, a19)

where the lowering index operation is (U efl)f','( = (U H"[,; and I is the metric tensor (the
identity in the Euclidean space used). The tensor J, has also the minor symmetries that allow
compact matrix storage. The tensor E, in (118) is also a geometrical tensor based on trial
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measures, i.e. a fourth-order tensor such that Ei = [, : A,. Using the spectral decomposition
of Ef, the derivative is written as

|

M

B = 2N @ NI + Z Y (In 2% —In 2)Q)*N; @ N (120)

i=1 A i=1 j#i

and by (110), E. is expressed in spectral form as
. Z M* M 23: s ln)f; - ln/l;-kM* - (121)
= ® + -  MfoM*
* Pt )*2 =iz ;\’ﬂfz _ }'?2 1 J

In the special case of /; = A it is easily checked that

- InZ; —InZ; 1 12
im 2—4——" = —
Y e (122)

Finally, it is noted that in (118), the tensor ’+_A’ D relates the derivative of ‘TA% with that
of ES and is the only one in the computation of C that is material-dependent. If this tensor is
known the constitutive tensor in (102) is written in component form as

ljkl (J )lj (l‘—‘,—AtD)mnPl{(E*).I.)];l“ + (U*)lnkl(Z)n] + (Z)’;(U*)njkl (123)

which has also minor symmetries. The spatial or material tensor may be obtained through
(103) or (104).

The tensor ‘*A’D coincides with the constitutive tensor returned by the small strain plastic
correction algorithm in the frequent assumption of no plastic spin (HA% = ”A’T). Otherwise,

in the presence of plastic spin +AD) peeds the following slightly more elaborate formulation.
Taking the derivative of (567):
= t+A§Rw t+Atriwt+A;RwT + t+A;Rw H'A;RwT z+At,E + H_Al‘f t+Awa H'A;R")T (124)

At t+Atp t+A T Atxwp t+AL= At= t+Atvx
= [TARW A IHAIRWT | IHAINWP AT A IHATYYP (125)

Following similar steps as for expression (115) and defining
t+At|]j)w =R, : 1+A1f) (126)
R, = t+A;Rw o Z+A5Rw (127)

where /D) is the unmodified small strain constitutive tensor that relates ‘+AT to K¢ and

the tensor ‘+A'D,, relates TAR® HATIHARWT yith ES (i.e. is the small strains constitutive
tensor in the updated configuration). The tensor ‘*A/[) may be written in component form as

t+At pyijkl _ t+AtD:'1{kl + t+Ath;1.1.c.l t+Aiznj _ t+Atzin t+AtWﬁ{.].<l (128)
where "TA"W is such that

At yx A T
IPAWP = ITANY ;RS (129)
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which obviously depends on the constitutive equations and integration algorithm for the plastic
spin. Again, 'TA'D,,, R, and [I+A’W"’,ilf‘l t+Auznj _ t+Arzin ’+A’W,',{]fl] have minor symmetries
and can be stored/operated on in compact format.

It it worth to mention that the previous constitutive tangent is tied to the assumption that
the volumetric part of the stored energy function is of the form

U(J) = Lr(n J)? (130)

where « is interpreted as the bulk modulus. The pressure for this function is p = xJ !ln J.
In deviatoric plasticity the flow is isochoric and it is necessary to resort to mixed formulations
in order to avoid locking [32,48], see also Reference [49] for an assumed strain method.
An unrestricted u-p formulation that can be used for arbitrary % (J) expressions requires an
evaluation of the Jacobian determinant J corresponding to the separately interpolated pressure
p. For the mentioned % (J), the inversion yields a Lambert W function [50] of non-trivial
evaluation. In order to avoid these computations, given that the elastic deformations are small,
we can use

W) =«k[1+J(nJ — 1)] (131)

with the pressure p = xInJ. This function—in contrast with (130)—is convex, i.e. %" (J) =
x/J > 0 and has the correct asymptotic values: %(1) =0, %'(1) =0, %" (1) = k, U(J — 00) —
00, U'(J — 00) — oo. However, in the compression limit %(J — 0) — x, so the companion
function 4(J) = %(1/J) must be used in the large compression regime (which unfortunately
also requires the evaluation of the Lambert W function):

¢J)=x[l—J"MmJ+D], 0<J<I (132)

This function is also convex in the compression regime since €”'(J) = xJ 31 -2InJ)>0
and has the limit values: €(1) =0, €' (1) =0, €"(1) =k, €(J — 0) = 00, €' (J — 0) - — o0,
€' (J — 0) = oo.

Obviously, the use of an arbitrary %(J) requires that the volumetric part of the tangent be
corrected. To perform such correction, we subtract the volumetric part from the small strains
tangent ‘TAD « AN — kI Q I, use the deviatoric stresses in (116), and then correct in the
UL formulation the final large strain tensor as:

HAIC AT 4 2T QT+ JU AR T - 20) (133)
and in the TL formulation as:
Ay « TACy+ SPa'cT @ Ty (CTP e CT —2cT o €T (134)

4.2. Isotropic hardening and mixed hardening without and with plastic spin

In the case of isotropic hardening and kinematic/mixed hardening with the stress integra-
tion performed in the principal stress space the constitutive tangent simplifies considerably.
The algorithmic constitutive tangent for these special cases was obtained by Simé [22] who
used the procedure of hyperelasticity formulated in principal stretches, see References [51,52].
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In these cases the tangent is written as

6’+A’ 3 t+AtT_ﬁ2 _ t+At.E_ﬁ2 g
A A J
A ) Z Z S O U _Hr+ '7;0;; |m} @ m + 222 1*2 - i m; O mj
i=1j=1 n/L i=1j#i l
(135)

where m’ = nf ® n} are the spatial trial eigenbases and o127 /01n 4} is the small strain
algorithmic tangent in the reduced principal stress space. The special case A7 = )Lj is given by

t4+Ar 9%2 _ t4Ar %2 t+At t+At
‘ Tid] TiAT  oitAly  gitAly
lim 2 J Ak ] _ L+l (136)

, ) *2 1%2 * *
Aj‘—)ﬁj‘ j’l —/LJ aln/l] alnij

However, the above equations are only valid if the stress integration is performed in the
reduced space of the three principal values, i.e. using Assumptions I and 2 of Section 3.2.
If only Assumption 1 is considered, the principal stress directions are kept frozen during the
plastic return, and the stress integration should be performed in the full stress space since the
principal directions of the back-stress are not the same as those of the stress. In such a case,
the general expression derived in the previous subsection must be used. The only unknown in
that expression is the tensor t+ANWY in (129) which depends on the constitutive relation for the
plastic spin. The plastic spin for this particular case may be obtained from (68) and written as

A 1+AiN
1
=y (1 N e (137
i=1j#i i j
Using the definition in (129) and (140) we arrive at

1 — t+AtQZ\~(/QN*
A N;“®N]’f®%(N}“®N}‘+N}‘®N7) (138)

3
t+AtW — Z Z

i=1 j#i In /17 —In /1:(
where ’+Ath\J( /Qg{* is known since it can be extracted from the small strain constitutive tangent
as follows. Consider the derivatives of the rotated stress tensor and the trial logarithmic strains
(similar expressions apply for the spatial formulation):

3 3 )
> A . A N A ] A A A A - A »
T:ig1 IFALL ITAIN; @ ITAIN; +i§1 gé:i(wr iy — 1 t,El_)twL th{hL N; @ TAN;
(139)

. 3 3
ES = Z] d—g(ln JONF @ NF + Z:I ;(mzj —In A¥)QY*N; @ N} (140)
1= 1=1j#i

The rotated (-derivative of T is
t+AtRw t+AtT t+AtRwT Zl t+AtTlN* ® N* + Zl ; (H—At _ t+At_L,i> H'AIQ{E(N?‘ ® N]>§<
i= i=1j#i

(141)
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The spectral form of the constitutive tangent in (126) that relates both expressions is

pi+AL. 3 t+Ar_ t+Ar QN s
A QM+ > > 3 i M OM; (142)

Jln ;uj i=1 j#i In /lj —1In ;\,;k Ql]\jl*

At S
M=y
=1 =

Thus, taking the dot product with (N} ® N7 + Nj’f‘ ®N¥) (i # j) we arrive at

t+AtQN * .
Q _ In4; —In 4 z+Ar([) )" (143)
Qg{* Aty 1AL wij
where for short
”Af([)w)fj = 1(Nf @ N; + NF @ Nf) : "4, : (Nf @ Nf + Nf @ Nf) (144)

The tensor ‘tAW does not have minor symmetry in the first indices due to the lack of
symmetry of 1+ATWP | but since it is skew—symmetric in such indices, the tensor may still be
stored in compact matrix format if the skew symmetry is accounted for during operations with
the tensor. It is easy to see from Equations (128), (138) and (142) that the effect of t+Anyy

on "tA'D,, is to substitute the geometric part which contains terms in ’+A’Qg /Qg* by terms
with the final ’+AIQZ/QZ* = 1.

5. ILLUSTRATIVE SOLUTIONS

We consider in this section some numerical examples to illustrate the concepts discussed above.
In the first two examples we study the behaviour predicted for one finite element under isochoric
stretching and simple shear. The third and fourth examples are oriented towards demonstrating
the performance of the algorithms in some more complex situations. The results for four
different models are shown:

1. Pure isotropic hardening, which we label (IH) and for which all formulations yield exactly
the same results given that the principal directions do not change during the plastic flow.

2. Pure kinematic hardening with no plastic spin, WP = 0, which we label (KH), i.e. the
model given by Eterovi¢ and Bathe [21] for pure kinematic hardening.

3. Pure kinematic hardening with the plastic flow performed with the principal stress direc-
tions fixed, which we label (KH w/PS), i.e. with WP given by (68) and integrated using
the full stress space. In this formulation, which we also refer to as a ‘model’, we enforce
Assumption I of Section 3.2, but not Assumption 2.

4. Pure kinematic hardening with the stress integration performed in the reduced space of
the three principal stresses, which we label (KH in RS), i.e. the model by Simé [22],
which inadvertently introduces a backstress rotation. In other words, in this ‘model’, we
enforce Assumptions 1 and 2 of Section 3.2.

5.1. Isochoric stretching

As a first example consider the isochoric stretching example, already considered in Reference
[21]. The problem is modelled by a bilinear plane strain element and the imposed deformation
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gradient is

)
X = 1/() (145)

The material constants are k = 166.67MPa, u = 76.92MPa, gy = 0.75MPa (initial yield stress)
H; = 2.0 MPa (linear hardening modulus). The predictions using either isotropic or kinematic
hardening are shown in Figure 4. The results for all the above-mentioned models, as of course
anticipated, are coincident.

Figure 5 shows the predictions when a stretching cycle is performed. As could be inferred,
the three kinematic hardenings present exactly the same response since no rotation of the
principal stress directions takes place.

5.2. Simple shear

As a second more revealing example we have selected a simple shear, four node finite element
in which the deformation gradient is given by

L (@)
X = 1 (146)

also considered in References [21, 39] (a similar problem can be also found in Reference [22]).
The material constants are the same as in the previous example. The analysis has been performed
using the backward Euler scheme and the results are given for comparison purposes. For

Isochoric stretching

Cauchy stress oy, (MPa)

0 . . . .
0 0.1 0.2 0.3 0.4 0.5

Incremental stretch (A -1)

Figure 4. Predictions for the isochoric stretching example.
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Figure 5. Predicted behaviour for isochoric stretching cycles.

a detailed analysis of the errors induced by the use of the backward Euler integration algorithm
without plastic spin and results using the trapezoidal rule see Reference [31].

Figure 6 shows the results obtained. Except for the case of classical kinematic hardening
(KH), the shear stress plots are almost identical for the range of deformations shown and
essentially linear, as already noted in Reference [22]. In the case of kinematic hardening
without plastic spin (KH) an oscillatory stress prediction is obtained, in contrast with the
predictions using the other kinematic hardening models (KH w/PS) and (KH in RS). The
presence of oscillatory response in kinematic hardening models is a well known fact also
observed experimentally, see for example References [53—-58] and references therein, and it is
not only due to the use of the Jaumann rate as sometimes concluded. The inclusion of a plastic
spin in kinematic hardening has been explored in the literature [53—-58] in order to control
the oscillatory response of this type of hardening. Of course, it is not our goal to elaborate
on which model is more adequate for a specific material, but only to highlight the different
predictions obtained. In fact, different results would have been obtained with other possible
constitutive equations for the plastic spin and/or mixed hardening models.

The predictions of the other stresses are very different even for moderate deformations, as
it can be seen in Figure 7 for the gy, component. The basic kinematic hardening model (KH)
presents in this component also an oscillatory behaviour as it is well known. The difference
between the (KH) model and the (KH w/PS) model is only due to the plastic spin. It can be
seen that there is also a difference between the response obtained using the kinematic hardening
model with the plastic flow directions fixed using the full stress space (KW w/PS) and that
using the reduced principal stress space (KH in RS). This difference can only be attributable
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Simple shear

Cauchy shear stress ©,, (MPa)

00 : : : : :
0 0.5 1 1.5 2 25 3
Shearing parameter y

Figure 6. Predicted Cauchy shear stresses by the different hardening formulations for the case of
simple shear monotonic loading.
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Figure 7. Predicted Cauchy normal stresses oy, by the different hardening formulations for the case
of simple shear monotonic loading.

to the effect of the different plastic rotations. Also note that the algorithm performed in the
principal stress space (KH in RS) presents almost identical results to those using the isotropic
hardening assumption.
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The cyclic behaviour of these models for a shearing cycle is shown in Figure 8. It is
somewhat surprising that under cyclic shearing the models (KH w/PS) and (KH in RS) give a
cyclic behaviour close to the response obtained using isotropic hardening, and only the classical
kinematic hardening model (KH) yields a behaviour with no growth of the hysteresis loop. To
further study the influence of the hardening in cyclic plasticity, the same plots are calculated
but with a larger plastic hardening modulus of H; = 20 MPa, see Figure 9. In this figure, it
is seen that upon reversal, the models (KH w/PS) and (KH in RS) behave initially as the
usual kinematic hardening model, but soon the plastic rotation orientates the flow so that the
response becomes like we observe when using the isotropic hardening assumption. Of course,
this is probably an undesirable behaviour if pure kinematic hardening is to be modelled. Thus,
testing the cyclic behaviour is important in order to check the suitability of different plastic
spin expressions, since to model cyclic loading is the actual motivation for using kinematic
hardening models.

5.3. Necking of a cylindrical bar

The necking of a cylindrical bar has been studied for example in References [13,22], see
also the references therein. Only a quarter of the specimen of length 53.334 mm and radius
6.413 mm is modelled due to symmetry conditions. The bulk and shear moduli are 164.2 and
80.19 GPa, respectively. The initial yield stress is 79 = 0.45 GPa. The hardening is modelled
using the SPM method (see Reference [59]). The material loading function is given by the

-2 0 2 -2 0 2
10 110
5 5

E 0 0

=3

>

& -5 -5

[)]

[%]

S 10 KH {-10

G + + e + +

g 10 10

<

(%]

>

£ 5 5

>

©

o 0
-5 -5
-10 T 1-10

Shearing parameter y

Figure 8. Predicted behaviour using the different hardening models for simple shear cyclic
loading. Hardening modulus H; = 2 MPa.
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—— KHin RS

Cauchy shear stress Oy (MPa)

ot _\v,'y,',v,oV/W/W/'V/W/W/W/W/w |
2/
W/W/WIW/W/QV/WW/W/W/"’W

-2 0 2 -2 0 2
Shearing parameter y

Figure 9. Predicted behaviour using the different hardening models for simple shear cyclic
loading. Hardening modulus H; = 20 MPa.

expression
(EP) = 10 + (toc — 70) [1 — exp (—SEP)] + H,EP (147)
and the isotropic and kinematic hardening moduli are obtained, respectively, as
K' (EP) =M% (EP) (148)
H' (EP)=(1 - M)¥ (EP) (149)

In these expressions EP is the effective logarithmic plastic strain, M is the mixed hardening
parameter, Hj is the linear hardening modulus, and 7, 0 are the saturation law material parame-
ters. For the case at hand, these parameters are: H; = 0.13GPa, 1o, = 0.715GPa and § = 16.93.
For the volumetric response equation (131) is used. The specimen is modelled using nine-noded
mixed (Q9/3) axisymmetric elements (see Reference [32]). The mesh and the final configura-
tions for isotropic hardening, classical kinematic hardening and kinematic hardening with flow
in principal directions (KH in RS) are shown in Figure 10. The shading scale corresponds to
equivalent logarithmic plastic strains. The neck radius reductions are presented in Figure 11.
As it could have been anticipated from the results of the previous example, the predictions
using the isotropic hardening model (IH) and the kinematic hardening model in principal
directions (KH in RS) are very similar—the (KH w/PS) results are almost identical to those
of (KH in RS) and thus not shown—, but different from those of the kinematic hardening
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Figure 10. Necking of a circular bar. From left to right: Original mesh; final configurations and
equivalent logarithmic plastic strains for isotropic hardening (IH), classical kinematic hardening (KH),
kinematic hardening with flow in principal trial stress directions (KH in RS).

Neck radius reduction

0 1 2 3 4 5 6 7
Elongation of the half-specimen x107°

Figure 11. Necking of a circular bar: Neck radius reduction versus specimen elongation for the
different hardening formulations.
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Figure 12. Necking of a circular bar: Close-up views of the necking zone: (a) original mesh; (b)
isotropic hardening prediction (IH); (c) kinematic hardening prediction (KH); and (d) prediction with
kinematic hardening flow in principal trial stresses (KH in RS).

model (KH), even though the stress change is almost proportional, and the necking effect is the
only non-proportionality source. The rotation of the exterior part of the specimen in the necking
zone induces a more pronounced plastic flow in that zone using the (KH) model, resulting in a
larger necking effect. Figure 12 shows close-ups of the necking zones in the final configurations.

5.4. Impact of a cylindrical bullet

This problem, also considered in Reference [22], consists of the dynamic impact of a cylindrical
bar against a rigid frictionless wall, is known as the Taylor impact test [60—62], and is used
by many authors as a benchmark problem. The length of the specimen herein considered is
32.4mm and the radius is 3.2mm. The elastic bulk modulus is 130GPa while the shear modulus
is 40 GPa. The specimen has a density in the reference configuration of p, = 8930 kg/m? and
travels towards the wall at an initial speed of 227 m/s. The material hardens linearly with a
modulus of H; = 0.1 GPa. We modelled the specimen using 128 nine-noded mixed (Q9/3)
axisymmetric elements with a consistent mass matrix. Figure 13 shows the final configurations
obtained with two of the hardening models together with the equivalent logarithmic plastic
strains. It can be seen that the response predictions for this case are almost identical, a fact
that can also be confirmed inspecting Figure 14, where the radius enlargement at the contact
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Figure 13. Impact of a cylindrical bullet: Original mesh (left) and final predicted configuration and
equivalent logarithmic strains for isotropic (middle) hardening and kinematic hardening (right).
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Figure 14. Impact of a cylindrical bullet: Radius increase at the impact section versus decrease in
length for the different hardening models.

section is depicted. These results are in close agreement with those reported in Reference [22]
and the predicted final state resembles the one obtained in experiments, cf. Figure 3.17 of
Reference [63].
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6. CONCLUSIONS

The formulation and an algorithm are presented for the analysis of large strain elasto-plastic
problems incorporating mixed hardening and a possible constitutive equation for the plastic
spin. The actual constitutive equation to be used is still to be explored [38]. The algorithm
is based on the well known multiplicative decomposition of the deformation gradient. The
consistent linearization of the stress integration algorithm is also presented.

This formulation allows to analyse in detail the algorithmic steps and solutions obtained using
isotropic hardening and kinematic hardening with various assumptions. With the formulation
given, two earlier published algorithms for kinematic hardening in large strain elasto-plastic
analysis could be analysed, and it is shown that (inadvertently) a behaviour is obtained like
when introducing a plastic spin. In simple shearing, the predicted response is like that obtained
using an isotropic hardening model, but with little control on the actual physical behaviour.

It is clearly valuable to have an algorithm in which the plastic spin can be included in
a physical manner. The formulation and algorithm given in this paper provide the basis for
incorporating the plastic spin using an actual constitutive relation.
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