Instantaneous Plastic Flow Properties
of Thin Brass Sheets Under Uniaxial
and Biaxial Testing

Feliks Stachowicz (PL) stafel@przedu.pl

22 |VOLUME 15, No. 1, 2011

BIOGRAPHICAL NOTES

Feliks Stachowicz, prof. DSc, PhD, Eng. (born in 1951) graduate of the Faculty of Non-
Ferrous Metals at AGH University of Science and Technology in Krakow (1975), he spe-
cializes in evaluating metals usability for cold forming processes (especially forming
limits of thin sheet metal) and analyses of basic parameters concerning technological
forming processes of sheet metal, pipes and structural profiles as ell as recycling pro-
cesses. In 1981 he defended PhD degree, in 1991 obtained DSc degree and in 2000
he was awarded the professor’s degree. Member of the Section of Plastic Forming
Processes Theory in Committee on Metallurgy at Polish Academy of Science. In years
1999-2002 and 2005-2008 dean of Faculty of Mechanical Engineering and Aeronau-
tics, since 2008 vice rector for general affairs of Rzeszow University of Technology.

KEY WORDS

Plastic Anisotropy, Strain Hardening, Strain State, Forming Limit, Sheet Metal

ABSTRACT

In the prediction of formability of sheet metals, it is necessary to determine material
properties which are normally evaluated on the data obtained by performing simple
tests. The most important parameters affecting the value of limit strains of a sheet
metal are the strain hardening exponent (n) and plastic anisotropy ratio (r). It was
established that especially the value of n-parameter of brass sheets strongly depend
on the specimen elongation and stress/strain state. The effect of instantaneous (differ-
ential) n: - value and r:- value on the forming limit curve was computed theoretically.

INTRODUCTION

There is still great interest in the workability prediction of a material during sheet met-
al forming. This type of processing involves complex sequences of stress and strain
states, and the material workability cannot be evaluated through simple procedures
such as simple tension testing [1]. Some materials form better than others. Moreover,
a material that has the best formability for one stamping may behave very poorly in
a stamping of another configuration. For these reasons, extensive test programs are
often carried out in an attempt to correlate material formability with value of some
mechanical properties. The formability of sheet metal has frequently been expressed by
the value of:

m strain hardening exponent n,

m and plastic anisotropy ratio r.

The stress-strain and hardening behaviour of a material is very important in deter-



mining its resistance to plastic instability. In sheet
forming operation biaxial as well as uniaxial stress
state exists. Thus, one must known and under-
stands material hardening behavior as a function
of stress state [2,3,4,5,6,7,8]. Additionally the value
of the n and r parameters depend on the grain size
of the material [9] and changes as plastic deforma-
tion accumulates.

Since experimental determination of the form-
ing limit diagram of a sheet metal is very time-
and material-consuming, the knowledge of the
above mentioned relations could be very useful
in the theoretical calculations of the limit strains
of a sheet under different strain state. We might to
expect that calculations of the forming limit dia-
gram using instantaneous (elongation dependent,
instantaneous) value of the normal anisotropy ra-
tio r: and strain hardening exponent n: enable to
achieve better correlation between calculated and
experimental results.

Experimental studies of formability of various ma-
terials have, however, revealed basic differences in
behavior, such as the “brass-type” and the “steel-
type”[10], exhibiting respectively, zero and positive
dependencies on forming limit upon the strain
ratio. Such results cannot be reconciled without
proper attention to the details of strain hardening
behaviors of these materials, particularly as func-
tions of strain and strain ratio.

Modern universal testing machines with appropri-
ate measuring systems for length-width variations
allow the usual characteristic values to be ascer-
tained together with r and n values, both rationally
and with a high accuracy.

1 Material and Mechanical Testing

The tests were carried out on the 1,0 mm thick
80-20 and 0,5 mm thick 63-37 brass sheets in
annealed state. The tensile specimens of 50 mm
gauge length and 12,5 mm width, were prepared
from strips cut at 0, 45° and 90° according to the
rolling direction of the sheet. The experiments were
carried out using a special device which recorded
simultaneously the tensile load, the current length
and width of specimen, using a microcomputer.

In order to determine the flow properties of a
material in biaxial stretching, the bulge test was
carried out, using hydraulic bulge apparatus with
a circular die aperture of 100 mm diameter. The
bulging pressure and the curvature of the pole
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were measured and recorded continuously up to
specimen failure.

2 Plastic Anisotropy Ration
Normal anisotropy value represents the ratio of the
natural width deformation in relation to the thick-
ness deformation of a strip specimen elongated by
uniaxial tensile stress:

&
&

=]

(1)

The r-value at a given elongation, usually 15 pct
(e=0,14) has been used for many years as a qual-
ity control indicator of drawability. More recently,
there has been interest in the effect of strain on
the plastic ratio, while acknowledging that the
changes in the crystallographic texture occurred
with increasing strain. For plasticity studies, the ba-
sic definition of r-value has been replaced with the
instantaneous r:- value, which is defined as:
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Fig. 1 Variation of r:- value with strain for the 63-37 brass

sheet specimens cut at 0° (upper) and 45° (lower) accord-
ing to rolling direction
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According to the latest experimental results
[2,9,11,12] no systematic increase or decrease of r-
value with strain was observed, in contrast to pre-
vious reports in the literature. The test results for
different materials and for different specimen ori-
entation (Fig. 1) have shown that in the case of the
80-20 and 63-37 brass sheets no clear correlation
between plastic anisotropy ratio and specimen
elongation exists. And because of that the r-value
of brass sheet was determined using [13] method
(Fig. 2), and it could be treated as a reasonable rep-
resentation of anisotropic behaviour over a wide
range of elongation.
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Fig. 2 Plastic anisotropy ratio of the 63-37 brass sheets
determined by Welch et al. method

3 Strian Hardening Exponent
For many years strain hardening laws such as those
from Ludwig, Hollomon, Voce, Swift and Krupkows-
ki has been used to describe the plastic behaviour
of polycrystalline metals and alloys. The Hollomon
law in the form of:

o = K¢ (3)

has been used the most frequently. The param-
eters involved in this laws, particularly n-value has
been, and continue to be, correlated to changes in
the microstructure of a material and in some way
represents processes which occur during deforma-
tion. They have also been used extensively to char-
acterize the formability of sheet material.

The value of strain hardening exponent n is usually
determined from the double logarithmic plot of
the true stress and true strain by linear regression.
When copper and brass sheets are concerned the
logarithmic strain-stress relation is not a straight
line - and that was observed in the case of 80-20
brass sheet under both the uniaxial and biaxial
straining. The n-value is strain dependent what
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resulted from the changes in the crystallographic
texture [13,14]. Because of this the mean n-value
(which describe the strain hardening of the whole
strain range) and instantaneous n; - value were de-
termined on the base of the results of uniaxial and
biaxial testing.

Equation (3) assumes a constant n-value and the
average n-value is measured at a given strain range
or can be determine for the whole range of strain-
ing from double logarithmic stress-strain data by a
least squares approach. To examine the true strain
hardening behaviors the instantaneous n: - value
should be determined. taking the derivative from
equation (3) yields:

do _ =t O
dg_Kne =n (4)

which results in:
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Fig. 3 Variation of n:- value with strain for the 80-20 brass
sheet, under uniaxial (upper) and equibiaxial testing
(lower)



The results presented in Fig. 3 show clearly that
there is no unique constant n-value which may
characterize hardening process in both uniaxial
and biaxial deformation of brass sheets.

The intensity of strain hardening depends on the
true strain [15]. In the case of materials tested in-
stantaneous n - value varies continuously with
strain-increases rapidly at small strains and at high-
er strains falls again somewhat less rapidly. It was
established [16] that at large strains (above 0,10)
stress is controlled by the cell size. This observation
suggested that there is a change in the accommo-
dation process from the grain level at low strains
to the cell level at large strains - what resulted in a
change in the strain hardening process.

Variation of the n: - value is strain and strain state
dependent (Fig. 3). In the case of uniaxial testing
of the 80-20 brass sheet the nt-value riches its
maximum at € = 0,15, while in the case of biaxial
stretching at € = 0,10. These points could be treat-
ed as the beginning of quasistatical range of de-
formation process. The strain value of € = 0,36 and
e =0,26, for uniaxial and biaxial testing respective-
ly, are the limit strains.

4 Forming Limit Diagram

The forming limit diagram (FLD) is today a gener-
ally accepted measure of sheet metal formability.
It is extensively used in both scientific research
and industrial practice. The FLD defines the ex-
tent to which a sheet can be strained before a
sharp neck and final failure occur. The diagram
presents the forming limit for a range of deforma-
tion modes ranging from deep drawing (negative
minor strains, uniaxial tension) to stretch forming
(positive minor strains, biaxial tension). The FLDs
of the brass sheets were calculated basing on the
M-K theory [17] - a sheet element was divided into
two parts, region A with no material defects and
region B, softened due to a presence of surface
dimples and internal defects. The solution to the
M-K problem was achieved in straight-forward in-
cremental numerical procedure of calculations. In
our calculations of the FLD we have used no fit-
ting parameters to describe the inhomogeneity of
a material, but we have based on experimentally
obtained relations [18] which describe the material
softening and strain localization processes.

When the influence of plastic anisotropy ratio on the
FLD brass sheets is concerned, the following calcula-
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tions were performed:

m calculations of the FLD using the value of mean
normal anisotropy ratior,

m calculations of the FLD using two different type
of instantaneous rt-value and elongation relation
- the increasing and decreasing function.
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Fig. 4 Effect of instantaneous anisotropy ratio changes
(increasing and decreasing function of elongation) on the
forming limit curve position

The FLD calculations using instantaneous 7:- value
as a two types of function of elongation (Fig. 4) has
shown that in the e2> 0 region increasing function
of r:- value resulted in decreasing of limit strains
while when using the decreasing function the limit
strains increase. This effect was the most visible for
the equibiaxial stretching.
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Fig. 5 Effect of instantaneous anisotropy ratio changes
(increasing and decreasing function of elongation) on the
forming limit curve position

As it was mentioned above the second important
parameter affected the FLD is the strain hardening
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exponent. The knowledge of the differences in the
hardening process during deformation seemed to
be very usefulin FLD calculations. Theoretically de-
termined FLD presented in Fig. 5 demonstrate that
forming limit curves calculated using both mean
n-value and instantaneous n: - value are different
in the shape. The FLD calculated using instanta-
neous strain hardening exponent as a function of
effective strain Fig. 3 is more flat than that of the
FLD calculated using mean n- value - however the
position of these two FLD is very close.

4 Conclusion

The two mostimportant material parameters - plas-
tic anisotropy ratio (r) and especially strain harden-
ing exponent (n) of brass sheets strongly depend
on the strain state. Both the n and r parameters are
strain dependent, so in some cases instantaneous
nt and r: value more precisely represent a material
properties. These remarks should be taken into ac-
count in predicting sheet metal formability (form-
ing limit diagram) as well as in numerical modeling
of sheet metal forming processes.
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