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PLASTIC FLOW PARAMETERS OF BRASS SHEETS
UNDER UNIAXIAL AND BIAXIAL TENSILE TESTING

The value of the strain hardening exponent (n) @adtic anisotropy ratio (r) of
two kinds of brass sheets were determined in ualigb@nsile and equibiaxial
stretching tests. It was established that espgdiadl value of n-parameter of brass
sheets strongly depends on the specimen deformatidnstress/strain state. The
effect of instantaneous (differential)-value and value on the forming limit
curve was obtained.

Introduction

Formability of sheet metal is dependent on thehaeical properties of the
metal. Some materials form better than others. Mare a material that has the
best formability for one stamping may behave veoprfy in a stamping of
another configuration. For these reasons, extens@se programs are often
carried out in an attempt to correlate materiainfabpility with value of some
mechanical properties. The formability of sheet ahdtas frequently been
expressed by the value of:

- strain hardening exponent n,

» and plastic anisotropy ratio r.

The stress-strain and hardening behaviour of &niahis very important in
determining its resistance to plastic instabilitysheet forming operation biaxial
as well as uniaxial stress state exist. Thus, onst rknown and understand
material hardening behaviour as a function of stetate [1+4]. Additionally the
value of the n and r parameters depend on the gizgnof the material [5] and
changes as plastic deformation accumulates.

Since experimental determination of the formingitidiagram of a sheet
metal is very time- and material-consuming, the videdge of the above
mentioned relations could be very useful in theothgcal calculations of the
limit strains of a sheet under different straintestaVe might to expect that
calculations of the forming limit diagram using taustaneous (elongation
dependent, differential) value of the normal amoy ratio f and strain
hardening exponent; mnable to achieve better correlation between bkl
and experimental results.
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Experimental studies of formability of various e@ls have, however,
revealed basic differences in behavior, such ashtess-type” and the “steel-
type” [6], exhibiting respectively, zero and positidependencies on forming
limit upon the strain ratio. Such results cannotreeonciled without proper
attention to the details of strain hardening betwviof these materials,
particularly as functions of strain and straingati

Modern universal testing machines with approprmagasuring systems for
length-width variations allow the usual characterisalues to be ascertained
together withr andn values, both rationally and with a high accuracy.

Material and mechanical testing

The tests were carried out on the 1.0 mm thick8Gnd 0.5 mm thick
63-37 brass sheets in annealed state. The tep&@nsgens of 50 mm gauge
length and 12.5 mm width, were prepared from stdps at 0, 45 and 90
according to the rolling direction of the sheeteTéxperiments were carried out
using a special device which recorded simultangotis¢ tensile load, the
current length and width of specimen, using a nacnoputer.

In order to determine the flow properties of aenal in biaxial stretching,
the bulge test was carried out, using hydrauligéapparatus with a circular die
aperture of 100 mm diameter. The bulging pressundetiae curvature of the pole
were measured and recorded continuously up torspediailure.

Plastic anisotropy ratio

Normal anisotropy value represents the ratio ef mlatural width defor-
mation in relation to the thickness deformatioradtrip specimen elongated by
uniaxial tensile stress:

r :E_W (1)

st
The r-value at a given elongation, usually 15(pffective straire = 0.14)
has been used for many years as a quality comiatator of drawability. More
recently, there has been interest in the effedtraiin on the plastic ratio, while
acknowledging that the changes in the crystalldgapexture occurred with
increasing strain. For plasticity studies, the dakgfinition of r-value has been
replaced with the instantaneousalue, which is defined as:

_ de,

r__
Cde,

)

According to some experimental results [1, 5] ystesmatic increase or
decrease of+value with strain was observed, in contrast toviotes reports in



Plastic flow parameters ... 55

the literature. The test results for different miale and for different specimen
orientation (Fig. 1) have shown that in the cas¢hef 80-20 and 63-37 brass
sheets no clear correlation between plastic amiggtrratio and specimen
elongation exists. And because of that the r-valuerass sheet was determined
using [7] method (Fig. 2), and it could be treassda reasonable representation
of anisotropic behaviour over a wide range of eédiug.

Strain hardening exponent

For many years strain hardening laws such as tHom® Ludwig,
Hollomon, Voce, Swift and Krupkowski has been usedlescribe the plastic
behaviour of polycrystalline metals and alloys. TH&lomon law in the form
of:

o=Ke" 3

has been used most frequently. The parametersvied/ah this laws, particularly
n-value has been, and continue to be, correlatetidnges in the microstructure
of a material and in some way represents procesggsh occur during
deformation. They have also been used extensivelychiaracterize the
formability of sheet material.

The value of strain hardening exponent n is ugudditermined from the
double logarithmic plot of the true stress and tstrain by linear regression.
When copper and brass sheets are concerned thethoge strain-stress
relation is not a straight line — and that was oles@ in the case of 80-20 brass
sheet under both the uniaxial (Fig. 3) and biagigdining. The n-value is strain
dependent what resulted from the changes in th&tadlggraphic texture [7-9].
Because of this the mean n-value (which descrikestrain hardening of the
whole strain range) and differentialvalue were determined on the base of
results of uniaxial and biaxial testing.

Equation (3) assumes constant n-value and thegwer-value is measured
at a given strain range or can be determine fomtha@e range of straining from
double logarithmic stress-strain data by a leastuss approach. To examine the
true strain hardening behaviors the instantanepualue should be determined.
Taking the derivative from equation (3) yields:

% =kne"t=n (4)
3 £

which results in

do €
n =—— 5
&0 (5)
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Fig. 1. Variation of ¢value with strain for the 63-37 brass sheet spessitut at
0° (upper) and 45(lower) according to rolling direction

Rys. 1. Zmiany wartixi wskanika r, ze wzrostem odksztatcenia blach ze stopu
M63 dla probek wyeitych pod latem @ (gorny) oraz 4% (dolny) do kierunku
walcowania

Variation of the pvalue is strain and strain state dependent (Fign3the
case of uniaxial testing of the 80-20 brass shezntvalue riches its maximum
ate = 0.15, while in the case of biaxial stretching at0.10. These points could
be treated as the beginning of quasistatical rarig#eformation process. The
strain value ot = 0.36 and: = 0.26, for uniaxial and biaxial testing respeelyy
are the limit strains.
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Fig. 2. Plastic anisotropy ratio of the 63-37 brsissets determined by Welch et
al. method

Rys. 2. Warté¢ wspéitczynnika anizotropii blachy z medzu M63 wyznaczona
sposobem Welcha i in.
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Fig. 3. Variation of pvalue with strain for the 80-20 brass sheet, under
uniaxial testing (cont. on p. 58)

Rys. 3. Zmiany wart@i wskanika nt wraz ze wzrostem odksztatcenia blach
z mosidzu M80 w prébie jednoosiowego roggania (cd. na str. 58)
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Fig. 3 (cont.). Variation of value with strain for the 80-20 brass sheet,
under equibiaxial testing

Rys. 3 (cd.). Zmiany warfai wskanika nt wraz ze wzrostem odksztat-
cenia blach z mogilzu M80 w probie dwuosiowego réwnomiernego
rozciagania

Forming limit diagram calculation

The forming limit diagram (FLD) is today a gendéyaccepted measure of
sheet metal formability. It is extensively usedhbioth scientific research and
industrial practice. The FLD defines the extenttuich a sheet can be strained
before a sharp neck and final failure occur. Tregdim presents the forming
limit for a range of deformation modes ranging froleep drawing (negative
minor strains, uniaxial tension) to stretch form{positive minor strains, biaxial
tension). The FLDs of the brass sheets were cagxlilzasing on the M-K theory
[10] — a sheet element was divided into two padgjon A with no material
defects and region B, softened due to a presenserf#ce dimples and internal
defects. The solution to the M-K problem was achitvn straight-forward
incremental numerical procedure of calculationsoun calculations of the FLD
we have used no fitting parameters to describénth@mogeneity of a material,
but we have based on experimentally obtained oglatj11] which describe the
material softening and strain localization processe

When the influence of plastic anisotropy ratiotbe FLD brass sheets is
concerned, the following calculations were perfaime

« calculations of the FLD using the value of meanma anisotropy ra-

tior,

- calculations of the FLD using two different typedifferential -value

and elongation relation — the increasing and deangdunction.

The FLD calculations using differentigivalue as a two types of function
of elongation (Fig. 4) has shown that in the> 0 region increasing function of
r-value resulted in decreasing of limit strains whithen using the decreasing
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function the limit strains increase. This effectswdne most visible for the
equibiaxial stretching.
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Fig. 4. Effect of differential anisotropy ratio cfges (increasing and de-
creasing function of elongation) on the formingitiourve position

Rys. 4. Wptyw zmian chwilowych wartoi wspotczynnika anizotropii (rogn
ca oraz maleca zalenos¢ od odksztatcenia) na przebieg krzywych od-
ksztalcalnéci granicznej
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Fig. 5. FLCs calculated using mean n and differénjavalue of strain
hardening exponent

Rys. 5. Krzywe odksztatcalfoi granicznej obliczone przy zaeniu sredniej
oraz chwilowych wartéci wyktadnika krzywej umocnienia odksztatceniowego
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As it was mentioned above the second importanampater affected the
FLD is the strain hardening exponent. The knowledfthe differences in the
hardening process during deformation seemed to dny wseful in FLD
calculations. Theoretically determined FLD presdnteFig. 5 demonstrate that
forming limit curves calculated using both meanate and differential fvalue
are different in the shape. The FLC calculatedauslifferential strain hardening
exponent as a function of effective strain (Fig.i8)nore flat than that of the
FLC calculated using mean n-value — however th&iponsof these two FLC is
very close.

Conclusion

The two most important material parameters — fglastisotropy ratio (r)
and especially strain hardening exponent (n) ofdsheets strongly depend on
the strain state. Both the n and r parameters teag dependent, so in some
cases differential;rand ¢ value more precisely represent a material progerti
These remarks should be taken into account in girdisheet metal formability
(forming limit diagram).
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WEA SCIWO SCI PLASTYCZNE BLACH MOSI EZNYCH W PROBIE
JEDNO- ORAZ DWUOSIOWEGO ROZCI AGANIA

Streszczenie

Wartdsici wyktadnika krzywej umocnienia odksztatceniowedo) oraz wspoiczynnika
anizotropii plastycznej (r) dwoch rodzajow blach sménych zostaly wyznaczone w prébach
jedno- oraz dwuosiowego réwnomiernego ragenia. Stwierdzonoze szczegdlnie warfé
parametru n silnie zatg od wydlwenia probki oraz od realizowanego stanu eapr
nia/odksztatcenia. Okéwno wptyw chwilowych (zalenych od stopnia odksztatcenia) wdrio
wskaznikbw n oraz ¢ na przebieg krzywych odksztatcafcogranicznej.

Ztozono w redakcji w padzierniku 2011 r.



