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Abstract—The use of the Jaumann stress rate, in kinematic hardening finite-strain plasticity, in the
case of simple shear gencrates oscillations in the stress ficld. Alternate theories have been introduced
to definc other stress rates by making use of the polar decomposition and consequently producing
increasing shear stress. In this work, a Lagrangian formulation is introduced which, for the case of
simple shear produces monotonically increasing stress—strain relationships. The yield criterion is
originally expressed in terms of the Cauchy stress and subsequently transformed to the Lagrangian
reference frame. The associated flow rule used here preserves the normality rule in the second Piola-
Kirchhofl stress space and is equivalent to that of the Cauchy stress space. This approach preserves
the accuracy of the interpretation of the material behavior in the Eulerian reference frame and it
also bypasses the use of the Jaumann stress rate in the formulation of kinematic hardening finite-
strain plasticity.

NOTATION
The following symbols are used in this paper:
Can material strain tensor
X4 material description of displacement of body
Z spatial description of displacement of body
J Jacobian
U, material form of displacement vector
Vs material form of velocity vector
vy spatial form of velocity vector
€48 material strain rate tensor
dy spatial strain rate tensor
Sap material, or Piola-KirchhofT, stress tensor
Sas stress rate in terms of material stress tensor
loading function
%as deviatoric component of the shift stress tensor in Eulerian coordinates
T deviatoric component of the Cauchy stress tensor
K rate of plastic work
di plastic component of the spatial strain rate tensor
AA scalar function
s plastic component of the material strain rate tensor

D isen clastic—plastic moduli matrix
E elastic moduli matrix

INTRODUCTION

In a number of recent papers[I-4], the non-applicability of the Jaumann stress rate to
kinematic hardening elasto-plastic constitutive models that display finite strains was pointed
out. In these references, it was concluded that an oscillatory shear stress is predicted for a
monotonically increasing simple shear strain when the Jaumann stress rate is used in a
kinematic hardening model.

A number of stress rates were proposed[2—4] to remedy the oscillatory behavior of the
shear stress. In ref, [4), the proposed stress rate was compared to the solution obtained
using the Green—-Naghdi rate, based on a Lagrangian definition of the yield criterion. This
is a different yield criterion than the von Mises yield criterion used in the above references
in conjunction with the proposed co-rotational stress rates.

In ref. {2], a modified Jaumann stress rate was developed and its applicability was
demonstrated for the specific problem of simple shear. The generalization of this modified
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Jaumann derivative to the three-dimensional case is not yet demonstrated. In a recent
paper[5], it was pointed out that the problem with stress rates is mainly due to the im-
proper generalization of the infinitesimal strain theories to the finite strain case. Gener-
alized stress rates are introduced in ref. [5] to correct the anomalies introduced by kinematic
hardening plasticity models that display finite strains.

Analternate approach is being presented here. The yield criterion is originally expressed
in terms of the Cauchy stress and subsequently transformed to the Lagrangian reference
frame. The associated flow rule used here preserves the normality rule in the second Piola—
Kirchhoff stress space and is equivalent to that of the Cauchy stress space. Although this
approach preserves the accuracy of the interpretation of the material behavior in the
Eulerian reference frame, it bypasses the use of the Jaumann stress rate in the formulation
of kinematic hardening finite-strain plasticity.

THEORETICAL FORMULATION

A vyield criterion of the von Mises type in terms of the Cauchy stresses is used. This
loading function combines both isotropic and kinematic hardening of the Prager-Ziegler
type[6]. It is expressed as

1 i
f= 5(fk/—&k/)(fkl—dk/)—k"‘c’\' =0 (M

where &, is the deviatoric component of the shift stress tensor in Eulerian coordinates, 7,
is the deviatoric component of the Cauchy stress tensor, the constant k describes the initial
yield stress, and c is a constant that controls the isotropic hardening.

K = liydy (2)

is the rate of plastic work and d,; is the plastic component of the spatial strain rate tensor
where

1{dv, v
wey(E ) o

In eqn (3), v is the spatial form of the velocity and z is the spatial description of the
displacement of the body.
The corresponding associated flow rule is described as

-y
i=Rg @

= A(fkl_&kl)

where A is a scalar function. The absence of plastic volumetric strain can be verified in eqn
(4) where d/; = 0. Equations (1) and (4) incorporate a number of generally accepted
assumptions regarding the plastic deformation of metals. This constitutive model produces
no plastic volumetric strains. The hydrostatic state of stress even at large strains has no
effect on the plastic behavior of metals in this model. Finally, the von Mises yield criterion
and the associated flow rule are satisfactory forms of eqns (1) and (4), respectively, in the
small deformation theory of plasticity of metals.

For the development of the incremental constitutive tensor D, zcp, the following
decomposition of the Lagrangian strain rate is assumed

€45 = €4ptésp. S
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The terms e/5 and ez are the “elastic strain” and the “‘plastic strain”, respectively. In
general, the kinematic interpretation of these two components is not the usual one. Instead
they are simply mathematical quantities defined by the constitutive law. Nevertheless, when
the elastic strains are small compared to the plastic ones (an assumption that is satisfied in
a considerable number of applications), the decomposition of eqn (5) acquires the usual
physical meaning.

The constitutive model given by cqns (1) and (4) is in a Eulerian reference frame. For
this model to be applied in a Lagrangian frame of reference, coordinate transformations
need to be made.

In order to express relations (1) and (4) in the Lagrangian reference frame, certain
relations need to be used. Let

5zk 62, 1
Oyt = AABE;A' EJ (6)
where
AAB =J;/4.AB dt. (7)

A is the equivalent Lagrangian counterpart of the spatial shift stress tensor a,,

T azk az,
= dig S ®

and x is the material description of the displacement of the body. In the above equations,
we have

. 04
A= TAB (9)
and
aeﬂ
G =5 (10)

where ¢/ 5 is the material plastic strain rate. In general in this text, superdot implies material
time differentiation.
Equation (1) may now be expressed in the Lagrangian reference frame as

1 1
f= 3 [SABSCDCACCBDJ_Z - ESABSCDCABCCDJ_Z] —548AcoCucCapd ~*

1 1 1
+ ESABACDCABCCDJ—z + 3 [AABACDCACCBDJ-Z - 'S_AABACDCABCCDJ_Z]

—~k?=ck=0. (11
In eqn (11) 5,44 is the second Piola—Kirchhoff stress tensor

Ox, 0xp

Sig = tu-"é'z-; 72 (12)

SAS 21:1-G
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and C,; is the Green’s deformation tensor

(13)

It can be clearly seen from eqns (10)and (11) that the Lagrangian formulation presented
here is distinctly different from Green and Naghdi’s formulation(7, 8]. In particular, the
yield function of eqn (11) has the general form

S (S5, AusrCap,k,J) =0 (14)

as opposed to that proposed by Green and Naghdi[7], which has the general form

S(s45,€48,%) = 0. (15)

In the case of metal-plasticity, the loading function expressed by eqn (11) which is an
interpretation of the von Mises yield criterion in the Langrangian reference frame, best
interprets the behavior of metals at finite strains[9, 10]. This was demonstrated primarily
in aluminum alloys (2024 T4 and 6061 T6) and steel (1180 cold rolled)[9, 10].

In addition, it has been shown[10, 11] that eqn (4) is equivalent to the Lagrangian
expression for the flow rule

)
€ = 5} 16)
where
A=AJ amn

when the yield function is expressed as eqn (11). The normality rule proposed by Green
and Naghdi{7] implies normality in the Eulerian frame on a yield function of the form

S (tsseurs €, J) = 0. (18)
Based on the concepts proposed by Shield and Ziegler[6, 12], it is assumed that the

yield surface moves in the direction of the radius connecting the center C of the yield surface
with the stress point P (Fig. 1). Consequently, the hardening rule is expressed by

AAE = (s4p— Aap)it (19)

where 4 must be positive, and is calculated assuming that the projection of A 5 on the stress

f moves in direction of CP

Fig. 1. Modification of Prager’s kinematic hardening rule by Shield and Ziegler(6, 12].
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gradient of the yield surface equals bé’s. The procedure to obtain g is outlined in the
following:

of o
béss = ACD—?—;;L(?%}& (20)
OSun OSmn
where b is a material parameter, and
o o
PR A VYL L en
Ospyn Ospyn
hence
o of
i = Ab Ospn Osyn 22)

of

(Scp—Acp) b‘s‘c‘;

The development of this theory is based on the concept that the yield function given
by eqn (11) is at all times cquivalent to its spatial counterpart, eqn (1). Nevertheless, the
evolution of its terms, expressed by eqns (16) and (19), does not necessarily yield equivalent
cvolution to the morc usual spatial cxpressions. Although, in the absence of kinematic
hardening, it can be shown[10, 11] that eqn (4) is equivalent to the Lagrangian expres-
sion (16), eqn (19) is not equivalent to the usual Ziegler type shift evolution equation
& = (ty— )i, where the superposed symbol ° implies Jaumann rate. Further study is
needed in this direction so that the implications of eqn (19) are fully understood and properly
evaluated. Nevertheless, one should realize that the development of this formulation is
consistently carried in the material reference frame, where the yield function is defined by
eqn (11), and the evolution of its terms are defined by eqns (16) and (19).

The parameter A is calculated from the consistency equation:

F=f(us, Aup,€a,%,7) =0 (23)
hence
of of o , o, 5f
6s,“,s'w+ 6A,,BA'“’+ a o €5+ = o aJJ 0. (24)

Following the procedure outlined in ref. [10], the expression for A is obtained :

A= Eaer 2etent e 210 e9)
where
o o
0= Encost ol - Lol 1= 2 (s Aup—2 26)

(sgr—Aggr) B5on
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In expressions (25) and (26), the modulus of elasticity E,, takes the following form
Eqpcp = A04p0cp+ 1(0,4c0pp +6.4p05c) 27

if a linear elastic relation is assumed between the second Piola—Kirchhoff stress tensor and
the material elastic strain tensor

S5 = Eqpcp€ep- (28)

Equation (28) will be referred to as Lagrangian linear elasticity.
The elasto-plastic stiffness matrix which corresponds to the loading function
S (S48, Aus, K, €45, J) given by relation (11) is the following expression[10, 11]

of of £ of of of of

- = L 4+ 2 Zc:!
5SAB 5SCD ABPQ+ 5ePQ aSCD aSCD oJ CPQ

DMNPQ = EMNPQ - EMNCI) Q (29)
where
0xp 0x
-1 P70
=% a, 0
The incremental elasto-plastic constitutive relation can now be expressed as follows
S48 = Dascpéep. (3D

In the case of a linear elastic relation between the Cauchy stress tensor and the spatial
elastic strain tensor (Eulerian linear elasticity)

tu = EgymnPmn (32)

the incremental elasto-plastic constitutive relation is expressed by

Sag = Emcnéco (33)

where D ,pcp is derived and given in the appendix.

APPLICATIONS

Uniaxial test

A number of uniaxial loading-reverse loading tests are performed on specimens made
of aluminum alloy 2024-T4 (E = 10,600 psi, v = 0.25) in order to enable us to check the
validity of the proposed constitutive model. The separate cases of kinematic hardening,
isotropic hardening, and kinematic—isotropic hardening are considered.

To evaluate the parameter b, eqn (20) reduces, for the case of uniaxial loading, to the

fOl]OWing .
( f >2
as”

bé}, = A, ——r. (34
1 ll< af af) )
OSmn Osyn
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Due to the lack of plastic volumetric strains
jp = Repéep =0 (35)
and the axi-symmetric nature of the problem, eqn (34) reduces further to:
-
(1415 |
2 R},
For small increments of load, eqn (36) is used to evaluate the parameter 4 as a function

of the second deviatoric stress invariant. When the strains are not very large (<40%),
eqn (36) can be approximated by

bé/; 1= A 11 (36)

(37

For a uniaxial state of stress in the case of kinematic hardening, the shift tensor rate
A +p is equal to the stress rate §,;. This observation enables us to calculate A4 5. Referring
to Fig. 2, AA,, is evaluated using the following relation :

AA\ ) = Spi1—5n (38)

where s, | is the yield stress at the end of the stress increment and s, is the yield stress at
the beginning of the load increment. In this manner, b can be calculated from eqn (36) or
(37) as a function of the second deviatoric stress invariant.

For the case of isotropic hardening only, the parameter ¢ is calculated based on
Fig. 3to be
S,% +17 33

o= (39)

For the combined case of isotropic and kinematic hardening in a uniaxial state of
stress, the stress rate and the shift tensor rate are not equal but still have the same direction.
Referring to Fig. 4, A4, and the isotropic hardening parameter ¢ are evaluated making use

S22 1]

Sppiff—— - ———
Sn ________

g o ;JZ‘/J

Fig. 2. Case of kinematic hardening,
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S22 Sy

ST T T T e e -
Spfr———————~—~——= =

s, s
n+l n S“ e”
7
§n+l %"
Fig. 3. Case of isotropic hardening.
of the following relations:
3cAk
AAd, - =5,,7—8
1 Sooit s, Sns2—3Sn (40)
3cAx
AAII+ = Sat2 " Sn- (41)
sn+ I n
For small increments of stress
Spe1 TS = 2.5',,. (42)
Consequently, eqns (40) and (41) reduce to:
3cAk  _ _
AA”——'zTn‘;S,,.,,z—S,, (43)
3cA
AA||+_2_S‘EgS"+2—S,,. (44)

The super bar on the stresses denotes compression. In eqns (40)—{44), s is positive in tension,
and § is positive in compression. The increment in plastic work Ak is equal to the shaded
areas in Figs 3 and 4.

Equations (36)~(44) can be used to calculate the parameters ¢ and b for each particular
case of hardening presented above.

In Figs 5-7, the experimental and the theoretical results for the three cases of hardening
are presented for two uniaxial loading-reverse loading tests. It is noted in these figures
that the experimentally obtained values of the elastic modulus decrease as deformation
progresses. This phenomenon is not incorporated in the theoretical analysis.

It is observed in Figs 5-7 that kinematic hardening underestimates the stresses during
reverse loading, while isotropic hardening overshoots the experimental results. The com-
bined use of kinematic and isotropic hardening predicts the experimental results best. The
difference in results obtained between the Lagrangian linear elasticity and the Eulerian
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$22
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Fig. 4. Case of kinematic and isotropic hardening.

linear elasticity is not significant. This is due to the fact that for the strains obtained here
(<10%), the elastic stiffness tensors given by eqns (27) and (30) are not appreciably
different.

Simple shear problem
Due to the recent findings in refs [1-3], the simple shear problem has been estab-
lished as a checker of the definitions of stress and shift tensor rates. For this purpose,
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70
Clo)
50
40
30
20
10
(o}
-10
-20
-30

~—— . &— Theoretical Results (Eulerian Linear Eiasticity)
——e— Theoreticol Results {Logrongian Linear Elasticity)
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o A4

Experimental Results
b= 78 ksi

e I(‘/»)

Fig. 5. Theoretical and experimental relations between material strain e, and Piola~Kirchhoff stress
s,, for kinematic hardening.
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sy, for kinematic and isotropic hardening.
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it is considered appropriate that the simple shear problem be solved with the proposed
herein theory. Let

Zx = zi(X1, X3, X33 1) k=123 (45)
or
xA=xA(zlsZZ’23;t) A= 11293 (46)

where x, and z; are respectively the material and spatial descriptions of the displacement
of the body in rectangular Cartesian coordinates at time ¢. The components of u are related
to z, and x, by

U= z,—Xx; i=1,23. 47
In the case of simple shear, the displacement field is given by

u, = kix,, Uy =u;=0 (48)
and the velocity field by

v, =kx,, vy=v;=0. (49)

The material strain tensor e, is given by

B kt 7]
0 5 0
kt 1
e=§j_— _ 2 . 50
5 2(kt) 0 (50)
L 0 0 0

Shear strains up to 450% are obtained for three different values of the parameter .

flz(kSi)
I e 1v h Lineor Elostic Relation
r sve Linear Elastic Relotion
4000 |- .
- b=100ksi
3000 -
-(bs 80ksi
s
[ -
bz 60ksi
200.0
100.0
1 . 1 1 1 > 7
1.0 2.0 30 4.0 5.0

Fig. 8. Shear stress variation.
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Fig. 9. Normal stress variation.

The plots of shear stress ¢;, vs shear strain y = k¢, and the normal stress 7, vs y are shown
in Figs 8 and 9, respectively. It is demonstrated in these figures that a monotonically
increasing relationship for stresses and strains is predicted for both cases of linear elastic
relations between the second Piola—Kirchhoff stress vs material strain, and the Cauchy
stress vs the spatial strain.

The difference in the response of the two materials, the one obeying Lagrangian linear
elasticity and the other obeying Eulerian linear elasticity, is attributed mainly to their
different elastic behavior. As indicated in Figs 10(a) and (b), the assumption of Lagrangian
linear elasticity implies a continuously increasing Eulerian elastic stiffness. Since the Eulerian
stress is the “real” stress, it is concluded that for the simple shear problem the Lagrangian
linear elastic material is stiffer than the Eulerian linear elastic material when both materials
have the same elastic constants (E, v).

21512
/'L har$i2 1l
t
- s pa
/ s
s /'
,/ y —
"2 . —
(a) (b)

Y2

Fig. 10. (a) Elastic simple shear response for the material obeying Lagrangian linear elasticity.
{b) Elastic simplc shear response for the material obeying Eulerian linear elasticity.

> Y2
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SUMMARY AND CONCLUSIONS

A procedure is introduced in this work in order to bypass the use of the stress rate in
the Eulerian reference frame. The yield condition and associated flow rule are properly
transformed to the Lagrangian reference frame from the Eulerian coordinate system. The
Lagrangian stress rate is then used as an objective stress rate. This approach preserves the
accuracy of the interpretation of the material behavior in the Eulerian reference frame and
it also bypasses the problem of the correct identification of a proper stress rate in the
Eulerian reference frame.

Both Lagrangian and Eulerian linear elasticity relations are considered in this work to
demonstrate the importance of such a choice. Assuming the same parameters for both
cases, the material obeying the Lagrangian linear elasticity shows a much stiffer behavior
in simple shear. It is also interesting to note that for the material obeying Lagrangian linear
elasticity, the normal stress ¢, is predicted to be larger than the shearing stress t,, which
is a rather unexpected behavior. The reverse situation is observed for the case of Eulerian
linear elasticity. It is the authors’ opinion that the Eulerian linear elasticity should therefore
be used in spite of the complexity involved in calculating the incremental elastic stiffness
tensor [eqn (A10)].

The procedure in this work is limited to metal plasticity displaying material incom-
pressibility and the use of an associated flow rule.
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APPENDIX: CALCULATION OF THE INCREMENTAL ELASTIC STIFFNESS
MATRIX E, sz FOR THE CASE OF EULERIAN LINEAR ELASTICITY

Assuming the linear elastic relation between the Cauchy stress tensor and the spatial strain tensor (Eulerian
linear elasticity), we obtain

b, = A S+ u(dudy+ 0.0, )iy (Al)
where 4 and p are Lame’s constants. Making use of the following two expressions

62,, az,
s =hy=— — A2
€as ""ax, O0xg (A2)
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and

Ox, Oxy

Sqp =ty — &, o2, (A3)
then, eqns (A1) may be expressed as
Suy ;" ; /N =1 ,5,, = ‘”‘ - Cro+ AOudrt Sud) 7 a*’ x" L (Ad)
or
Sas=MCiCopecp+mHCalCap+ CapCil)eco. (A5)
Equation (AS5) may be recast as
548 = Esncoein. (A6)

By differentiating eqn (A6) with respect to time in the Lagrangian reference frame, we obtain the following relation
Sap = (WC5 Can + MC35Cap+ M CanCon+ w(Cad Cap + Cad Can + Cp Cid + Cap Ciad
+1HC3LChp + Ca Cal e HAIC 3 C2p + wHCad Cap + Cap Cad Néen = Flaunbun+ Famman€un; (A7)

or

AL

Sap= F,:nMNéMN‘FFiBMN(éMN—é'A'm) = (F}BMN"' FiHMN)éMN-FiBMN a—-

(A8)

where
Cis = —(C2Cip + Cad Capecn (A9)
Flaun = JIACuAC18Cos — ACSo(CaCan + CauCan) — AC18(CitéCrp + Cid Cirp)
—HCip (CanCan + ComCan) — nCA N CiartCon + ComCan) — uCac(Cas Con + CouCan)
—1C(CouCan + CeuCan )+ HCuM CadCag + CinCalllecn  (A10)

Flain = JAC1 Cui+ H(C1iCan + CinCar)l (All)
and
0xp Ox,
-1 P 7
Crg = o, 9n, (A12)

The parameter A in eqn (22) is calculated from the consistency eqn (24), or

y o o
0 7 d i) FYNETN
E(FA',MN+F},MN)éMN af FlgunA asf +> Af (Sap—Agg) — M ”g T A

(Sco‘Aco)'as—

2 e Lrop LY

aJchecu =0. (Al3)

Solving for A from eqn (A13), we obtain

2 o a
6 f (Fumv"‘ FABMN)+ f + aﬁRmv
A= o, éun (Al4)
where
o of
oedpn U (Sas— A")”as,,,,,asw P Als
L Bsas AN G T s of a7’ g (AL3)

(SCD_ACD)E
From egns (A8) and (A14), we obtain

Sqp = DABCDéCD (A16)
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where

of o of
oo Y
of (Forun Fw.b_l,h), 3500 " Bewy T 3

D yacn = (Figan+ Fiann) = F}n(mTf‘ e — -, (AlT)
Osor Q,

In eqns (A13), (A14) and (A17), Ry is expressed as

Reg = JCry' (A18)



