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Abstract—The constitutive equation proposed in the previous papers of this series is applied
to theoretical determination of FLD (forming limit-strain diagram) of metal sheets. The condition
of localized necking due to Stéren and Rice is derived by making use of this constitutive equation
and the formula of limit-strain is obtained on the basis of this localized necking condition as
the breakage condition. The formula is also formulated for the case where normal anisotropy
is taken into account by introducing 7-value and/or X-value. Then FLDs of several metal sheets
are determined and compared with the corresponding experimental data to confirm a fairly good
agreement. It is also emphasized that the value of ©, (= the half angle of the pointwise-vertexed
subsequent loading surface at the loading point) is within the range 70°-89° even at the onset
of breakage throughout all materials tested here, and therefore it would be very difficult to
check experimentally the vertex formation by the usual method of determination of subsequent
yield surface at far smaller strain level as reported so far.

1. INTRODUCTION

In the previous two papers of this series of work[1, 2], a class of plastic constitutive
equations with vertex effect was proposed and developed, and its simplest form was
examined by several numerical calculations. In this paper (Part III), this constitutive
equation is applied to theoretical determination of the forming limit diagram (FLD) of
several ductile metal sheets specifically for the case where proportional loading or
straining is applied. And comparison of the theoretical results with the experimental
results is also presented.

In the past, because of its practical importance in press-working processes, the
forming limit (breakage) strain of ductible metal sheets has been investigated both
experimentally and theoretically by many workers. For example, Swift[3] proposed an
idea to determine it for the case of biaxial stretching, which is now well known as Swift
instability condition. Hill[4] also proposed the similar idea and called it as the condition
of diffuse necking. Diffuse necking is the in-plane necking phenomenon which occurs
in a sheet strip under uniaxial tension (say) at the maximum load, and is now understood
as a bifurcation phenomenon which precedes breakage. He also proposed another in-
stability condition—local necking condition—which is accompanied with severe local
thinning along a narrow band with width of about sheet thickness and thus leads im-
mediate breakage. However, his local necking condition makes sense only for positive
strain ratio n for a proportional loading, where n = e>/€;; €;, €2 = major and minor
planar strains. Therefore, the theoretical FLD for proportional loadings was determined
on the basis of two instability conditions—i.e. diffuse necking condition for n > 0 and
local necking condition for #n < 0. This method is, of course, not very exact even in a
logical sense because diffuse necking does not mean breakage. Rather recently Mar-
ciniak and Kuczynski[5] proposed to introduce the idea of initial imperfection of the
material to overcome this difficulty (M=K theory or model). Since then this model was
used to determine FLD for n > 0[6-8]. However, FLLD determined by this model is
apt to show a too steep upward slope over the range from n = 0to n = 1, and evaluation
of the value of the imperfection factor f is not necessarily clear and appropriate. More-
over, FLD for n < 0 is not easily determined, and even FLD for » = 0 must be obtained
by a numerical method. Stdren and Rice[9] proposed a theoretical method to determine
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the local necking condition for a perfect sheet (S-R theory or model), which is now
understood to be a condition for bifurcation in a local mode similar to the shear-band-
type bifurcation in a plane-strain block. Their theory requires the plastic constitutive
equation to have one-to-one correspondence between plastic strain increment de” and
stress increment do to get reasonable limiting strain in the range of n > 0. They used
the incremental form of J,-deformation theory in its hypoelastic version. However, a
comparison of their theory with the experiments verifies a necessity of improvement
of the constitutive equation.

Here we make use of our plastic constitutive equation to determine FLDs of several
commercial metal sheets for proportional loadings adopting the S—-R’s local necking
condition as the breakage condition. Theoretical FLLDs for nonproportional loadings
without unloading and theoretical secondary FLDs (FLDs of prestrained metal sheets)
will be presented in the following work of this series (Part IV).

2. CONSTITUTIVE EQUATION

The constitutive equation used here has the following expression which was de-
veloped and discussed in Part II[2]:

de = (1/2G*) dT + (b/25 h)T do, )
tr de = (1/3K) tr do,

where incompressible plasticity is assumed, and

de = strain increment,
de = de — (1/3) tr de; (tr = trace symbol),
do = increment of Cauchy stress o,
T=0c - (13)tr o,
dT = dT - dwT + T dw = Jaumann increment of T,
dew = increment of rigid-body rotation,
o = V32 [tr (T)]'2,
do = V372 [tr @TH)]Y?,  (# do) @
1/G* = 1/G + (P(B))/H,
1/hs = (P(©))/ho, @
P@©) = a + bcos O, 4)
(P) =P for P> 0, (Py=20 for P=0, (5)
cos © = tr (T dD)/tr (T)][tr (dATA)I}7, (6)
a = ho/Hy = cos 6p/(1 + cos Oy),
b=1-a, (7)
ho = (1/3)-[slope of (c—e) curve for a proportional loading], 8)
€= f&é"; de? = V273 [tr deP?)]'2, 9
de” = plastic strain increment,

and the half angle O, of the cone of the subsequent loading surface at the loading point



A class of plastic constitutive equations with vertex effect—III 1133

{ e —

Imi=jo, /oy s 1

Fig. 1. An element of sheet metal with localized necking band.
is given as
6o = (m/2) — pe, (10)

where p is a material constant. If p = 0, then 6, is consistently equal to (n/2), which
means that no vertex forms with deformation and eqn (1) reduces to the classical J,-
flow theory. ho and H, are the instantaneous work-hardening and vertex-hardening
rate, respectively. G and K are the elastic shear-rigidity and bulk modulus, respectively.
If © for subsequent dT satisfiles the following inequality,

0 = 6 < Omax,
Omax = cos™'(— alb),

(11

then plastic deformation continues for this stress increment. The inverse relation of
eqn (1) is also discussed in detail in Part II.

Now let us consider a rectangular element of metal sheet with thickness ¢ subjected
to biaxial stretching as illustrated in Fig. 1. o is the major principal stress and o, is
the minor one, respectively, where o; > 0and | m | = 1, m = o,/o (stress ratio). Here
plane stress state is assumed. Introducing the following denotations:

T = dT/do,
¢ = de/de; & = de/do, (12)
de = V273 [tr (de®)]"2,

the constitutive equation reduces to the following expressions:

én = (V/12GH)b[2(20, — 02)6} — (202 — 01)63 + (502 — 401)6162]
+ [(13G") + (1/125%ho)b*(20y ~ 02)%161 + [—(1/6G')
+ (/126%ho)b*Q201 —~ 02)(202 ~ a1)]62 + (1/6Gho)ab(20y — ¢2), (13)

ézz = (1/12&Ho)b{2(20’2 - 0'1)&% - Qo — 0’2)&% + (5o, — 40‘2)&26‘1
+ [(1/13G") + (1/126%ho)b? (205 — 01)2162 + [~ (1/6G")
+ (1/128%ho)b2 Q202 — 01)Q0y — 02)I61 + (1/66ho)ab2o, — o)), (14)

€2 = (/4GHo)b[Q2o, — 02)61 + 2oz — 01)&21%12 + (112G Vi, (15)
where plastic loading state is assumed, and

E = (80'% + d(}'% - am 30'2 +3 a’f%z)l/z, (16)
(
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and 1/G’ = (1/G) + (ho/H3), and the existence of %, is allowed at the moment under
consideration, though 71, is set equal to 0.

3. LOCAL NECKING CONDITION

Suppose that, after proportional deformation of a certain magnitude, discontinuities
in velocity gradient v,; and stress rate & have taken place along a narrow band of breadth
of about sheet thickness as illustrated in Fig. 1. This is the so-called localized bifurcation
band[9]. We denote the unit normal vector to this band by g(g,, g2). Marking superfixes
+ and — to the quantities outside and inside the local necking band, respectively, we
denote the discontinuity between them by AX = X* — X, say. Then we obtain the
following relations from eqns (13)-(195):

Gy an a2 0 1,1
Alaoz | = an aza 0 A U2,2 , 17)
T2 asy asz ass (v12 + v2,1)

where v;; = d(du;/ox,)/do, i.e. v = du/do, where u denotes displacement vector, and

an = asr/D*, a1z = — ai./D*, Az = —~ as/D¥*,

an = an/D*,  as = (— ahan + anay)la3;D*), (18)
asz = (@51a1z — anai)lasnD*),  as = UQ2a3s),

D* = afiay — aan, al; = 44,67 + @363 + by, ala = —2d,63 + @67 + b,
ay = —2a:87 + 4463 + by,  ar = 44265 + asby + by,  ai = diilz, (19)
ay, = dtl,  a¥ = (12G") + di67 + d263,

61 = GF +67)2, &3 =(65 + &2, ih=Gh+ i), (20)
a, = hoi, d» = hyos, d; = Qo5 — o1), ds = 2oy — o3);

by = (13G") + hyo?, b, = —(1/6G') + hyoics, 1)
by = (13G') + hya}?, dy =3a, dr=3d; o =T,

hy = bI(4T Ho),  hy = 3b%/(45%he). (22)

On the other hand, we know the following relations which are directly derived
from the relation between nominal stress rate § = ds/do and Cauchy stress rate &,
where s = nominal stress:

AS‘]] = A&] - 0'1A'Ul,1, A.'s,z = A’i’lz - &A'Ul‘z + %A"Uz,], (23)
A5‘21

Aty — tAvia — GAvay, AS2; = AG; — 0'2sz,2

where 6 = (o, + 0'2)/2 and 7 = (o — 0'2)/2.
Now we set as follows:
Avi,j = Yi&j» i,j=1, 2), (24)

where ¥ = (i1, v2) is the infinitesimal shear along the local neck band. Then we obtain
the following relations from egns (23), (24) and (17):

As = yilau — o0gr + ¥201282,
Asi2 = vi{asigr + (a3 — 6)g2} + v2l(ass + g1 + axng:], 25)
Ass = yi{asigr + (a3 — 9)g2} + ya2l(ass — 6)g1 + axgl]

AS2;

Y1a2181 + v2(a22 — 02)g>.
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The balance equation across the local neck band is written as follows:

Asjigi = 0. (26)
From this equation together with eqn (25), we obtain the following two equations:
villay — o1)gi + as18182 + (ass — Dgdl + v2llarz + a33 — 6)g1g2 + a3g3] = 0,

(27)
vilas1g] + (a21 + a3 — 6)g182] + val(aas + D)gi + as28182 + (a2 — 02)g31 = 0.
This is a system of homogeneous linear equations with respect to vy; and v;.
As we understand from eqn (24), the condition for the onset of local necking is
equivalent to that for the existence of non-zero ¥{(y;, v2). For that, the determinant of

the coefficient matrix with respect to (y;, v2) should be equal to 0. Therefore we obtain

the following equation as the condition for the onset of local necking type bifurcation
or breakage:

(a1 — o)as + Dgt + {—anla — o) + anlan - oilgig:
+ [(an — o )@ — 02) + (a3 — ?)
— (a2 + as3 — 6)an + az — 6)lglgs

+ {as1(az; — 02) — anla - U;)}g;gg + (azz — o2)as — ’?)83 = 0. (28)

This is a fourth-order algebraic equation with respect to (g1/g2). If this equation captures
a real root, then a localized necking band, or two such bands because of symmetry,
will form along the direction whose unit normal vector is g, and the sheet will break
along the band.

For proportional loading, the externally controlled %{; is always kept 0. In this
case, in eqn (19), a3 = as, = 0, and thus for eqn (18) a3; = as, = 0. Therefore eqn
(28) reduces to the following expression:

(@i — olass + Dgt + [(an — odlaz — 02) + (a3 — %)

~ a1z + as3 — 6)az + as — §)lglgl + (an — o2)(axz — gt = 0. (29)
Denoting the stress ratio by m as follows,
m = g)Jo, = 61/65  (proportional loading), (30)

we finally obtain the governing equation expressed in eqn (29) in the following expres-
sions:

Agt + Cglgs + Egi = 0, @31n
A= (ay —o)as + %), E=(az - o)as — 1), (32)
C = (an — o)(axn — o2) + (a; — %) — (a2 + ax — &),

ay = (13D%{(1/G) + (I/Hp) + [b(1 — 2m)*/4he(1 — m + m?)]},

43 = (IBDNIG) + (Ho) + [bQ2 — myahe(l — m + mD)]},
41 = an = (U6D¥I/G) + (VHo) + {b(1 — 2m)2 — m)2he(l — m + m3)}], &
ans = V[/G) + (WHQ)l;  D* = (/1DIWG) + (WhII(/G) + (1/Ho)]
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If a5 < a, in Fig. 1, then generally
0< az/al < gl/gz (34)

holds. Therefore E + 0 is met throughout deformation, because eqn (31) possesses the
root of g,/g- = 0if E = 0. And it is easily found that at early stage of deformation E
> 0 is met. Therefore E is always positive. Then, as easily found, eqn (31) possesses
the real root(s) if

A =0, or A=z0 and C= - 2VAE (3%5)

is satisfied. Therefore the critical condition for the onset of local necking or breakage
is given by the following equations:

A=0; or C= —2VAE. (36)

At early stage of deformation, A > 0 and C > — 2V/AE hold. When deformation goes,
either of the two equations in eqn (36) is met at a certain stage of deformation and the
sheet breaks. Which one of the two in eqn (36) precedes the other depends on the
stress ratio m, where | m | = 1. There exists the value of m, my say, for which both
of the two equations in eqn (36) are satified at the same time. It is easily found that
my is the real root of the following equation:

(1 = mo){4(l — mo + md) + h(2mo — DQ2mg + 5) — G*(1 = my)

X [4(1 — mo + md) + hQRmo — 1?1201 ~ mo + m3)} = 0, (37)
where
h = anl(Vhe) — (VHy)],  G* = H{asl(UG) + (1/ho)]}. (38)

Equation (37) has two real roots for | me | = 1, one of which is of course equal to 1.
Denoting the other root by m*, we can find that

0 < m* =(172), (39)

and m* tends to (1/2) for a = ho/Ho — 0. In fact, m* is generally very close to (1/2)
which is coincident with m for plane-strain state of e = 0. Eventually the critical
condition for the onset of breakage is summed up as follows:

A=0 for m*=m=1,

(40)
C - 2VA'E for -1 =m< m*.

When A becomes equal to 0, from eqn (31), g2 gets equal to 0, which means the
local neck band lies in parallel with the 2-axis, i.e. ¥ = 0 in Fig. 1, where the direction
of the neck band is undefinite for m = 1, because the critical condition reduces to A
= C = E = 0for m = 1. On the other hand, form = m*, A = C =0and E + 0
hold at the critical state and thus g> = 0. And, for —1 = m < m¥*, the direction of the
local neck band is determined from eqns (31) and (40)). Eventually we have the following
formulae:

v = 0, 0 = w2 for m*=m<1, 41)
¥ =tan"' (WA/E) for —1=m<m*. 42)

Now we can derive the breakage condition in its concrete form from eqns (32),
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(33), (39) and (40) as follows:

i) m*=m=1,
01{(1/G) + (V/ho)] = 4(1 + b(2m — 1)*{aho(1 — m + m®[(1/G) + (1/Ho)]}). (43)
(i) -1 =m< m*
ail(VG) + (Vho)l'= fil(f2 + VT5);

f1=18as3b/[ho(l — m + m?)] — 26**{1 + az3b(2m — 1*/[4ho(1 — m + m?]}
X {1 + azsb(2 — mP/[dho(1 — m + m2]},
£2=3axub(1 + mA2he(1 — m + m?)} - (6*/2){1 + a33b(2 — m)
X (2m — 1)/[4ho(1 — m + m)]}
— (@**/4)(1 + m){1 + as3b(@m? — Tm + /[4ho(1 — m + m*)]},
3 ={as3b/laho(1 — m + m21}-© - 31 — m + m*)o*2
+ (1 + m)[3c* - 3/4)(1 — m)*c** (44)
+ (3/16)(1 ~ mP(1 + m)o**]
+ {assb(1 + m)/[ho(1 — m + m»)]}[9(1 + m)
~ (3/2)0*(2 ~ m)2m — 1) - G/4)o**(1 + m)(dm? ~ Tm + 4)
+ (3/8)a*3(1 — mP(2 — m)2m — 1)
+ (3/16)a**(1 — mP*(1 + m)(1 = m + m?))),

ot = 0'1/6133.

By making use of eqns (43) and (44), we can calculate and draw the FLLD (forming
limit-strain diagram; or FLC, forming limit-strain curve) for arbitrary metal sheet sub-
jected to proportional loadings.

In the following numerical examples, we use the N-th power hardening law for
materials tested. Then we can use the following approximate relations:

ho = N(@G@/36), H, = (13g) (5/e), Ho/ho = 1/gN, 45)
o/Hy = 3gg, o/ho = 3E/IN (g: some factor).

And the strain ratio n = e/e; has the following relation with m:

m=(Q2n + 1)/2 + n),

and thus, corresponding to m*, we can define n* = 2m* — 1)/((2 — m*) which follows
from this equation, where €, = €;; and €2 = €.

Finally, we have assumed the Mises material extended to that with vertex effect
so far. We can derive various formulae for the material with anisotropy expressed by
Hill’s quadratic yield function[10] or by the author’s fourth-order yield function{11] by
the similar procedure as above as well.

SAS 21:11-E
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4, FORMULAE FOR — 1 =m < m*

Neglecting (1/G) in comparison with (1/ho), from eqn (42), we obtain the following
formula for the angle {:

¢ = tan" '(WA/E),

[3(Holho)n* + 2 + n)? — (o1/ho)(1 + n + n?)]
{3(Ho/hg) + (1 + 2n)? — (61/ho)[2n + DI2 + I + n + n?)}

22 + n) + (oW/Ho)(1 = n)]
22 + n) — (o1 /Ho)(1 — n)] (46)

AlE =

Particularly, for the materials with N-th power hardening law, we have
_ [B/gNn® + 2 + n)> — 2/IN)2 + n(1 + n + n?e]
[B/gN) + (1 + 2n)®> — 2/IN)YQ + 2n)(1 + n + nde]

Ut el — me]
(1 - gl — nel’

A/E

€ = €. 47)

Figure 2 (numerical example), illustrates the relation between 6 = (n/2) — ¢ and
N-value for n = —0.5 (uniaxial tension) and — 1 (tension-compression) calculated from
eqn (47), where, for convenience of comparison with S—R’s theory, the factor g is kept
to be 0.5, which means the angle 6, (= the half angle of the point-wise vertexed
subsequent loading surface at the loading point) is kept constant, though this assumption
is not compatible with eqn (10). We should note that S-R’s curve corresponds to that
for g = 1[9]. Hill’s theory[4] gives constant 0 as illustrated in the figure. S-R’s curves
show a too much variation in 8. Therefore we can say that the value of g is generally
between 0 and 1. [Note that, if eqn (10) is adopted, gN = cos O¢/(1 + cos 6p) = pe?/
(1 + pe?), and thus g is generally a variable.]

Next, from eqn (44), we can obtain the following formulae of the limiting major
strain (1), :

m=—-1(n= -1

3 — o**[1 + (3h/4)P?
— (@*2)[1 — 3h/4)] + /(BRI — ¢*))]’ (48)
h = (l/gN) - 1, o* = 2ge;; €1 = (€1)cr.

(el)cr/N =

] — present theory; g=0.5
n=-42

54744
501

O T T =T T g

Fig. 2. Relation between N-value and direction of localized necking band (calculation).
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iim=0(0n= - 0.35);

6h — (1/6)c**(1 + h) (4 + h)

(1/4){6h — o*@2 — h) — o**(1 + h)
+ J{BMHR(1 + h)[3 + o* — o** — (1/4)0*® + (1/16)0* ]}

(El)cr/N =

49)
h=(1/gN) -1, o*=3ge;; € = (€1)or

We should note that both of these expressions involve (¢;)., on both sides and thus
these are not the explicit formulae of it. These will be used in the numerical examples
given below.

5. FORMULAE OF LIMITING STRAINFORm*=m =1

By making use of eqn (43), we can derive the following formulae of the limiting
major strain (e, )., as the functions of strain ratio n.

5.1 Formulae for the case of constant ©g
This case is equivalent to that where g is kept constant.
(i) Mises material withg = I:

(€)er = [372 + N2 + n)?V22 + (1 + n + n?)). (50

This is coincident with the formula due to S-R’s theory or Hill’s local necking condition
with J.-deformation theory[9].

(ii) Material with normal anisotropy ¥: This is the case where anisotropy ex-
pressed by Hill's quadratic yield function is considered with the assumption of in-plane
isotropy[10], where 7 denotes the in-plane average of r-value which is the ratio (breadth
strain)/(thickness strain) in uniaxial tensile test and usually considered constant with
deformation.

(E)er T NIYQ2 + am){2 + [(2a — 1) + (1 — a)gNln}
+ (4 - aRPgN)[2 + an)(1 + n + n?)], &3]
= 2FI(1 + F).

(iii) Material with normal anisotropy ¥ and X: This is the case where anisotropy
expressed by the author’s fourth-order yield function is considered with the assumption
of in-plane isotropy[11], where X denotes the ratio (yield strength for equibiaxial tension
os)/(in-plane average of yield strength for uniaxial tension o) at the same level of
plastic work.

(e1)er = [ANMTM/F(m)][1 + (1/8)(1 — gN)(2m — 1)}(M3/M)
+ (1/16gN)(1 — gNy*M3?//M?],
Az = —4F(1 + F), As = (/X% -2 + A,),
M=1+m*+ Ar(m + m®) + Asm?,
MY = 4 + 34,m + 24;sm? + A.m?,
M; = A; + 24;m + 3A:m* + 4m?, (52)
F(m) = (16 + 4A; + A1 + m")
+ (2442 + 3A3 + 4A24; + 8A5)(m + m®) + (124, + 1543
+ 84,45 + 442 + 164;3)(m* + mY)
+ (16 + 16A2 + 1043 + 244,45 + 4ADm?,
n = M3/M}.
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5.2 Formulae for the case where ©q is variable with deformation

Two cases are considered, one of which is that where O, is given by eqn (10), and
the other is that where the loading surface possesses a certain amount of initial vertex
which may represent a certain ambiguity of initial yielding which is usually common
in mild-quality metal sheets. Only Mises material with vertex effect is considered.

(i) B = (w/2) — p€?; gN = pe?/(1 + pe?):

!

(€)er=x, xX>—-bx*-¢ =0,
b = 2NIQ2 + n), ¢’ = 2.25Nn*[2p2 + n)(1 + n + n?)?], (53)
p = 0.04167N/(x] — 0.6667Nx?), x1 = [e)er]n=1-

(ii) Bp = Yo — pe2; gN = cos Bp/(1 + cos Oy):

(€1).r = x, x> —bx* +ex —c =0,

b = 2N/2 + n), e = 0.750 cot Yo/[p(1 + n + n?)],

c = 0.750N{3n* + cos §p [3n* + 2 + n)’Ip sin $o{2Q2 + )1 + n + r**]}, (54)
p = [0.01389N(3 cosec Uy + 12 cot dy) — 0.25 cot Yox; J/(x] — 0.6667Nx7),

cos g = 0.5N/(1 — 0.5N), (say),

where, for convenience, s is given as that for 6, which is calculated by putting g =
0.5.

In the above two formulae (53) and (54), the newly introduced material constant
p in our plastic constitutive equation (1) is determined in the manner that the theoretical
value of (€;) for m = n = 1 is coincident with that by the experiment. Of course,
there may exist other various methods to determine p other than this method.

6. EXAMPLES OF FLD

6.1 FLD for constant g

Figure 3 illustrates examples of FLD for N = 0.5 and 0.22 with constant g cal-
culated from eqns (50)—(52), where N = 0.22 represents a kind of rimmed steel sheet
at hand.

4 1
N=05 5
0.5 3
4
!
Y4 022 !
2
3
E O--experiment
(rimmed steel :
N=022,r=12, X=12)
o "e 05

Fig. 3. Numerical example of FLD (constant vertex angle). N = 0.5; l—isotropy with g =
0.5; 2—normal anisotropy with fourth-order yield function, 7 = 2.0, X = 1.0, ¢ = 0.5; 3—
normal anisotropy with fourth-order yield function, 7 = 1.0, X = 1.5, g = 0.5; 4—isotropy
with g = 1.0 (S-R curve). N = 0.22; I—normal anisotropy with fourth-order yield function,
F=X=12 g =075 2—S-R curve; 3—normal anisotropy with quadratic yield function, 7
= 1.2, g = L.O(N, 7, X are measured values of a rimmed steel).
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i
i | — experimentals
J

killed steel: _
N=0259,7=1.81, X=1.28
(N"=0.333)
T T T T
02 04

€

Fig. 4. Theoretical FLDs and experimentals, a killed steel (KS). 1—60y = {5y — p€?, §ip = 78°
29', p = 0.5; 2—6g_= (w/2) — pe, p = 0.5; 3—normal anisotropy with fourth-order yield
function, 7 = 1.81, X = 1.28, g = 0.5; 4—S-R curve; 5—normal anisotropy with quadratic
yield function, r = 1.81, g = 0.5 (N’ is used for the curve 1 instead of N).

From the curves for N = 0.5, it is found that the effect of 7 is little, and that X
greater than unity raise the limiting strain for the strain ratio between 0 and 1. A defect
of FLD due to S—R theory is that it is apt to give a too low value of the limiting strain
for the same range of strain ratio. Therefore, we can say that it may be one method
to improve theoretical FLD to take X into consideration. Of course, as seen in the
figure, the effect of the value of g is most prominent.

All the theoretical curves for N = 0.22 locate at the lower site than the experimental
plots which are the averages of the scattering experimental data shown later in Fig. 5.

6.2 FLDs of various commercial metal sheets

The author and co-workers[12] reported in another paper FLDs of various com-
mercial metal sheets such as an aluminium-killed steel (KS), a rimmed steel (RS), soft
aluminium (Al-0), half-hard aluminium (Al-4H), a quarter-hard copper (Cu-1H), and a

W L o,
L }
0.4, = -
i ‘: ! 3
Nt
4
7 = 5
N .......
02
N
4 % rimmed steel:
N=0.22, 7=X=12
(N=0.34)
T T T T
0 0.2 £ 04

Fig. 5. Thoretical FLDs and experimentals, a rimmed steel (RS). 1—normal anisotropy with
fourth-order yield function, 7 = X = 1.2, g = 0.523;2—6, = Yo —_p&>, Yo = 78° 11, p =
0.1365; 3—normal anisotropy with fourth-order yield function, 7 = X = 1.2, g = 0.75 (N’
instead of N is used for the curves 1, 2 and 3); 4—the same as 3 except N; 5—S-R curve; 6—
normal anisotropy with quadratic yield function; 7 = 1.2, g = 1.0; 7—6o = (n/2) — p&, p =
0.195.
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aluminium-0:
0.14 N=0.266,7=0845,
X=1.11, (N'=N)

L} T T T
-02 0 ' 02 e 04

Fig. 6. Theoretical FLDs and experimentals, a soft aluminium (Al-0). l—normal anisotropy
with fourth-order yield function, 7 = 0.845, X = 1.11, g = 0.4; 2—the same as 1 except g =
0.5; 3—06, = (n/2) — p&2, p = 0.667; 4—the same as 1 except g = 0.75; 5—normal anisotropy
with quadratic yield function, 7 = 0.845, ¢ = 1.0; 6—S-R curve.

quarter-hard (60/40) brass (Bs-{H), with thickness of 0.8 mm. They all have the ex-
perimental plots both in the range €, = ¢; and e; = €; because of in-plane anisotropy,
and a considerable amount of scattering of them. They are replotted in Figs. 4-9 in
the manner that all the plots in the range e, > €, are shifted to the corresponding
positions in the range €, = ¢, neglecting in-plane anisotropy, and all the plots so obtained
are encircled by dotted lines to show their scattering feature.

On the other hand, the corresponding theoretical FLLDs are also drawn in each
figure for various possible conditions noted below the figures. The experimental data
in Fig. 10 are replotted from Tadros and Mellor’s paper[13] which are for a soft (70/
30) brass (Bs-0).

Now the theoretical limiting strain (g, )., for n = 0 (i.e. plane-strain state) is equal
to the value of N itself for all the formulae (51)-(54). However, N-values adopted here
are all determined by uniaxial tensile test taking the in-plane averages. And the range
of strain in determination of N is rather small when it is compared with the limiting
strain, especially in the range of 0 = n = 1. Therefore the adopted value of N is not

atluminium—l H:

N=0048, 7=1105,
X =115,(N%0.024)
T T
ol 0.1 02 o,
Fig. 7. Theoretical FLDs and experimentals, a half-hard aluminium (Al-4H). 1—6y = )y —
» Yo = 88° 35, p = 0.0602; 2—isotropy with g = 0.7716 (©, = 87° 48'); 4—6; = Y —

%
P€,¢'0

o0

9° 18', p = 0.02472 (N’ instead of N is used for the curve 4); 3—S-R curve.
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Fig. 8. Theoretical FLDs and experimentals, a quarter-hard copper (Cu-{H). 1—6, = (#/2) —
p€?, p = 0.4051; 2—0g = o — pe*, Yo = 78° 59, p = 0.2176 (N’ instead of N is used for the
curve 2); 3—normal anisotropy with fourth-order yield function, 7 = 0.74, X = 1.49, ¢ = 0.5;
4—normal anisotropy with quadratic yield function, 7 = 0.74, ¢ = 1.0; 5—S-R curve.

necessarily appropriate. In fact, as seen in the figures, denoting [(€;)cr]n =0 by N', there
exist materials whose N’ is comparatively greater than N (KS, RS), less than N (Al-
iH, Bs-0), or approximately equal to N (other metals). The theoretical curves due to
eqn (53) or (54) agree fairly well with the experimentals, even for the materials whose
N’ has a great difference with N, though those due to other formulae show poor agree-
ment with the experimentals. Only one exception is Bs-0. Even for the materials whose
N' deviates much from N, if N’ is used instead of N, the theoretical curves due to eqn
(53) or (54) are almost completely coincident with the experimentals, which is partic-
ularly seen for Bs-0.

All the S-R curves show very poor agreement with the experimentals in spite of
large scattering of them. All the figures demonstrate that FLDs due to our constitutive
equation (1) together with ©, expressed by eqn (10), or in eqn (54), can predict the
experiments much better than those due to S-R’s theory.
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Fig. 9. Theoretical FLDs and expenmentals, a quarter-hard brass (Bs-{H). 1—normal amso-
tropy with fourth-order yield function, 7 = 0.946, X = 1.07, g = 0.5; 2—0, = (n/2) - p€’,
p = 0.772; 3—the same as 1 except g = 0.75; 4—6g = Yo — p€, Yo = 80° 38', p = 0.2394
(N' instead of N is used for the curve 4); S-~normal anisotropy wnth quadratic yield function,
7 = 0.946, g = 1.0; S-R curve almost coincides with 5.
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brass-0:
B N=0.50, F=0.86,
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Fig. 10. Theoretical FLDs and experimentals, a soft brass (Bs-0). 1—S-R curve (6 = 90°);
2—6g = Yo — pE2, dp = 81° 08, p = 0.03423; 3—S-R curve (B, = 68° 38’) (N’ instead of
N is used for the curves 2 and 3).

Table 1. The half angle O of vertexed cone of
subsequent loading surface at onset of breakage
(calculation)

Strain ratio
Material 1-—0

KS 70°—85°

RS 72°—88°
Al-O 73°—85°
Al-iH 87°—89°
Cu-iH 73°—86°
Bs-{H 70°—82°
Bs-O 79°—80°

Table 1 shows the values of O, (the half angle of the point-wise vertexed cone of
the subsequent loading surface at the loading point) at the onset of breakage of the all
materials tested here when eqn (53) or (54) is used. Note that 6, = (w/2) means no
vertex, i.e. the subsequent loading surface is always smooth. As found from this table,
even at the time of breakage, O, remains in the range of 70°~90°. That is, our constitutive
equation predicts that any metal sheet will break with rather dull vertex of the sub-
sequent loading surface and thus, for continuing deformation of ordinary amount, the
evolution of the vertex is little. This can explain that it is difficult, as reported so far
by many workers, to check directly the vertex-formation on the subsequent loading
surface by the usual method of determination of the surface at the level of small strain.
Of course, even if its evolution is not prominent, the pointed vertex on the subsequent
loading surface at the loading point plays a decisive role in inducing local necking or
breakage.

7. CONCLUSION

The elastoplastic constitutive equation developed in the previous two papers of
this series is applied to determination of FLD (forming limit-strain diagram) of metal
sheets subjected to proportional loadings. First, the constitutive equation is reduced
to that for plane stress state, and then the formulae of the limiting strain or stress and
the direction of the local neck band are derived by making use of localized-type bi-
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furcation condition as the breakage condition. The formulae take different forms for
-1=m = m*and m* = m = 1, where m denotes the stress ratio o>/, and [ m | =
1. For m* = m = 1, the neck band lies perpendicular to 1-axis (the major stress axis).
Generally, 0 < m* = 0.5 holds and m* is very close to 0.5. The formulae for the case
where normal anisotropy (in-plane isotropy) expressed by Hill’s quadratic yield func-
tion or by the author’s fourth-order yield function are also given. For several com-
mercial sheet metals, theoretical FLDs are determined and illustrated to compare with
the experiments. It is found that FLD due to Stéren and Rice’s theory gives poor
quantitative prediction, that FLD due to our theory, which allows 6y (= the half angle
of the point-wise vertexed subsequent loading surface at the loading point) to reduce
with deformation, gives a good quantitative prediction, and that the latter FLD is almost
completely coincident with the corresponding experimental one if N’ [ = limiting major
strain (e, )., at strain ratio n = 0] is adopted as the strain-hardening exponent instead
of N which is determined by uniaxial tensile test.

It is also pointed out that the value of ©¢ remains within the range of 70°-90°
throughout all the materials tested here even at the time of breakage and thus the
evolution of the vertex of the subsequent loading surface is very dull when stable
deformation continues at lower strain level. However, if such vertex-formation were
not assumed to occur, the localized bifurcation and thus breakage cannot take place
at reasonable stress or strain level.
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