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ABSTRACT

This work compares the relative importance of
material anisotropy in sheet forming as compared to
other material and process variables. The comparison is
made quantitative by the use of normalized
dependencies of depth to failure (forming limit is
reached) on various measures of anisotropy, as well as
sirain and rate sensitivity, friction, and tooling.
Comparisons are made for a variety of forming
processes examined previously in the literature as well
as two examples of complex stampings in this work.
The examples cover a range from nearly pure draw to
nearly pure streich situations, and show that for
materials following a quadratic yield criterion, anisotropy
is among the most sensitive parameters influencing
formability. For materials following higher-exponent yield
criteria, the dependency is milder but is still of the order
of most other process parameters. However, depending
on the particular forming operation, it is shown that in
some cases anisotropy may be ignored, whereas in
others its consideration is crucial to a good quality
analysis.

INTRODUCTION AND MOTIVATION

This work was motivated in part by the findings
of one of the authors in a previous work [1], but in large
part flavored by timely discussions at the NUMISHEET
96 and as documented in those proceedings [2]. The
large quantity of information assembled in the Limiting
Dome Height (LDH) benchmark has allowed the
question to be credibly raised as to the relative
(quantitative) importance of anisotropy as compared to
other sensitivities in sheet forming processes. Since a
sensitivity stud{ was performed n% many of the
entrants in the LDH Simulation Benchmark (SB-1) of
NUMISHEET 96, the key aspects of the conclusions of
this work had their origins in an examination of that data.
However, since SB-1 involved the LDH test, which is
predominantly stretch in nature, it was felt that any
attempt to be even moderately thorough in examining
relative sensitivities should inciude a variety of forming

operations. To that end, quantitative statements are
developed below regarding what is important during the
following forming operations:

LDR (Limiting Draw Ratio) [3], predominantly a
draw situation:
LDH (Limiting Dome Height) {2], a predominantly
stretch operation:
onical Cupping [4-6), where inhibition of
wrinklin% demands a stretch/draw balance:
aring during Cupping [7.,8], another process
where draw is the main mode:
Blank shape optimization for a rectangular box
[1,9], a stretch/draw situation:
Blank shape for a cylindrical cup [1}, a draw
dominated situation:
Hydroforming of a “fish™shaped cover plate
[10], a stretch/draw operation: |
Closed-die stamping of an aircraft door frame
[11], predominantly stretch with some draw component.

The pertinent information about these processes
is reviewed below and summarized in a form that
reveals where each material and process parameter is
most relevant. Included in these is the means of
characterizing the anisotropy; this may be viewed in a
hypothetical way regardm? which of several yield
surfaces is chosen numerically to represent the material,
or alternately in terms of the realism to which each
criterion captures a given sheet material's measured
properties. The various criterion chosen as extensions
1o the isotropic Von Mises inciude the 1948 Hill [1 ZA, also
called H48 or “a=2" in this work, the 1979 New Hill, fom
#4 [13], also referred to as NH4 or “a<2” in this work,
and the 1979 Hosford [14], also calied H79 or “a=8" in
this work. Since that criterion is numerically similar to the
one proposed by Barlat and Lian in 1989 [15], the latter
will be included in the “a=8" nomenclature in this work.
Forms of these criterion have been implemented into
versions of W-DYNA3D at LLNL [1], and into LS-
DYNA3D and LS-NIKE3D at LSTC [16,17].

The quadratic 1948 Hill yield surface takes the
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Eqn. (1) relates the effective stress fo the three normal
components of Cauchy stress, with the tem D
containing the shear stress terms:

D=2Lo. +2M02, +2No, (2)

The values for the constants in Eqns. (1) and (2) can
be expressed in terms of the in-plane strain ratios
R=Rp, Q=R4s, and P=Rgp, and S=R/P, with the
following additional relations needed:

F=S=(R/P)
G=1
H=R

L=(Q, +1XR+1)
M=(Q, +3)(R+S)
N=(Q,+3)1+9)
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This “a=2" criterion is comparatively straightforward to
implement, but is unable to account for the so-called
‘anomalous’ behavior observed in certain metals (some
aluminum alloys and others) where R<1 but biaxial
strength is still greater than uniaxial. In an attempt to
capture this behavior, the “#4” variant of Hil's 1979
general form may be used [14]:

— lo, +o,' + @R + o, -0,|°
2(R+1)

(4

in egn. (4), the intent is an assumption of planar
isotropy (i.e. A=Q=P), and that the exponent a< 2,
hence the nomenclature in this work. Simultaneously,
Hosford [14] proposed a higher-exponent yield criterion
which has shown better agreement with experiment and
crystal plasticity calculations:

5= F(0,-0,)" +G(0, - 0))" + H(0,— 0,)°
R+1

This equation is referred to as “a=8" in the current work;
it is often used with a=8 for fcc metals and a=6 for bcc,
with only minor differences due to that subtlety.

in order to circumvent the stress space limitation
of the 1979 Hosford criterion, Barlat and Lian [151
introduced a criterion which offers all the advantages o
the 1979 Hosford for the case of normal anisotropy
(AR=0) but permits the introduction of a coupled shear
term while retaining convexity of the yield surface and
coordinate sYstem invariance. This criterion is
expressed below as in [15], except that we retain the
use of ' as the yield criteria exponent since many of
our DYNA implementations refer to 'nf as a strain-rate
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exponent. Note also that to avoid confusion we have
expressed the coefficient (2-¢) explicitiy:

- oK, + K| +1K, - K[} + ok |”
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The Cauchy stresses must be defined to allow for a
thid (normal) stress, even though the impiementation
here is for the shell element in DYNA. This is because
the plane-stress material routine is iterative so that even
though the nomal stress vanishes at convergence, we
must recognize its presence during the iterations.
Parameters ¢, h, and p* may be defined in the current
notation as follows:

c=2 (L)(_f_)
1+RA1+P
h= !R(1+P) 7
P(1+R)
209, +1X1+5)
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The value of p is needed for the shear term in eqgn (6).
In the case of a=2, we have p=p”. However, this is
also the case where the criterion reduces identically to
1948 Hill and is thus of interest only for verification. In
general, the value of p* must be found iteratively as
described by Barlat and Lian in [15].

The yield criteria just described were used in
various contexts with the set of forming problems
above in previous works and in the current one.
Anisotrop?ge parameters (R-values) for most of the
materials herein are as given in Table 1. Other details of
the material properties for the sheet materials in Table 1
have been described elsewhere [1-2,10-11].

The sensitivities to the various forming
parameters take on a form related to that introduced by
one of the authors (RWL) at the NUMISHEET 96
discussion. That is, dependencies on each material or
process parameter are normalized to a nominal value of
that parameter, and the change in depth to failure (H* in
mm) is normalized to a nominal value of punch depth for
that particular forming operation. Thus, a set of
normalized slopes or derivatives, key to following this
work, is generated, expressed as percents:
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The values of n and m refer to strain and strain-rate
dependence of flow stress, respectively, in the
equation:
o,=Keley (9)

used to describe the uniaxial stress-strain behavior in
the a-direction. Other dependencies include that of the
friction coefficient, u, the binder force, F, the blank size,
B, the die lip radius, d, and the punch nose radius, p.

All the slopes in egn. (8) are then multiplied by
100 to express them as percent changes.

EXAMPLES: LDR TEST

in previous works [1,18], different yield criteria in
DYNA3D were compared with the LDR observed
experimentally, as shown in Fig. 1. The effect of

average R is shown experimentally and numerically,
but aiso the effect of adding AR instead of assuming

R=Q=P=R. Experimentally, the effect of 4R is
negligible, and it is also small for the higher-order yield
critena. The dependencies in Fig. 1 are quantified in
Table 6 and Figure 6 below.

Table 1. Plastic anisotropy for contrived and real
material data sets used in this work.
atl AR 4P laz F
O I” R R [r Ip
Materials Used in E45 Earing - Contrived
Sa 4.000 1.00] 4.00] 2.50] 1.2 0.00] 0.00] 1.00
Sb 2.000 1.00{ 2.00] 1.50{ 0.67] 0.00] 6.00] 1.00
Sc 1.500 1.00] 1.50] 1.25] 0.4 0.00] 0.00] 1.00]
Sd 0.500 1.00{ 0.50] 0.75] -0.67] 0.00] 0.00] 1.00
Se 1.00 2.00] 1.00] 1.50] -0.67] 0.00] 0.00] 1.00
St 0.50 2._9_0__9.50] 1.25] -1.200 0.00] 0.00] 1.00]
Matarials Used in E90 Earing - Contrived
Nf 4.000 1.00 4.00i 2.50| 1.20 0.00| 0.00| 1.00|
Nj 1.000 2.00] 3.00] 2.00] 0.00] -1.00] -1.00] 0.33
NK 0.500 2.00| 1.50] 1.50} -0.674 -0.67] -1.00] 0.33
Nt 1.000 1.00] 2.00] 1.25] 0.4Q} -0.80] -0.67] 0.50
Nm 1.50 2.00] 2.50] 2.00] 0.0(f -0.50] -0.50] 0.60
Nn 1.000 4.00] 1.00] 2.50] -1.20¢ 0.00] 0.00} 1.00
Nu 0.68 1.31] 0.68] 0.99] -0.64] 0.00] 0.00] 1.00
Materials Used in E45 & E90 - W&B Experimental
Wp 0.77] 1.31} 0.58] 0.99] -0.64 0.19] 0.28} 1.33]
Wb 0.82] 0.86] 0.89} 0.86] -0.01] -0.08] -0.08] 0.92
Ws 1.49 1.18] 1.92] 1.44] 0.3¢ -0.30] -0.25} 0.78
Wc 0.86 0.33] 1.02] 0.64] 0.9§ -0.25] -0.17] 0.84
Materials Used in LDH, Fi.«‘ﬁ‘r and Door - Experimental
Ni 1.89 1.52] 2.37] 1.82] 0.39 -0.29]-0.25 o.7__sl
Nh 0.7 1.21] 1.03| 1.04] -0.3 -0.30] -0.35] 0.70
_t_s_la 0.64] 0.65] 0.61] 0.64] -0.04 0.05] 0.05] 1.05|
Ra 0.61] 0.52] 0.56] 0.55] 0.12 0.09] 0.09] 1.09
Rb 0.67] 0.63] 0.96] 0.72] 0.25 -0.40} -0.36} 0.70
Kb 0.62] 0.71] 0.92] 0.74] 0.07] -0.40] -0.39] 0.67
Da 0.58 0.68| 0.53] 0.62] -0.20 0.08] 0.09] 1.09]
26 4 [
~Z5: ® Expt:
DR/R<0,2
. .
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Fig. 1. Effect of R and AR/R on the LDR as shown
experimentally and by the three yield criteria (H48
labeled a=2, H79 labeled a=8, and B89 labeled a=9;
exponent is still a=8).




EXAMPLES: EARING IN CUPPING

Another draw-intensive comparison  again
involves the cupping geometry, this tme with an
emphasis on percent ear formation due to planar
anisotropy. In this case, we can define the quantities
E45 and ESO as in [18] and previous works, to
represent the two types of earing in four-eared cups:

E4S=Ah/h
* —_ %
Ab /o 2 (R00 =24 haS + hS0)
(h0O+ 2 * h45 + h90) ..{10)

AR=(R-2%Q,+P)/2
R=(R+2%Q,+P)/4

ES=An0-90)/h

B _ 4(h00 - h90)

Ah(0 90)/h—(h00+2*h45+h90) ~(11)
AP=R-P

P=(R+P)/2

In previous works [1], different yield criteria in
DYNA3D were compared with eanng observed
experimentally, using data obtained by Wilson and
Butler [7] with that obtained using simulations with either
a=2 in eqn. (1) (1948 Hill), a=8 in egn. (5) (1979
Hosford), or a =8 in eqgn. (6) (1989 Barlat). The
dependencies are shown graphically in Fig. 2.
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Fig. 2. Plot of earing (Ah/h vs. AR/R) including Wilson
and Butler data compared to DYNA results with a=2 (48
Hill), a =8 (79 Hosford) and a =8 (89 Barlat) .

Once again, the slopes of the lines in Fig. 2 will
be used to caiculate sensitivities exrressed in the
overall comparison shown below in Table 6 and Fig. 6.

EXAMPLES: STRETCH-DRAWING CONICAL CUPS

In previous works [4-61{. comprehensive studies
were made of the formation of conical cups, where a
combination of stretch and draw conditions are
necessary to inhibit wrinkling in the unsupported cup
wall. These data were revisited for the current work, and
the experimental trends were used to calculate F’, B', d,
and p’as in eqn. (8). The results are shown in Table 2,
with the average values to be used later in the Table 6
overall comparison. Note the very high sensitivity to
blank size (B), likely due to the fact that in these
experiments the goal is to balance the ability to draw
the blank through, yet use the blank and binder to
restrain wrinkling in the cup wall.

TABLE 2. Experimentally observed effect of tooling and
rocess and conical cup H* (Logan, 1984
[ 254l

Slope | CHs! S 3 al| Slope

F16T| F21T} F23T] F28T| F29T| Avg.
F B0 - T4 33 ﬁ%‘
B -300 -T00] -200
d’ 21 2 13 19
M 57 5 15 17 i)

EXAMPLES: LDH GEOMETRY

The recent LDH benchmark (SB-1) described in
NUMISHEET 96 [2] can provide much data and insight
into sensitivity to material parameters and friction, since
numerous entrants studied these sensitivities
numerically on forming the LDH geometry as shown in
Figs. 3-4 with a variety of codes. Results on the
dependence of H* on anisotropy obtained by one of the
authors are reproduced below in Table 3.

TABLE 3. Effect of Rand a on H* in LDH Test

"Matenal R 2rR/R| LDA[ LDH
a=2 =8
Ni-TF T.00 0.2 38.0]
164 20| 376
182 55| 375
TB82| 0.00] 44.0] a74
2.00 258 3756
"NR-AS 094 32.0
T00] 0.00] 33.2
T.04 328
T4 335
120 37.6
a-AL 0.57 296
0.64 29.6
0.71 208
T00| 0.00] 30.4
T1.00 30.4

In addition, the numerical analyses were
repeated using the higher order H79 yield criterion *a=8"




to supplement the “a=2" H48 results. For this
predomnnantly stretch test, the dependence of H* on R-

values nearly disappears when "a=B" is used, as
shown in the right-most column of Table 3.
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Fig. 3. LDH tooling used to clamp and form dome
punch, die, and binder used to form part below
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all the NUMISHEET 96 entrants that reported sensitivity
data. These are shown befow m Table 4a for Materlal IF
{interstitial-Free Steel), in Table 4b for Materal HS

(High-Strenath Steel), and Table 4¢ for Material AL

(Alummum 6111-T4) Many of the slopes as defined in
eqn. (8} are caicuiated for each entry (as numbered in

the proceedings), with the average then taken for each

material. These averages are again transferred o Table
6 for the overall comparison.

TABLE 4a, Qumrnnm of 1DH sonsitivitics - fmm
NUMISHEET 96 SB 1, Matenat IF

[Entry: | 6] 15] 18] 18] 20| 24] 25] avg]
Slope —
R a=2 22] 7] 40 31] 11 14
R a<2 56 13
Ra=8 | 0
AR’ a=2 4 4
n 22] -9] 29| o] _38] 13] 16
v i1 7 $
W -33] .20 71 ol -11] 171 -7l -14
F 111
TABLE 4b. Summary of LDH sensiiiviies - fiom
I‘:JLJMISHEET 96 SB-1, Material HS
Entry:| 18| 19] 20] 24] 25| 28 avg |
slope
R a=2 56] 13 25| 69 41
R a<2 62 +/-0] 31
R a=8
_Aﬁ' a2
n 28] 28] 31] so| 66 s8] 49
m 0] 9 31] 13
Ty 53] o} 18] -18] -8 o] -16
F -218 -66 -142
TABLE 4c. Summary of LDH sensitiviies - from
NUMISHEET 96 SB-1, Material AL
ntry: | 18] 19] 20] 221 24] 25] avg
Slope
R a=2 14 3
R a<? = =
B a=8 10 0 5
AR a=2 0 0
n -14] 31] 17 34 +/-0] 14
m 0 3 2
' -10 0 0] -20] -14] +/-0 -7
F -172 +/-0] -86

EXAMPLES: “FISH” COVER, DOOR FRAME, ETC.

Having assembled several simple test
geometnes for companson of sensitivities to anlsotropy
and other prameters, we wished to expiore these

dependencies in progressively more complex geometric

stampings as well. A related study was performed
recentlym on rectangular box and cup geometnes that
jooked at p rcemage rmprovemems in IFIE F\UJUSIGG
Draw Depth (ADD), or roughly speaking, H* as in this
work but compensated to produce a stamping using a
minimum of matenal subject tc a msnnmum final thlckness
betrlg aunt:vt:u uIlngIIUUl llll;' Pdll. Il|tb IHIUHIIdUUTl
was already in a form nearly equivalent to those in egn.
(8), and the ‘summary of this work (Table 6) reflects the
findings in [1].

As additional examnles pne nart that wa
fat=] uuuluvl]ul CAGINWIGS, Wiiv 1L Uil

reconsidered involves a hyd oformed cover first studled
$SOmMe years ago using 6061-0 aluminum by Maker [10].



This part is made in a hydroforming operation described
in [10], and has been analyzed usingvarious versions
of DYNA3D, NIKE3D, LS-DYNA3D, and LS-NIKE3D.
On forming the part as shown in Fig. 5, the *fish-like”
?art has a tendency to tear in the wall near the tail of the
ish. The four close-ups surrounding the full fish show
gualitatively the effect of blank positioning on the strain
istribution as the FLD is approached. These represent
four separate runs using the “*Ra” material, which has a
high R, relative to R, and R,;. When the rolling
direction is aligned with the fish axis, the failure fraction
‘" shows the distribution in the top insets, with slight
differences depending on whether the “a=2" or *a=8"
yield criterion is used. If the blank is turned 90 degrees,
the distributions of “t” in the lower insets result. The
failure heights H* are also different; each of the inset
pictures was taken at its respective H*.

In all, numerous analyses were done using
different lots and placement of 6111-T4 aluminum as a
blank material, chosen for this part of the numerical
study due to the relative abundance of data available
for it. The baseline properties were used as given in the
NUMISHEET 96 benchmark, and different sets of actual
R-values were then used as permutations. The
resulting H* depths are shown in the top half of Table 5,
for both “a=2" and “a=8". Worthy of note are the
differences between the two, with the “a=8" results
having higher H* since the yield surface, though it is
shrawrfer, is pulled out more toward the Von Mises
condition. In fact, even for isotropy the “a=8" has a
higher H*, perhaps indicating that easier flow in shear is
allowing the complex shaped blank to draw in more
easily. Once again, the 90 degree rotated position for
the Rb and Kb materials (see Table 1) gives much
higher H*, as well as a different qualitative strain
distribution as shown in Fig. 5.

In addition to H*, various slopes were calculated
per eqn. (8), and are given in the appropriate positions
in Table 5. In each case, a given slope was obtained
by comparing the conditions and H" from the two
analyses in the superscript of the slope; that is, a
superscript (45) means that analyses (4) and (5) were
used to get the slope. Of particular note is the high
slope (R/P)’, as already discussed, as well as the high
slope for R".

Also supplied in the lower half of Table 5 are the
H* for a closed-die door frame stamping as described in
detail elsewhere {11]. This stamping was analyzed with
DYNA3D as the first step in a multi-stage forming
operation with intermediate anneals, using a mesh of
nearly 40,000 elements in the sheet. The analysis had
been performed in [11] using isotropic properties and an
FLD as reported by Dorward [8], and was repeated
here with the R-values as reported in [8] as well; runs
with and without planar anisotropy showed little
discernable difference in this case, although the slope R’
was again quite high.

SUMMARY: OVERALL SENSITIVITIES

From the various experimental and numerical studies
discussed above, the sensitivity slopes as defined in
eqn. (8) were compiled into the form shown in Table 6 to
allow comparison of the various slopes with each other,
and for a variety of sheet fooming processes and
materials. The most significant factor worth noting in
Table 6 is the variation in magnitude of any given slope

depending on the fiece being formed (and material as in
the LDH tests). In fact, the variations are similar in
magnitude to the larger set of LDH data from the different
entries to NUMISHEET 96 as shown in Table 4a-<.
This suggests that not only are the numerically
observed sensitivity slopes dependent on the forming
scenario, they are also somewhat dependent on the
code implementation and assumptions in setting up a
given simulation. However, on the whole, the directions
of the dependencies are the same in Table 6 as well as
Table 4, with only a few exceptions to the trends. Even
these have reasonable explanations for the most part.
For example, in Table 6, the slope AR and (R/P)’ is
negative for the Adjusted Draw Depth (ADD) for the cup
forming operation, and for the E45 and E90 earing in
cylindrical cups, whereas AR’ is generally positive
regarding H*. This is because it is often possible (as in
the fish cover) to utilize planar anisotropy to our
advantage cgi;{en a non-axisymmetric geometry and an
intelligent choice of blank position. However, if we
consider the axisymmetric cup, the presence of earing is
only a detriment in most measures of H*. For this reason,
we include in Table 5 (in parentheses) another slope,
which is based on the magnitude of all the AR’ and
(R/P)’, rather than allowing a positive and negative
slope to cancel. Another apparent anomaly (in Table 4a
and 4c) is the negative value of n’observed by entry
#18. However, in that case the n-value was changed
without changing the value of K in egn. (9), so that
raising n has the numerical side effect of lowering the
yield stress, leading to a potentially lower H* depending
on friction interactions.

Overall, if the Tables 4-6 are examined carefully
and factors such as these are considered, there is
indeed a great deal of consistency among the trends,
and certainly the averages of all the slopes ?ive a good
overall indication of the relative importance of anisotropy
compared to other material and forming parameters. This
comparison is shown more graphically in Fig. 6, which is
simply a bar chart of all the magnitudes of dependencies
in the far right column of Table 6. The onlx special cases
in Fig. 6 are the values of F' and B’, which were divided
by 10 in order to fit reasonably on the same chart. If we
note then that these two parameters have nearly an
order of magnitude more influence than the others, a
legible comparison of the rest of the slopes can be
made from Fig. 6. Overall, for materials that are well
characterized by the “a=2" (H48) criterion, anisotropy is
amon% the highest influences on the slopes of eqn. gz
and thus on H* in a given forming operation.
materials following an “a=8" criterion, the anisotropy
dependencies (grouped together in Fig. 6) are less
strong, but still of much the same order as the other
slopes on the chart.

CONCLUSIONS

We have examined the dependence of punch
depth to failure (encroachment on FLD) in a variety of
sheet forming situations, to a range of material and
process parameters. For the cases considered (and the
metriics used via eqn. (8)), the strongest normalized
dependencies agpear as those on binder force (F), and
blank size (B’). Beyond those factors, the magnitude of
influence of anisotropy is certainly comparable to the
other material and process parameters (strain and rate
effect, friction, tooling geometry) whose knowledge is
considered essential to a quality analysis.



TABLE 5. Predict stamping
Part Mate Siope Siope
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TABLE 6. Summary of Sensitivity of failure height (H*) to anisotropy and other parameter slopes
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(AR, a=8 2 2] () -5 3 (4) -1
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Figure 6. Graphical depiction of normalized dependencies of H* on material and grocess parameters. All are plotted as

magnitude even if a negative dependence is actually observed. The values of

legible on the same chart.

There are several notable caveats to the
methodology presented herein. Although it indeed
simplifies the various effects, it is virtually impossible to
let any single material parameter, including the set of R-
values, change without causing other changes. Thus,
while it was assumed in this work that the set of R-

and B’ are divided by 10 to appear

values had no effect on flow stress or.the shape and
position of the FLD, some interdependencies are likely.
Similarly, changes in the n-value virtually never occur
without some change in the effective K-value of eqn.
(9); indeed even in Table 4 the entrants had to either
consider K to be constant (as did #18), or to consider
yield stress (at some finite plastic strain) to be constant,
so that K effectively varies with n.




Furthermore, the full effect of rate sensitivity (m)
in postponing localized necking and failure will be
missed without a local damage theor%. These latter
topics need to be more carefully sorted for future works.
Meanwhile, the dependencies shown in Fig. 6 should
still give most readers a good general impression of the
relative importance of these parameters.
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