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Abstract

The forming limits of austenitic stainless steel sheets were studied. It was found that the observed limit of straining
in stretch forming, when both of the principal stresses are positive, is not set by localized necking, but instead by shearing
fracture in the through thickness direction. Thus, the Marciniak-Kuczynski type of analysis, which has recently been suc-
cessfully applied to both low-carbon steels and aluminum, may not apply to austenitic stainless steels. It appears that the
forming limits of austenitic stainless steels may be predicted fairly well by using the classical localized and diffuse neck-
ing criteria developed by Hill. The fracture criterion of Ritchie and Thompson seems to overestimate the fracture limit.
Better models are needed for the work hardening and to develop better limit strain criteria, since the work hardening
seems to depend strongly on both strain rate and temperature. The formability of austenitic stainless steels appears to re-
main good even when coated with hard TiN, although unavoidable cracks will appear with continuing straining.
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1. INTRODUCTION

When finite element (FE) codes moved from re-
search to the production floor in the car industry in
the mid-1990s (Makinouchi et al., 1998), the need
for more accurate material models became increas-
ingly evident. Without a proper constitutive model,
sheet metals are no longer accepted by the car indus-
try and their producers are hard pressed to develop
better models. In addition to models describing the
initial yielding and subsequent hardening, others are
needed to describe the limits of forming, such as
necking, fracture and wrinkling.

Austenitic stainless steels are an exceptional
class of materials, which have been used to construct
cars since the mid-1930s. Still, despite continuing
growth the production of stainless steel amounts to
only about 2.5 % of the annual production of carbon
steels. Although still rare in the car industry, they
offer superior strength associated with good form-
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ability and exceptional work hardening ability due to
deformation-induced phase transformation. Strength
levels from 800 to 2000 MPa may be reached with
cold formed commercially available stainless steel
sheets (Kemppainen et al., 2002) due to deformation
induced phase transformation to martensite during or
before forming. In vehicle applications, these newly
developed ultra high-strength steels have attracted
considerable attention, since they offer great benefits
in terms of both weight saving and improved safety
(Kemppainen et al., 2002; Kemppainen, 2000,
Andersson et al., 2002). They can be produced from
the metastable 301LN, 304 or 316 grades either by
subsequent cold rolling or simply by allowing them
to transform and strain harden during the final form-
ing of the part itself. Even further strengthening by
subsequent aging of the formed martensite has been
studied (Talonen et al., 2004). The formation of
martensite depends strongly on the strain rate and
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associated deformation heating (Talyan et al., 1998;
Ferreira et al., 2004).

Besides vehicles, new applications of austenitic
stainless steels include thin precision strips for tele-
communication devices (Manninen et al., 2002), and
even superplasticity at elevated temperatures has
been demonstrated (Yagodzinskyy et al., 2004).
Recently, the high price of nickel has shifted interest
to low nickel Cr-Mn-based 200-series austenitic
stainless steels, especially in Asian countries. How-
ever, these steels do not necessarily possess the
formability and corrosion resistance of the tradi-
tional 300-series austenitic alloys. They also remain
non-magnetic even after cold rolling (ISSF, 2005;
Habara, 2004).

To explain the localized necking on the right-
hand side of the FLD, the Marciniak-Kuczynski
theory based on the inhomogeneity existing in the
undeformed sheet is nowadays commonly employed
in FE simulation codes. By having a proper form of
the yield surface, the localization of the plastic flow
takes place faster, and FLDs in rather close agree-
ment with the experimental ones can be obtained.
However, the process leading to the failure varies
depending on the material.

In this paper the authors review the work carried
out over many years. For austenitic stainless steels it
appears that the mechanism in stretch forming is
inclined shearing in the through thickness direction
rather than localized necking, as discussed in greater
detail later in this paper. Also austenitic stainless
steel sheets coated with hard TiN appear to have
some formability and, despite observed cracking,
even their corrosion resistance seems to remain
fairly good.

2. FORMING LIMIT DIAGRAMS

There is a huge amount of literature on forming
limit curves or diagrams. There are several different
methods for determining the forming limit diagram
(FLD). Comparison of the FLDs and the standardi-
zation is therefore difficult. The differences, espe-
cially near plane strain (g = 0), may reach from
about 10 to 100 %, depending on what method is
used. The topic has recently been briefly discussed
by Col (2005). Various testing techniques to deform
the specimens and various criteria for the definition
of the limit strains have been developed. In methods
where the friction between the sheet and the tool is
eliminated the strain paths remain straight. These
techniques employ hydraulic bulging and tensile

tests. The Marciniak method employs a supporting
driver blank between the punch and the sheet. The
third common method is the Nakajima test, which is
based on stretching blanks of different widths with a
hemispherical punch. The definition of the forming
limit may lead to additional scatter, especially if
there is a considerable amount of diffuse necking
before a localized neck forms.

The forming limits also appear to depend on
many other factors. In some forming processes such
as incremental forming (Jeswiet et al., 2005) limit
strains from three to ten times, or in electromagnetic
forming (Seth et al., 2005) even over twenty times,
higher than in conventional sheet metal forming
have been reported. Also the strain path has been
found to affect the limit strains, which may either
increase or decrease (Korhonen, 1978a). To avoid
the problem, it has been proposed that stress-based
coordinates should be used instead of the common
strain-based FLD. It has been claimed that the stress-
based forming limits are strain path independent and
could therefore be better used in FE simulations
(Arrieux et al., 1982; Stoughton, 2002; Kuwabra,
2005; Yoshida et al., 2005). However, there are also
problems with stress-based coordinates. Backward
calculation of stresses from strains may cause prob-
lems since there is internal cracking during diffuse
necking and the law of volume constancy no longer
holds. Also the constitutive equations consisting of
the yield condition and the associated flow rule then
cease to be valid. However, recent experiments with
thick-walled extruded aluminum tubes have been
claimed to support the path independence of the
limit curve in stress-based coordinates, if hardening
is isotropic (Kuwabra, 2005; Yoshida et al., 2005).
Other older rules include the proposal by Miischen-
born and Sonne (1975) that the effective limit strain
depends only on the final direction of the strain path.
Later experiments by Kleemola and Pelkkikangas
(1977) supported this proposal. However, this seems
just be a special case of the necking criteria, as dis-
cussed in more detail by Korhonen (1978a).

2.1. Limit strains in principal strain
coordinates

The original idea of the forming limit diagram
FLD is based on the work of Keeler and Goodwin,
as discussed by Painter and Pearce (1974). However,
the concept was conceived already much earlier by
Gensamer (1946) and Lankford et al. (1947), who
plotted the limit strains in the principal strain coor-
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dinates. Later the idea was extended to cylindrical
compression tests to obtain limit strains farther away
on the left-hand side. The principle is illustrated in
Fig. 1.

€4

0,0 S 0= 0,
o, =(1/2) 0, E1= €2

0,>0
~ =0, =
< 6=03=0

Figure 1. Principle of the FLD measurement.

Figure 3. Examples of localized necking in tensile test. a)
AIMg3, b) KIE-12-04, ¢) Ms70-05, d) AISI 304, e) AISI 430 and
f) Fe E 350 G (after Korhonen and Eriksson, 1994).

In sheet metal forming, the localized necking
limits are usually of main interest. The localization
of plastic flow is illustrated schematically in Fig. 2,
which shows the case of a tensile test specimen.
Figure 3 shows some practical examples on diffuse
and localized necking in uniaxial tension for various

metals (Korhonen and Eriksson, 1994). The loss of
the uniqueness of the solution and subsequent bifur-
cation of the deformation leads to a shrinking plastic
zone or so-called diffuse necking at maximum load.
The final localization takes place in a narrow charac-
teristic shear band in the direction of zero elonga-
tion. Two sets of such competing shear bands are
commonly observed. Fig. 4 shows an example of the
Marciniak type of test in deep drawing. Two com-
peting families of localized necks are visible at the
bottom of a drawn cup (Korhonen, 1980). The prob-
lem, however, is that on the right-hand side of the
FLD such shear bands should not exist, since the
governing equations are no longer hyperbolic but
elliptic, the plane strain being the limiting parabolic
case. Even in those cases where thinning is not pos-
sible, such as in a compression test of bulk speci-
mens, fracture patterns have been observed to agree
qualitatively with the characteristic directions of
shearing associated with zero direct strain (Korho-
nen, 1980).

Figure 4. Competing families of localized necks after in-plane
stretching of low-carbon steel in a Marciniak-type of test (Kor-
honen, 1980).

There exists a large amount of literature on both
diffuse and localized necking. Theoretically, diffuse
necking is associated with the loss of uniqueness of
the solution and bifurcation of the flow into the elas-
tic or rigid zone and the shrinking plastic zone. In a
series of papers Hill (1957a, 1957b) developed crite-
ria for the uniqueness and stability of plastic flow in
rigid-plastic solids. Under all-around dead loading
Hill’s criterion seemed to coincide with the earlier
criterion of Swift, which required a simultaneous
load maximum in both principal stress directions
(Korhonen, 1978a). For localized necking Hill
(1952) had earlier derived another criterion. Since
Hill’s criterion can not predict the localized necks on
the right-hand side of the FLD, Marciniak and Kuc-
zynski proposed the concept of initial inhomogene-
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ity in the sheet, which could lead to localization. The
concept has been developed further by several au-
thors and it has been shown that if the shape of the
yield surface is modified, lower limit strains in
closer agreement with the measured ones may be
obtained, e.g. for aluminum alloys (Lademo et al.,
2004). Further methods for predicting the localized
necking limit strains include the assumption of a
vertex in the yield surface and application of the J,
deformation theory instead of the conventional flow
theory, as first proposed by Stéren and Rice and
recently discussed by Chow et al. (2005). Of course
the deformation theory applies only to proportional
loading and it may therefore not be used to study the
strain path effects.

Hill’s criteria for both diffuse and localized
necking can be written in the form of a simple equa-
tion, which is an extension of the well-known Con-
sidére construction for the three-dimensional stress
space

do/de = o2, (1)

where the critical subtangent Z for diffuse and local-
ized necking, respectively, can be obtained, accord-
ing to Hill, from the equations

o,(0f 160,) +0o,(0f 100, )
[0,(6f 160,)+0,(0f /00, )|-df I d o

I/Zd:

2)

1/Zl=(8f/8al+6f/02)/df/d(}, 3)

where f is the yield function. As can be seen, both
necking criteria depend on the form of the yield
condition. For the well-known Hollomon and Voce
stress-strain relations

o =Ke" 4)
o =B—(B-Aexp(-ng) (5)

one obtains the following effective limit strains &
after substituting them to Eq. (1)

*

e =Zn (6)

£"=(1/n) In [(B - A)(Zn +1)/B]. (7)

However, since the Hollomon equation does not
generally describe well the strain-strain curve of
austenitic stainless steels, the Voce equation is
commonly used instead of the Hollomon equation,
which has mostly been used for the traditional low-
carbon Al-killed steels. They seem to obey it fairly
well, except at the early stages of straining close to

the yield point Samuel (2006). Evaluation of the
limit strains in FLD can be accomplished from Eq.
(7) by using the Levy-Mises (or Prandtl-Reuss)
equations, from which one obtains the values for the

limit strains &, * and &, *, when the principal stress

ratio a = o, / 0, varies, for example, from 0 to 1.

Some experimental results for steel AISI 304 to-
gether with calculated necking limits based on vari-
ous uniaxial and biaxial stress-strain curves are
shown in Fig. 5. The composition of the steel is
given in Table 1 (AISI 304 A). In-plane stretching
was accomplished by using a flat-nosed 100 mm
diameter punch and two separate supporting Mar-
ciniak-type driver strips between the punch and the
deforming sheet to ensure straining in the flat punch
nose area. It is clearly evident from Fig. 5 that
stress-strain data strongly affects the calculated limit
strains. Since the work-hardening depends strongly
on both strain rate and temperature, the scatter is
high. However, the measured limit strains are rather
close to the calculated ones. In fact, from low-speed
uniaxial tests it is possible to obtain much higher
limits than from actual forming tests.

£y

E=-igy UNIAXIAL TENSILE TEST

0°/R.D. 0.5-2mm/min

\ 0%RD. 200 mm/min
_—_“,_,._-———-_.__\ Sk =gy |
| ;

&
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— . , |
AISI 304 _&_—G_L,',\‘ P |
e =, *
o IN=PLANE FORMING W J"r ’&
« TENSILE OR HYDRAULIC ", ’, ‘
BULGE TEST / ISOTHERMAL AT 15%
| BULGE TEST
| \|/ _ WITHOUT COOLING comms
1 1
=06 -04 =0.2 ll-k 0E

Table 1. Chemical cnmposnmn 0f the steels (in mass %)

AT A AIT34B

C 0.06 0038

gl 0.9 043

i 138 136

P 0037 002

3 0.016 0010

(r 18 1§

N 36 .

Mo 0.26 017

N 0.018 002

Figure 5. Comparison of calculated necking limits with the
measured ones for steel 304 A (Korhonen, 1978b).

When the strain paths are not linear, the evalua-
tion of the limit strains is still possible based on the
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flow theory of plasticity (Korhonen, 1978a). The
effective strain must be integrated along the path
until the criterion given in Eq. (7) is met. Thus, the
general necking criterion takes the form

§=IdézZAé=§*. (8)

Fig. 6 shows some experimental results with
steel AISI 304 A on two simple strain paths consist-
ing of just two parts. In this case the effective limit
stain in equibiaxial tension was &" = 0.804, while
on the corresponding two-stage path shown in Fig. 6
a slightly larger value of &" =0.939 was obtained.
The difference is hardly unexpected, taking into
account the simplifying assumptions (Hill’s yield
criterion and isotropic work-hardening).

LY
1:1 (] [ ¢,
£ ==2ky AIS1 30%
€ Il R.O.
0539
: i
4 £y = g
£
0.804
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Figure 6. Experimentally measured limit strains for two strains
paths consisting of two stages (Korhonen, 1978b).

2.2. Experimental observation of failed
specimens

Two different commercially available austenitic
stainless steels obtained from two different produc-
ers were used in the experiments. They are denoted
by A and B and had thicknesses of 1 mm and 0.8
mm, respectively. Their chemical composition is
given in Table 1.

The experiments were carried out using a hy-
draulic bulge device with various circular and ellip-
tic apertures. The diameters of the circular aperture
were 50 mm and 100 mm. Deep drawing experi-
ments were carried out using a hydraulic double-
action (3 MN /2 MN) press.

Figs 7 and 8 show examples of failed steels A
and B after bulge and deep drawing tests, respec-
tively. It appears that the failure takes place by
shearing at an angle inclined to the through thick-
ness direction and that no localized necking or thin-
ning is observed in either case. There appear to be
two competing shear fracture directions both in-

clined about 45 degrees to the through thickness
direction.

Figure 7. a) Failed steel 304 A after equibiaxial bulging above)
and b) steel 304 B after deep drawing with cylindrical punch
(below).

Figure 8. a) Detail of failed steel 304 A after equibiaxial bulg-
ing (above) and b) steel B after deep drawing with a cylindrical
punch (below).

More details can be observed in SEM. Fig. 9
shows results for the deep drawn cup of steel B. The
competing intersecting shear planes are clearly visi-
ble in Fig. 9 a), while a typical dimple pattern with
some elongated ones as a result of shearing are seen
in Fig. 9 b).
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Figure 9. a) Failed steel 304 B after deep drawing with a cylin-
drical punch. Two intersecting shear planes (up) and b) a typi-
cal dimple pattern with some sheared and elongated ones
(down).

3. FRACTURE OF TiN-COATED STAINLESS
STEEL

Various coated stainless steels have been com-
mercially available for many years. Physically va-
por-deposited TiN and its variants TiAIN and
TiAICN were introduced by Nakamoto et al. (1993)
to retain the original metallic finish but modify the
color of the surface of stainless steel. According to
their results, peeling of the TiN coating was not
observed in deep drawing tests and the limiting
drawing ratio of 2.2 was not affected by the thin
hard coating.

Eriksson et al. (1992) and Pischow et al. (1994)
carried out tests on formed 304 stainless steel parts,
which were coated with TiN either before or after
forming. A gold-colored TiN coating was deposited
on austenitic stainless steel tensile test specimens
and blanks, which were subsequently deformed by
hydraulic bulging and by carrying out LDH tests.
The TiN coatings were deposited by triode ion plat-
ing based on high-voltage electron beam evaporation
of titanium into a nitrogen atmosphere. No peeling
of the TiN was observed during forming. Hydrauli-

cally bulged TiN-coated stainless steel samples were
tested for corrosion and even with the TiN-coated
and subsequently formed samples their corrosion
resistance remained good despite the small cracks
visible on the surface.

Fig. 10 shows how the TiN coating on AISI 304
stainless steel behaves with increasing straining
(Korhonen and Eriksson, 1994; Eriksson et al.,
1992). With thicker coatings, brittle cracks perpen-
dicular to the tensile axis appear first. After contin-
ued straining the hard coating tries to accommodate
the gross plastic deformation by shearing cracks
inclined to the tensile axes appear. These are ap-
proximately in the direction of zero direct strain,
which for isotropic materials would be 54.7° away
from the tensile axis.

Figure 10. 4 um thick TiN coatings on 304 steel after 2, 4, 10
and 20 % uniaxial tensile straining (Eriksson et al.,1992;
Korhonen and Eriksson, 1994).

Figure 11. 1 um thick TiN coatings on 304 stainless steel after
a) hydraulic bulging and b) LDH test (Korhonen and Eriksson,
1994).

Fig. 11 shows an example of fracture patterns
observed in TiN-coated stainless steel after hydrau-
lic bulging and LDH testing, respectively. After
equibiaxial bulging with no friction between the
sheet and the hydraulic fluid there appears to be no
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clear directionality in the crack pattern, while after
punch stretching in the LDH test pronounced crack-
ing perpendicular to the largest principal stress di-
rection can be clearly seen.

4. DISCUSSION

The experimental results show that on the right-
hand side of the FLD austenitic stainless steel tends
to fail by shearing rather than local necking or thin-
ning. The observed dimple pattern in the SEM mi-
crographs is typical of ductile fracture. In tensile
testing they were first observed by Rogers (1960),
who suggested that they result from internal crack-
ing starting from voids created on second phase
particles.

The fact that there appears to be no local necks
or thinning may be explained by the strong work
hardening ability of the austenitic stainless steels.
On the left-hand side of the FLD, however, both
diffuse and local necking are observed, e.g. in tensile
testing.

Depending on the strain path, the forming limits
may either increase or decrease. Assuming that the
effective limit strain is a function only of some ma-
terial parameters and the final stress ratio of the
strain path, this can be easily understood. In the case
of Hollomon and Voce equations one obtains the
results shown in Egs. (6) and (7) for either diffuse or
local necking limit strain. However, although Z =
Z(a), where o = 03/ for Hill’s yield condition, this
is not necessarily the case for all other possible hard-
ening laws and yield functions f (see Egs. (1) to (3)).
The stress-based FLD was first proposed by Arrieux
et al. (1982) and more recently supported by Stough-
ton (2002) with additional experimental evidence
provided by Kuwabara (2005) and Yoshida et al.
(2005).

There are many models for ductile fracture and
new ones are being developed. Some of them have
been recently reviewed and compared by Bao and
Wierzbicki (2004). They state that despite the im-
provements introduced later by e.g. Tvergaard and
Needleman and others, the well-known Gurson
model still includes ten parameters which are diffi-
cult to calibrate. Other industrially difficult models
include e.g. the damage mechanics based model of
Kachanov and its thermodynamic potential based
derivatives. Equally difficult, despite its popularity,
seems to be the cohesive zone model introduced by
Barenblatt and Hillerborg et al. Due to these diffi-
culties Bao and Wierzbicki chose nine simple ductile

fracture criteria for their experimental study. These
were the criteria of effective strain, Cockroft-
Latham-Oh, hydrostatic stress, Clift, Brozzo, Rice-
Tracey high stress triaxiality approximation, General
Rice-Tracey, LeRoy and McClintock.

The stress-based FLD or stress-space FLD
(SSFLD) concept neglects the effect of hydrostatic
stress to forming limits. Although this may be feasi-
ble, when isotropic hardening and necking is consid-
ered, it certainly is not when fracture determines the
forming limit. For example, in the earlier cited ex-
periments with extruded aluminum tubes (Kuwa-
bara, 2005; Yoshida et al., 2005) no signs of necking
are visible in fractured tubes. In fact, the shape of
the SSFLD resembles a section of the Tresca yield
condition in the first quadrant. Interestingly, Huber
was already thinking about fracture when he pub-
lished the criterion which later was conceived
mathematically by von Mises and became known as
the Huber — von Mises — Hencky yield condition
(Engel, 1994). Recently, even a simple method for
determining the SSFLD from a uniaxial tensile test
has been proposed (Martin et al., 2006). However, it
is well-known that the hydrostatic pressure affects
fracture although yielding is often considered pres-
sure independent. Thus, von Mises type of yield
criteria have been commonly used, while for fracture
Coulomb — Mohr type of criteria have been com-
monly used. For steels which undergo deformation-
induced phase transformation during forming the
assumption of hydrostatic pressure independent
yielding and volume constancy may no longer be
valid. However, due to the low carbon content of
austenitic stainless steels the volume change associ-
ated with the martensitic phase transformation re-
mains small.

Ritchie and Thompson (1985) presented a duc-
tile fracture model based on the work of Rice and
Tracey. Assuming the distance of void initiating
defects to be twice their diameter, one obtains for
the fracture strain

gr=248exp(-1.50,/0), )

where o, is the hydrostatic stress. Fig. 12 shows
some results. Based on the measurements made for
steel AISI 304 A in Table 1 the coefficients of
Voce’s equation c=B-B- A) exp (- né‘) were
taken as A = 345 MPa, B = 1400 MPa and n = 1.85.

Although the fracture limit seems reasonably
similar to the one already measured by several au-
thors, it is still well above the limit strains reported
in this work for the right-hand side of the FLD.
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Figure 12. Comparison of calculated diffuse and local necking
and fracture limits for steel 304 A
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Figure 13. Comparison forming limits measured by various
authors. (After Painter and Pearce, 1974).

Also the necking strains calculated for the given
values of Voce’s equation are high. The assumed
distance of the void nucleation sites was probably
too small as well, which makes the situation even
worse. For some other softer metallic materials
showing more pronounced localized necking the
agreement may be better. Qualitatively the results
seem to agree with the previous experimental obser-
vations, including the early work of Gensamer
(1946). Fig. 13 shows a comparison of the forming
limits measured by various authors according to
Painter and Pearce (1974). It illustrates the fact that,
depending on the amount of diffuse necking that
precedes local necking or fracture, the grid size that
is used for measuring the limit strains may lead to a
great scatter in limit strain values. In this work it
appeared that the limit strains for austenitic stainless

steel on the right hand side of the FLD were deter-
mined by a shearing type of fracture inclined about
45° to the through thickness direction and not by
localized necking, as is commonly observed e.g. for
low carbon steels. The two mechanisms are illus-
trated schematically in Fig. 14. It is clear that the M-
K type of analysis of failure and prediction of form-
ing limits in stretch forming is not valid if the failure
takes place by shearing rather than by necking. Re-
cently, McGinty and McDowell (2004) have shown
that by using a crystal plasticity based hardening law
many different shapes of forming limit curves can be
obtained. However, association of the M-K type
necking criterion is not valid if the failure takes
place by shearing instead of necking.

The formability of austenitic stainless steels
seems to be generally very good. Even a hard ce-
ramic coating such as TiN on top seems not to affect
their formability greatly. Adhesion of the TiN coat-
ing produced by using modern physical vapor depo-
sition techniques such as ion plating and sputtering
seems to be very good. However, cracking seems to
be unavoidable in severely formed parts and the
observed crack patterns are affected by the stress
state. K; type of cracking perpendicular to the high-
est principal stress is commonly observed first, fol-
lowed by inclined shearing to accommodate the
continuing plastic straining. Although the corrosion
resistance seems to remain good, cracking of the
hard coating obviously limits the application of
forming to TiN coated sheets.

rolling direction

\necking and

fracture
g, > r/ir+1)

fracture €, >0

Figure 14. Schematic illustration of shearing and necking type
fractures (Korhonen, 1978a).

It appears that on the right-hand side of the FLD
the diffuse necking or load maximum instability
criterion may be used to predict the limit strain.
However, the results show great scatter, since work
hardening of metastable austenitic stainless steels
depends strongly both on strain rate and tempera-
ture. Better hardening models are needed to describe
work hardening of austenitic stainless steels more
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accurately and to develop good criteria to predict
their forming limits.

5. SUMMARY AND CONCLUSIONS

The formability of austenitic stainless steels and
various models for the prediction of their forming
limits were reviewed. It appeared that the forming
limits in stretch forming are not set by localized
necking but rather by sudden shearing in a direction
inclined to through thickness direction. The forma-
tion of voids was observed inside the shear bands.
Due to the absence of visible necks on the right-hand
side of the FLD, a Marciniak — Kuczynski type of
analysis cannot be used to predict the limit strains. A
diffuse necking or load maximum based instability
criterion seemed to predict the limit strains on the
right-hand side rather well. The problem, however,
is that the work hardening depends strongly on both
strain rate and temperature, and causes great scatter
in the calculated limit strain values. The stress-based
forming limit criteria seem to neglect the depend-
ence of fracture of the hydrostatic pressure. The
criterion presented by Ritchie and Thompson was
used to calculate the limit strains and to predict the
fracture limit. It appears the model overestimates the
fracture limit considerably for austenitic stainless
steels, but shows a correct trend observed in many
earlier studies for other metals which exhibit neck-
ing behavior.

The formability of austenitic stainless steels ap-
pears to be good and even steels coated with a hard
ceramic coating such as TiN may be successfully
formed. However, cracking of such a hard coating
may limit the application of forming of such coated
steels. More information is needed on the work-
hardening behavior of metastable austenitic stainless
steels to develop better models to predict their be-
havior in forming and to estimate their forming lim-
its more accurately.
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ODKSZTALCALNOSC BLACH ZE STALI
AUSTENITYCZNEJ ODPORNEJ NA
KOROZJE

Streszczenie

Przedmiotem pracy jest odksztatcalno$¢ graniczna stali au-
stenitycznych. Zaobserwowano, ze odksztatcalno$¢ prze dwu-
osiowym rozciaganiu, gdy dwa naprgzenia glowne sa dodatnie,
nie jest wyznaczana przez lokalne tworzenie sig szyjki, ale przez
pekanie wywotane przez $cinanie w kierunku grubosci blachy.
Dlatego metoda Marciniaka-Kuczynskiego, ktora jest z powo-
dzeniem stosowana do stali nisko-wgglowych i aluminium,
moze nie stosowac si¢ do stali austenitycznych. Okazuje sig, ze
odksztalcenia graniczne stali austenitycznych moga by¢é po-
prawnie przewidywane przez zastosowanie opracowanego przez
Hilla klasycznego kryterium lokalizacji i rozprzestrzeniania si¢
szyjki. Kryterium pgkania Ritchie-Thompsona wydaje si¢ prze-
szacowywaé granic¢ pegkania. Poniewaz umocnienie zalezy
mocno od predkosci odksztalcenia i temperatury, lepsze modele
sa potrzebne do opisu umocnienia i opracowania poprawnego
kryterium granicznych odksztatcen. Odksztatcalno$¢ graniczna
stali austenitycznej utrzymuje si¢ na dobrym poziomie nawet
wtedy, gdy stal jest pokryta TiN, chociaz nieuniknione pgknig-
cia pojawia si¢ w czasie odksztalcenia.
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