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Abstract

It is shown in this paper that an extended form of Hill’s quadratic yield criterion for anisotropic sheet
metal can be derived from an endochronic theory of plasticity. The extended form considers the combined
isotropic—kinematic hardening and the ‘anomalous behavior’ observed in the anisotropic plastic behavior
of sheet metals can be accounted for by the concept of kinematic hardening.

This form of anisotropic endochronic theory can accommodate the usual requirement of normality
between the plastic strain rate and the yield function. In addition, the theory leads naturally to the expressions
for back stresses. This work provides an additional example to show that the form of the intrinsic time is
directly related to the form of the yield function.

It is suggested that the coefficients of the quadratic yield function be determined from the yield stresses
obtained from a set of tension tests. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

In the case of rolled sheet metal, when principal axes of anisotropy are the axes of reference, the
yield function ¢ proposed by Hill (1948) has been widely used. The yield function ¢ is

2¢ =(G+H)o:—2Ho,0,+ (F+ H)o; +2No7, = 1 (1

where (0., 0,,0,,) are the in-plane components of Cauchy stress; and the out-of-plane components
are considered to be zero. The coefficients F, G, H and N specify the anisotropy of the metal sheet.
This quadratic form (and its variations such as the one for planar isotropy) has been repeatedly
used in applications. It is generally satisfactory for predicting the sheet metal behavior for R > 1,
where R is the plastic strain ratio of the transverse to the thickness strain and it specifies anisotropy.
In the case of R < 1, ‘anomalous behavior’ has been observed by Pearce (1968) and Woodthorpe
and Pearce (1970) for commercially pure aluminum sheet. In this case, the yield stress in the
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equibiaxial tension test is higher than that for the uniaxial tension, and eqn (1) is known not to
predict this behavior.

It was pointed out by Wu et al. (1998) that the ‘anomalous behavior’ was the consequence of
neglecting the role played by kinematic hardening in most anisotropic theory of sheet metals.
Another cause leading to this doubtful result is by expressing the coefficients of yield function, i.e.
F, G, Hand N in eqn (1), in terms of the strain-ratio R. The latter is equivalent to expressing the
yield function in terms of the flow rule. This, of course, is not in accord with the conventional
theory of plasticity. Wu et al. (1998) showed that by considering a combined isotropic—kinematic
hardening behavior, an extended form of eqn (1), i.e.,

(G+ H)(G,\‘ - rx)z - ZH(O-X - r,\‘) (G_V - ry) + (H+ F)(U}, - ry)z + 2N(O-xy - rxy)z = f2 (2)

is useful for predicting the sheet metal behavior for all values of R-ratio. In (2), r,, r, and r,, specify
the center of the yield surface and therefore, represent the kinematic hardening; f represents the
isotropic hardening. Thus, the more complex non-quadratic forms of yield function, such as Hill
(1979, 1990), Gotoh (1977), Barlat and Richmond (1987) and Barlat and Lian (1989), are not
needed.

In addition to yield function, eqn (2), flow rule and hardening rules are required for plasticity.
These are separately proposed rules, although some of the parameters may be inter-related. In this
paper, the endochronic theory is used to derive all equations, i.e., yield function, flow rule and
hardening rules, by use of a unified approach which is based on irreversible thermodynamics of
internal state variables.

The endochronic theory of plasticity was initially proposed by Valanis (1971, 1980). Further
development of the theory in the case of initially isotropic materials was due to Wu and Yip (1980,
1981), Wu and Yang (1983), Valanis and Lee (1984), Im and Atluri (1987), Wu et al. (1995b) and
others. The case of deformation induced anisotropy was investigated by Wu and Yeh (1987), Wu
and Lu (1995) and Wu et al. (1995a). In these papers, the distortion of the yield surface was
considered together with the combined isotropic—kinematic hardening. It was shown in Wu et al.
(1995a) that the form of the yield function depends closely upon the expressions used to define the
intrinsic time, which is a time-like parameter used to register the history of deformation in the
endochronic theory. This idea is further explored in the present paper. Also, in the works of Wu
and Yeh (1987), Wu and Lu (1995) and Wu et al. (1995a), the plastic strain rate is necessarily
pointing along the radial direction, emanating from the center of the yield surface, and it is not
normal to the yield surface after the yield surface has suffered a distortion. In this paper, it is
shown that it is possible to formulate an anisotropic endochronic theory that obeys the normality
rule, if the yield surface is expressed in a quadratic form given by (2). The present paper addresses
the problem of initial anisotropy together with the deformation induced anisotropy.

2. The endochronic constitutive framework

In the formulation by use of Helmholtz free energy , see Valanis (1975), the free energy is a
function of the current strain ¢; and » number of internal state variables ¢;;, where r = 1,2,...,n.
The internal state variables are phenomenological variables used to specify the current state of
material internal structure and the free energy is
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Z Al/km (8[j - qi/) (8/\'m - q?cm) (3)

where A}, are constants.

For rolled metal sheet, let x denote the rolling direction (RD); y the transverse direction (TD);
and z the normal direction (ND). The nonzero strain components are &, &,, &,, and ¢.. No energy
is stored due to ¢.. Thus, (3) reduces to

lp = 5 Z [A’ (gx - q’\)z + B’ ('gy - QS’)z + 2D’ (gxy - ‘]r\})z + 2C (‘O’x - ‘]'\) (8}, - q’\)] (4)

where A", B', C" and D" are constants. For a stable material, any deformation will cause the free
energy density Y to increase. A consideration of uniaxial straining in the x-direction leads to 4™ > 0
and a consideration of uniaxial straining in the y-direction leads to B" > 0. Finally, pure shear
leads to D" > 0. The stress components are

0
o= = UG+ ) (50
0
o, = ij-Z[B "(&,—¢y) +C (6. — 4] (5b)
xy 08 = 2’: Dr(gxy_q.’;c)r’)] (SC)

and the evolution equations for the internal variables are

. dg,
8q;/ ijkm dZ

=0 (rnot summed) (6)

where b, is the dissipation tensor representing the viscosity of the material. The evolution of the
variables is with respect to a time-like parameter z which is often referred to as the intrinsic time
or the endochronic time. The intrinsic time is monotonically increasing and is defined in terms of
the plastic strain. The intrinsic time measure for sheet metals will be further discussed in a later
section. In the rolled sheet metal, the components of internal variables are (q%,q;,q,,) and it is
assumed that there are no coupling effects among these components, so that the dissipation tensor
has the following form

.0 0
=0 b 0 7
0 0 b,

Using (4) and (7), (6) reduces to

dq.
dz

+Pq.+U'q,=Pe+U, (8a)
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dq., o )

LAY = Q'+ Vs, (80)

dq«';'y ol r

? +R qxy = R Exy (8C)
where

P =A"b,, U = C"|b,,Q" = B"|b,, V" = C"|]b, and R" = D'/b., 9)

Note that (8a) and (b) are coupled in ¢ and ¢;. A standard procedure may be used to decouple
the equations. The resulting equations are

7. .
dqz' + g, = Ceo+ Dre, (10a)
dg, ., .. A -
d—‘i a5, = Ere+ Fre, (10b)

r r

where /| and A} are eigenvalues of the matrix [ } Note that since U" # 0 and V" # 0, there

r

are always two real eigenvalues. 7, and 7, are related to ¢ and ¢, through the eigenvectors of the
matrix by the following relations

¢, =U(q.+q,) (11a)

¢, =(—P + 1)+ (=P +25)q, (11b)
and

C = (—(P)+ 5P —PV + VU (3 — A7)

D = (=P U +1U =P Q" +150")U (M — 1)

E = (UP+U VU (=)

Fr=(U)+UQ)/U (2—2) (12)

Note that (10) are now decoupled in g, and ;. These equations may be integrated with results
substituted into (11) to obtain

z

q¢.=U" J e AN (2)+ Dey(2)] dz/ + U” J e PEIE e (2) + Fre ()] Az’ (13a)

0 0
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¢y =(—P +1) J e =D () + D'e, (z)]dz

0

+ (=P +25) J e PETIEe (2)+ Fe (2)]dz” (13D)
0
Also, (8c) may be integrated to yield
¢ = Rfj e R g () d (13¢)

0

with ¢.(0) = ¢,(0) = ¢.,(0) = 0.
Substitution of (13) into (5) and by use of integration by parts, the following expressions are
found

: ih(z—z Sr dSX ~r dS y ’
o, =Ye.(2)+ sty(z)+2: {M’ L e M |:C & +D dz)} dz}
Sy - de . de,
r —h(z—2) r_o X r Y ’
+Y {N L e [E o dz} dz} (14a)

7 | Adee < de |
o, = Yie,(2)+ Y48x(z)+2 {K’J e ME=D [C & +D dz’}dz}

0

=, - de _ de,
r —5(z—2) r X r A4 ’
+% {L Le [E o+ dz,]dz} (14b)

z ) d e
o, = Z {D"J eRr(ZZ’de';dZ’} (14c¢)

0

where
Y, = A—ZM"C"—ZN"Ef (15a)
Y, =C-YMD -y NF (15b)
Y, = B—ZK’ﬁ"—ZL"F’ (15¢)
Y, = C—ZK’C’”—ZL"E’ (15d)
A=Y 4. B=YB. C=}C (15¢)

1
M! =AU+ C (= P+ 2) (15f)

‘1
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1
N = —[A'U +C"(— P +15)] (152)
)
1
K= [CTU + B (= P+ 24)] (15h)
1
1
L= [CU+ B (= P+ 5)] (15i)
2

Note that all quantities given in (15) are constants. A special case of (14) is used to derive the
following equations

: de, de,
g, = KWJ G(z—z') [(H+F) “H S{}dz (16a)
0 dz dz
: de, de,
7, =K3"2J G(z—7') [(G+H) “ Ay H 8,}12' (16b)
’ 0 dz dz
B : | Mde,, |,
g, = K32 L G, (z—2) [N dz}} dz (16¢)
where
G(z) =) G'e " withG(0) =) G =1 (17a)
G, (2) =Y G e ™" with G, (0) =Y .G}, =1 (17b)
K=3F+G+H) and M=(H+F)(G+H)—H’ (17¢)

Constitutive equations (16) are suitable for use in sheet metals. These are expressions for the stress
components in terms of the histories of total strain components ¢,, ¢, and ¢,,. In the equations, F,
G, H, G', G, 2" and A, are constants with r = 1,...,n. The derivation of (16) and (17) is given
in Appendix A.

It is now desirable to express the stress in terms of the histories of plastic strain components &,
¢’ and &, so that

z de? de?

o, = KWJ p(z—2") [(H—i—F) dij —i—Hd?]dZ’ (18a)
0
z de? de?

o, = K‘”zj p(z—2)) [(G+H) d?,’ +Hd§} dz’ (18b)
0

: M de
_ —3/2 s - X ’
o, =K JO P (z—2") |:N Z/}dz (18¢)
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The forms of expressions in the square brackets on the right hand side of (16) and (18) are assumed
to be the same. These forms are established based on plastic deformation which is further discussed
in Appendix B. The coefficients F, G, H and N involved are those of yield function (2). The kernel
functions p(z) and p,,(z) can be determined from the knowledge of G(z) and G, (z) using the
method of Laplace transformation. Denoting the Laplace transformation of a quantity by an
overhead bar for simplicity, i.e., & = L{a}, etc., (16a,b,c) may be transformed into

6. = K *?G[(H+ F)ps.+ Hpg,] (19a)
¢, = K*?G[(G+ H)pe,+ Hpe,] (19b)
3 M o

ny = m nyp&\,y (19C)

with the initial values ¢,(0) = ¢,(0) = ¢,,(0) = 0. The parameter of Laplace transformation is
denoted by p. Similarly, (18a,b,c) are transformed into

7. = K7 p[(H+ F)pei+ Hp&)] (20a)

¢, = K p[(G+ H)p&, + Hpe,) (20b)
M

Oy = KTZvaxypg.{qu (20c)

with &(0) = &(0) = &,(0) = 0. The plastic strain components in (20) are now expressed by the
difference between the total strain and the elastic strain. Since the expressions in the brackets of
(16) and (18) have been obtained from the consideration of plastic deformation, the elastic behavior
derived from (16) is not exact and it may be obtained from (16) by setting z — 0. A further
approximation is made to retain only terms of elastic strain in the direction of the applied load so

that for loading in the x-direction, the plastic strains are

) . o K"
& = & &y = &, — H+F

and & =¢,—¢ ¢, (22a)

and for loading in the y-direction, the plastic strains are

o ,K3/2
e ~e, and & =g — (;+H (22b)
The shear component is
, 0, K’*N
Gy =T T o (22¢)

Substitute (22a) into (20a), (22b) into (20b) and (22¢) into (20c). The resulting equations and (19)

are then combined, respectively, to yield the following expressions
G

1-pG

p= (23a)
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G

~ Xy

P =126,

(23b)
Using (23) and after the inverse Laplace transformation, it may be shown, following Valanis
(1980) and Wu and Yang (1983), that the kernel functions are
p(z) = d(2)+p:1(2) (24a)
P (2) = 0(2) + Py (2) (24b)
where d(z) is the Dirac delta function; and p,(z) and p,,,(z) are given by

n—1

p) =Y Re (252)

r=1

n—1
pxyl(Z) = Z R;}feiu‘\""‘: (25b)
r=1

where R, R’,, «, and o, are positive constants. Substituting (24) into (18), the constitutive
equations for sheet metals may be obtained as

dP” ds” d?” ds"
o, =K 3? |: :|+K 2/2J pi(z—2") [ ‘} dz (26a)

e o "y

P d z I’ d L
G, = K3 (G—i—H)— FHE K2 | py(z=2) det L 9% g, (26b)

R
dz 0 dz
and
M de M de,
_ 3 | Yoy 3/2 ,

o, =K |:N i }—I—K J P (z2— Z)|:N K :|d (26¢)

Equations (26) are the endochronic constitution equations for sheet metals expressed in terms
of the histories of plastic strain. These equations are valid in the plastic region only. In order that
the strain—hardening may be discussed, the intrinsic time z is further scaled by introducing another
intrinsic time { through the relation

dag
dz = G (27)
with initial conditions z = 0 and dz/d{ = 1 at { = 0. In (27), f({) is a scaling function and will be
identified later with isotropic hardening. Thus, f({) may be referred to as the isotropic hardening
function. When z = 0, no plastic strain has as yet occurred and at this state { = 0 and f{(0) = 1.
For z > 07", eqns (26) apply.
Denoting

7 de? de?
_ —3/2 ’ X y ,
r.=K JO 0(z—2") [ = +Hdzldz (28a)
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r, = KWJ pr(z—2) [(GJFH)dZ-, v H d;}dz’ (28b)
0
z M de
Ty = K‘”J P (z—2") [ xf}dZ’ (28¢)
! o N dz

eqns (26a) and (26b) may be further written as

de? del | o,—r,
[(H+F) dC +HdCi|_K3/2f (29a)
G del Hd£§ o,y 20b
G g+ |~ kny Y
which may then be solved for
dS{; . (G + H) (O-x - r,\‘) H(O-y - ry)
M d¢ K32f o K32 (30a)
and
% — (H+F')(O:y_ry) _ H(O-X_r}’) (30b)
dé’ K73,r2f K73/2f
Also, (26¢) is rewritten as
% dg,p\'y _ Oy —Txy (30C)

N d¢ - K73/2f

Therefore, in an anisotropic sheet, it takes a multiaxial stress state to produce a single plastic strain
component. Equations (30a,b,c) may be considered as the ‘flow rule’ using concept of the flow
theory of plasticity. Comparing (30) with (B2), it is seen that the plastic strain increments for the
two cases are along the same direction, i.e., the normality condition is satisfied. Finally, the plastic
incompressibility is assumed so that

de?+del +de? = 0 31)

3. The definition of intrinsic time and the yield function

It was shown by Wu et al. (1995a) that the form of the yield function in the endochronic theory
depends closely on the definition of intrinsic time. For sheet metals, it is shown in this section that
the proposed definition of intrinsic time leads to Hill’s 1948 quadratic yield criterion. The intrinsic

time is defined using the concept of equivalent plastic strain increment discussed in Appendix B.
Thus,
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o — G+ H ds” dsﬁ 2 _2H ds” ds” ds” ds{é
a Tar |~ "t

N H+F[(G )de”_{_Hds”} L2 2N <M de?, ) }dC2 (32)

K d¢ N d¢

Upon the use of (29a), (29b) and (30c), (32) reduces to

(G+H) (6,—r.\> 2H [c,—r, o,—T,
K3 K-32 _F K2 f)\ k32

(H+F)< 7};)2_}_ 2N< xy Y))z_l}dcz =0 (33)
K3 3/2f K3 3/2f

Thus, either d{ = 0 and the quantity in the bracket { } # 0, or d{ # 0 and the bracket { } = 0. The
case of d{ = 0 corresponds to the elastic behavior and the case of d{ # 0 corresponds to the plastic
behavior. In the latter case, after simplification, one obtains

(G+H)(Gx_rx)2 _2H(O-x_rx)(o-y_ry)+ (H+F')(O-y_ry)2 +2N(O-xy_rxy)2 =.f2 (34)

This is exactly the same as (2) and is an extension of the yield criterion for sheet metals proposed
by Hill in 1948. This equation also identifies f as the isotropic hardening function, because it
specifies the size of the yield surface. It also shows that r,, r, and r,, specify the center of the yield
surface and therefore, represent the kinematic hardening. These are also known as the components
of the back stress.

The coefficients F, G, H and N are determined from experiments. Several tests have been used
in the literature for this purpose. They range from tests that determine yield stresses to those that
determine the width to thickness plastic strain ratio R. The latter tests do not have the same degree
of accuracy, however and they involve assumptions and other factors. Thus, the values of the
coeflicients determined entirely from the yield-stress tests are different than those determined from
the plastic strain ratio tests or those determined from the mixture of the two types of tests. This,
of course, is not acceptable, because F, G, H and N are material constants and for a given metal
sheet, their values are fixed.

Of the two types of tests, the yield-stress tests are the simpler tests. Although the yield has several
definitions, i.e., the proportional limit, proof strain, or backward extrapolation, as long as the
definition is chosen, a rather well-defined yield stress can be determined from the experiments and
the result is rather repeatable although subjected to some degree of expected experimental scatter.
On the other hand, there are many factors of uncertainty associated with the plastic strain ratio
test. Experimentally, the measured value in the thickness strain does not have the same degree of
accuracy as in the width and longitudinal strains in a sheet metal due to its thinness. Therefore, an
experimentally determined ratio between the width and thickness strain is not of high degree of
accuracy. Experiments show that the R-ratio varies with strain. According to Mellor (1982) for
titanium 115, the R-ratio varies greatly with the increasing plastic strain if it is defined as the ratio
of the width to thickness strain. The ratio varies the most at the transition zone from the elastic to
plastic strain. But if the R-ratio is defined as the ratio of plastic strain increments, then it almost
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remains constant over the whole plastic strain range tested, up to a strain of 13%. However, the
experimental results are not sufficiently accurate to allow computation of the ratio of plastic strain
increments closer to the initial yielding zone. The curve for R rises slightly with decreasing strain,
but an extrapolation of this curve to zero strain is not recommended. Experiments were also
conducted by Lin and Ding (1995) for as received and cold-rolled aluminum sheets using cruciform
plate specimen. A similar conclusion was also obtained regarding the R-ratio at small plastic strain.
The authors stated that R could not be reasonably determined when the plastic strain is infinitesimal
due to the quite severe scattering of the plastic strain increments. Finally, it should be pointed out
that the method of determining the coefficients F, G, H and N by use of the R-ratios does not
conform to the traditional method of plasticity. Traditionally, the yield function is determined
from the yield stresses and not from the flow rule. Since R is determined by the flow rule, the
determination of the yield function in terms of R would have the same effect as in terms of the
flow rule. Due to the aforementioned reasons, it is believed that the coefficients of the yield function
should be determined from tests that determine the yield-stresses and will be subsequently discussed.

These coeflicients may be determined at the condition of initial yielding. Thus, r, =r, =r,, =0
and f'= 1 and (34) reduces to

(G+H)o;—2Ho,0,+(H+F)o; +2No3, = 1 (35)

Note that x denotes the rolling direction and y the transverse direction. In a tension test along the
x-direction, the stresses are o, # 0, 6, = 7,, = 0 and (35) reduces to

G+H=(s))* (36a)
Similarly, a tension test along the y-direction leads to

H+F=(c))"? (36b)
Yielding under equibiaxial tension occurs when ¢, = o, = . In this case, (35) reduces to

G+F=(a}) > (36c¢)

Due to the usual assumption that hydrostatic stress does not affect yielding, ¢} is also the
compressive yield stress perpendicular to the sheet. The through-thickness compression test was
carried out by Naruse et al. (1992). Cylindrical specimens were prepared from discs of each sheet
material glued together with an epoxy adhesive. The specimens were tested in compression using
Teflon sheet and graphite grease for lubrication between the specimen ends and platen of the test
machine. Factors of uncertainty arose from the epoxy adhesive, the Teflon sheet and graphite
grease. Therefore, the equibiaxial tension test is preferred over the aforementioned compression
test. Equations (36a,b,c) can be solved for G, F and H to yield

1 1 1
= - + (37a)
(@) ()" (0p)
1 1 1
(37b)

F= - +
(¢))* (6)*  (op)
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1 1 1
= + — (37¢)
() (0))* (op)’

2H

Finally, the coefficient N may be determined from the tension test of a specimen cut at 45° angle
with the x-direction. The tensile yield stress for this specimen is denoted by o, and
6, =0,=0, = %045. Using this condition, it may be found from eqn (35) that

O4s) °
Since a5 is easily determined experimentally, NV is thus determined from (37d). The shear yield
stress o, is determined in pure shear with material element parallel to the orthotropic axes. It may
be shown from (35) that

1
o= (38)

SN

However, in sheet metals, pure shear is difficult to realize experimentally. Also, the simple shear
test is sometimes used in the literature to determine N. The stress state of this test is never simple,
however and the test can at best be used as an approximation. It has thus been shown that the
coeflicients of the yield function can be determined by a set of tension tests. Well-controlled tension
tests are simple to perform. The equibiaxial test can be carried out by use of cruciform specimens
as in Makinde et al. (1992) and Lin and Ding (1995).

In summary, using this formulation, the initial material anisotropy is specified by material
constants (F, G, H, N). The strain hardening is specified by an isotropic hardening function f
and the kernel functions p(z) and p,,(z) which characterize kinematic hardening. The kinematic
hardening describes the deformation induced anisotropy. The constitutive equations are given in
(26) with the back stress expressed by (28). From (26), the yield function and flow rule are derived
and given in (34) and (30), respectively. Finally, the intrinsic time is defined by (32).

4. Material parameters of the endochronic theory

The constitutive equations of the theory are (26a,b,c) with the intrinsic time defined by (32). In
these equations, F, G, H, N, K and M are known as described in the previous section. The
determination of parameters associated with kernel functions p,(z) and p,,,(z) need to be discussed.
In the first place, the yield stresses will be identified by setting z = 0" in (26). In the case of uniaxial
stress o, loaded from the initial state, (¢, —r,) is zero so that, from (29b),

(G+H)C:f§ +HC(118§=0 (39)

This equation is then substituted into (32) to find, for the uniaxial stress in the x-direction, that
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. G+H g da T,
a =" [(HJrF) i +HdCJ d¢ (40)
or
‘m+ﬂ@ﬁﬂﬂ*_lwz (41)
¢~ dl| T (G+m)'?

Therefore, when z = 0", the isotropic hardening function f._, = 1, and by the use of (41) and
(36a), (26a) reduces to

o, =0) (42a)
Similarly, in the case of uniaxial stress ¢,, when z = 0", (26b) reduces to
o, =0} (42b)

and in the case of pure shear, when z = 0%, (26¢) reduces to
0, =0, (42¢)

The parameters of the model can be determined by considering the plane strain extension
condition, where de} # 0 but d¢/ = 0 and def, = 0. In this case, (26a) reduces to

—3/2 dsf‘ —3/2 - ’ dgﬁ ’
o, =KV H+F)—— |+K77 | p(z—2) | (H+F) 7 |dz (42)
dz 0 dz
The general form of kernel function p,(z) is given in (25). It has been found in previous applications
that only one exponential term will capture the essential feature of metal behavior. The following
form is, therefore, used in the subsequent discussion:

pi(z2) = Rye™ (43)
Using (32), the intrinsic time for the plane strain extension is
di = +((H+F)MK)"? de!, “4)
so that
d8p K3 1/2
x_ oy 45
a— <(H+F)M) (43)

where the ‘4’ sign corresponds to loading and ‘—’ corresponds to unloading. If the isotropic
strain hardening function is given by the linear form as

d
di=f= L+ (46)

where f is a parameter that describes isotropic hardening, then, in the case of loading, (42) reduces
to the following expression by use of (43), (45) and (46):
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. = (H”>/ {(1 o+ [(1 o) 1}} @7
M (n+1Dp (1+p0)"
This equation describes the stress—plastic strain curve. In the equation,
n=uolf (48)
The yield point ¢,.,., of this curve may be found by setting { — 0. Thus,
1/2
o = <HA+4 / (49)

On the other hand, the asymptote of the curve is obtained by setting { — oo in (47) and is given

by
H+F\'? R,
o, = (M <1+ (n+1)ﬁ>(1+ﬁc) (50)

The intercept ¢ of the asymptote with the stress axis is obtained by setting { = 0 in (50). Thus,

0 __ H+F\'? 1 R, 51
6‘”_(MF> <+(n+1)[3> 1)

Finally, the slope of the asymptote (50), is, by use of (49) and (51)
_do, do, do
S dep dlde

Equation (47) may be simplified by observing that, from (44) and (52) and in the case of loading,
the following relations hold

pe = (EOT> & =me withm = <EOT> (53)

X GX

T

=((H+F)MK™*)'"po? (52)

Therefore, by use of (49), (51) and (53), (47) may be rewritten as

00 = o {(1 +me) +< " 1) [(1 )= 1} -
) (14 me2)"

O-p/us-x

where

isotropic hardening = a7}, (1 +mef)

1
kinematic hardening = r, = (o) —0...) | (1+me}) — } (59)
(14+meh)"

If an experimental stress—plastic strain curve is available for the plane strain extension case, then

Ohons 0y and ET can be experimentally determined and m is known from (53). An optimization

procedure may be used to determine parameter n by requiring the calculated curve to pass through
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certain experimental points on the graph. The optimization procedure for the endochronic theory
was discussed by Jao et al. (1991).

Plane strain extension is not easily accomplished experimentally. Some published works are
Wagoner and Wang (1979), Wagoner (1980) and Taha et al. (1995). In Table 1 of Wagoner (1980),
the saturation model gives the experimental effective stress vs effective strain relation. This relation
is transformed into an axial stress vs axial strain relation by use of the equations in Appendix C
of that paper. The experimental curve for extension along the rolling direction for 2036-T4
aluminum alloy is plotted in Fig. 1. In the data conversion, the plastic anisotropy parameter r is
taken as 0.7 according to Fig. 3 of that paper. Figure 1 shows the theoretical plane strain stress—
strain curve by use of (54). The evolution of back stress is also shown and it has been calculated
by use of (55). The following parameters were used in the calculation: ;... = 260 MPa,
6% = 360 MPa, E” = 648 MPa, m = 1.8 and n = 12.

Most equibiaxial tests found in the literature are stress-controlled. In that case, ¢, = 0, = ¢ and
eh # &). On the other hand, in a strain-controlled test, it is possible to perform an experiment so
that & = &) = ¢”, but o, # o,. The latter test is suitable to the present theory. However, no
experimental result has been found in the literature. In the strain-controlled equibiaxial extension
test, the intrinsic time is from (32) given by

500
w PR Cg
400 .{w’._‘_,,.ﬂ
~ Lo ..:.—
..e--’u.'
350— "’.,.p\
~ J“
< 300- /.r.' |
% P Experiment -----
o 250 Theory —e—
n
ﬁ 200+ Back Stress e
%
1504
BPURP S Sp
. -o---o---o---o---o -
0*
201 ‘__'._...0
4
0 : I l c T T T T
() N <t \O o - - . |
8 T g 8 7 o T g
o o S 2 g : :
PLASTIC STRAIN

Fig. 1. Stress—plastic strain curve for plane strain extension.
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d{ = + (BH+F+G)MK %) der (56)

Using the kernel function (43), (26a) reduces to

0
O x-bi 1
o, =0, s(1+me)+— —1 l+me)— —— 57
e e e ey &
where the yield stress is
2H+F
o - (58)

T M'2(@4H+F+G)"”
the stress intercept ¢?,; and the slope of the asymptote E/; are related by
ElL =(4H+F+G)MK *)'*Ba?,, (59)

and furthermore,

O x-bi

ET
pl=m'e" withm’ = < 0’") (60)

eqn (57) is the stress—strain relation in the x-direction for equibiaxial extension. It is then easy to
show from (26b) that

2H+G
Gy = <2[‘[-|—}7> (o™ (61)

and the yield stress in the y-direction is

, 2H+G
ai“hi = ; (62)
M'"?(AH+F+G)'?

Note that the expressions of (58) and (62) satisfy the yield criterion (35).

5. The plastic strain ratio

The plastic strain ratio R is determined by use of the flow rule. The ratio R, for a tension
specimen cut at an angle o with respect to the x-direction is defined by

4
_ def

de?

(63)

o

where x’ is along the longitudinal direction of the specimen; )’ is the transverse direction; and
z' = z. Note that x” is making an angle « with the x-direction. By use of coordinate transformation,
(63) is transformed into
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R — de? sin® o+ de? cos® a—2 de?, sinocos o 64)
del +del)
The flow rule given by (30a,b,c) is now substituted into (64) to obtain
R, = —{[(G+H)o,—Ho,]sin’> a+[(H+ F)o,— Ho ] cos’ o
—2No, sinucos o}/ {[(G+ H)o,— Ho,|+ [(H+F)o,— Ho]}  (65)

Note that the initial yielding is being considered so that r, = r, =r,, = 0 and f'= 1. For a tensile
specimen at an angle o to the rolling direction,

o,=0cos’a, o¢,=csina and o, =osinocosy (66)
where ¢ is the tensile stress applied to the specimen. Then, (65) reduces to
R, = —{[(G+ H)o cos’ a— Ha sin® o] sin® 0.+ [(H + F)a sin” « — Ho cos® o] cos® o
—2Nosin® acos® a}/{Go cos® o+ Fosin®a}  (67)

Substituting o = 0, 90 and 45°, respectively, into (67), the following expressions are obtained

H
H
RL = 3
o= (68b)
1/ 2N
Rys =2<W_1> (68C)

For the as-received condition, r, = r, = r,, = 0 and the tensile yield stress o, at any orientation
o may be derived based on the yield function given by (35). If the tension specimen is cut at an
angle o, the stress components are given by

o, =0,c08° 0, o,=o0,sin’o and o, = 0,sinocosa (69)
By the substitution of (69) and (37), the yield function (35) reduces then to
ai[ ! cos4cc+< Lot + ! >Coszocsinzoc+ : sin4oc:|:1 (70)
(67)? (65)*  (00)* (o))"  (0p)’ (07)?

To each stress state on the yield surface, denoted by (o,, 0,, 5,,), there corresponds a uniaxial stress
state, denoted by (o,, ®), also on the yield surface. By fixing «, the uniaxial yield stress is determined
from (70). Some special cases are

oy =0y, 0y9o=0, and 0,5 = (71)

Lo
(61,)*  (o8)°

for « = 0, 90 and 45°, respectively. Equation (70) may be plotted to obtain the distribution of g,
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with respect to «. Note that (71) are given in terms of the yield stresses and they can be shown to
be the same as those of Hill (1990).

6. Conclusion

The quadratic anisotropic plane-stress yield criterion and its associated normality rule of the
plastic strain rate have been derived based on an endochronic theory of plasticity. The range of
validity of the sheet metal plasticity with quadratic anisotropic yield function is greatly extended
by incorporation of kinematic hardening into the model and it can account for the ‘anomalous
behavior’.

It has been proposed that the coefficients of the anisotropic quadratic yield function be deter-
mined by the yield stresses using a set of tension tests. In addition, it has been shown that the
expression of intrinsic time in the endochronic theory is closely related to the form of the yield
function.

Appendix A

It is shown in this Appendix that (16) and (17) describe a special case of (14). When
Y =Y,=Y,=Y,=0and 4} = 4, = 1, (14a) and (14b) may be written as

r d r d
GXZZ[J (C’M’—FE Nr)e—/l(— ) :|_+_Z:|:Jv (Der+F1Nz)e—)(z z)dz dZ/:| (Al)
0

r

r

o, =ZU (CK' +EL)e "¢~ Z>d }FZU (DK +FL)e "¢ >3 —dz } (A2)

On the other hand, (16) and (17) are combined to yield

o7 de
aX=K3/2J Y Gre e >[(H+F)d,+Hd }d’ (A3)
0 r
de de,
—3/2 ra—A(z—2") Y X ’
s, J >G'e [ o TH dz,]dz (A4)

Conditions will no be established which will reduce (Al) and (A2) to (A3) and (A4). By
considering special cases and equating the two sets of equations, the following relations are
obtained

CM +EN =K G (H+F) (AS)
DM +FN =K GH (A6)
CK+EL =K ?*GH (A7)
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DK +FL = K3*G"(G+ H)
A condition that makes (A6) equal to (A7) is
DM +FN =CK+EL
The coeflicient G of the kernel function G(z) are then defined from (A6) by
DM +F'N"

G =—— . ithY G" =1
S (DM +F'N") b Z

Then, from (A5)—(A7),

F=K"Y[(C—=D)M +(E'—F)N']
G=K"ZY[(D—CYK +(F—E)LT]

H = K3/’2 Z [D"er +F,Nr]

Similarly, by comparing (14c) with (16¢), it may be found that

D’ efR"z
ND Z 1 r A—R'z
GO =np TP
where
3/2
N = with D =) D"
Appendix B

In the classical theory of plasticity, the yield function is from (2)
2¢ =(G+H)o;—2Ho 6,+ (F+ H)o, —2No?,
Using the normality condition, the flow rule is

0
def = dJ aj = d/[(G+ H)o, — Ho,]

dp_d\,
&, = )a

= di[— Ho, + (H+ F)o,)]

i
y
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(A8)

(A9)

(A10)

(Al11)

(A12)

(A13)

(B1)
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a9
P o= \~ = )
def, = d/ 0., diNa,, (B2)
where d/ is a parameter. Equations (B2) may be solved for stress components to yield
_ (H+F)dei+ Hde)
o= diM
_ H 4+ (G+H)de)
o= diM
1 P
Oyy = mdﬁx}, (B3)
By the substitution of (B3) into (B1), one obtains
(G+H) )
- [(H+F)del +Hdel]” — [(H+F)del + Hde|[(G+ H) del + H def]
(dAiMm)? (diM)? ‘
(H+F) DN (M .\
+ G+ H)del+ Hdel)* + —de, | =2 B4
o (G P ) =20 39
It appears natural then to define an equivalent plastic strain increment by
B (G+H) X 2H
de = { e [(H+ F)del+ Hde)]* — F[(H—HE) del + Hdel][(G+ H) del + H de?]

H+ 2N (M 212
+( K3F)[(G+H) dg§{+Hds{;]2+K3<Nds{:,,,>} (B5)

and to define the equivalent stress o, by

20\ [3\'"? ((G+H)si—2Ha,0,+ (F+ H)o; +2No;, ' B6
=\ T\ F+G+H (B6)
so that
M
de =di <K> o, (B7)

This definition of equivalent stress is the same as that of Hill (1949). For isotropic materials, (B6)
and (B5) reduce, respectively, upon setting N = 3F = 3G = 3H, to

0, =0;—0.0,+0;+307, (B3)

and

1 ,
de = 5 {[2de; +del]* — [2del +def][2 deh + del] + [2 def + del]” +3(del, )} 2
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3 /
= { {(d8§)2 + (dsﬁ)z +de? dgf"f + (ds{é},)z} 1/2 )
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