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Formability of Type 304 Stainless Steel Sheet

ABSTRACT

Punch-stretch tests to determine formability of
type 304 stainless steel sheet were conducted using a
hemispherical dome test. Sheets of 19.1 mm width and
177.8 mm width were stretched on a 101.6 mm diameter
punch at punch rates between 0.042 to 2.12 mmy/sec with
three lubricant systems: a mineral seal oil, thin
polytetrafluoroethelyne sheet with mineral seal oil, and
silicone rubber with mineral seal oil. The resulting strain
distributions were measured and the amount of
martensite was determined by magnetic means.
Increasing lubricity resulted in more uniform strain
distributions while increased punch rates tended to
decrease both strain and transformation distributions.
High forming limit values were related to the formation
of high and uniformly distributed martensite volume
fractions during deformation. The results of this study
are interpreted with an analysis of the effects of strain
and temperature on strain induced martensite formation
in metastable austenitic stainless steels.

INTRODUCTION

Sheet metal forming operations often employ
stretching as a primary deformation mode. Stretching
limits depend primarily on the uniformity of the strain
distribution and acceptable strain limits which are
represented by a forming limit curve (FLC). An FLC
shows the onset of localized necking for all strain
combinations that may exist in the plane of a sheet and
can be derived from data obtained in a hemispherical
punch test [1]. In hemispherical punch tests, the
imposed strain state varies with specimen width: narrow
specimens produce a uniaxial stress state resulting in a
tensile and compressive surface strain, while fully
constrained sheets produce a biaxial stress state causing
both surface strains to be tensile.

Strain uniformity in forming operations is
controlled by both extrinsic and intrinsic factors.
Extrinsic factors are production related and include the
punch rate, lubrication and part geometry. Intrinsic
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factors relate to material properties of the sheet.
Production requirements often result in material
properties being pushed to the limit. Detailed studies of
strain distribution during punch stretching have been
reported by Keeler [2], Heyer [3], and Hecker [4]. The
majority of the studies to date have considered ferritic
steels and aluminum alloys. However, with the increased
use of stainless steel sheet products in automotive
applications, a complete understanding of the formability
of austenitic and ferritic stainless steels is required in
order to optimize properties. The investigation
considered in this paper examines the interrelation
between strain distribution and microstructure of type
304 stainless steel sheet punch stretched over a
hemispherical dome. Previous studies on this material
have been conducted under uniaxial tension [5-8].

Deformation of 304 stainless steel results in the
strain-induced transformation of fcc austenite (y) to bee
martensite (a’) at temperatures below M, the
deformation assisted martensite start temperature [7].
The effects of strain and temperature on strain-induced
transformation in type 304 stainless steel have been
modeled by Olson and Cohen [9], and their predictions
correlate with sigmoidal-shaped curves of volume fraction
martensite as a function of strain as shown in Figure 1
[5,10].

* Isothermal tensile testing has shown that the
extent of transformation affects mechanical properties
[8]. Huang et al [8] considered total strains as the sum
of the uniform strain and the post-uniform strain and
found that with an increase in temperature, the uniform
strain, post-uniform strain and the total strains all
exhibited maxima. However, the temperatures at which
the maximum values occurred were not the same. More
specifically, it was found that at low temperatures,
transformation is essentially complete prior to necking.
As temperature increases, the strain required to complete
transformation also increases. At temperatures above
0°C, the strain-induced martensite transformation is
deferred to strains greater than the maximum uniform
elongation. At the onset of necking, local strains and
strain rates increase within the neck and significant
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Figure 1. Volume fraction of martensite («’) formed
during uniaxial tension as a function of true strain at
different temperatures. Solid lines are data of Angel [5],
dots are Olson-Cohen extrapolation [9], and dashed lines
are Hecker et al. [10].

dynamic strengthening due to the martensite
transformation results. Martensite formation within the
neck stabilizes local flow to produce a maximum in the
post-uniform strain at temperatures between 25°C to
90°C. At high temperatures, above the M, temperature,
austenite is stable at all strains. Not only is there no
strengthening due to martensite formation in the uniform
elongation stage, but the potential for dynamic
strengthening in the necked region is low and a decrease
in the post-uniform strain occurs.

For this investigation, 304 stainless steel sheets
were stretched on a hemispherical dome test system at
various punch rates. Strain distributions were altered by
changing sheet width and lubrication conditions. The
resulting strain distributions were measured and the
amount of martensite was determined by magnetic
means. The role of lubrication and punch rate as related
to the martensite transformation and their combined
effects on formability are discussed.

EXPERIMENTAL PROCEDURE

Punch stretch tests were conducted on a
hemispherical dome test system which conforms to the
standard limiting dome height (LDH) test geometry and
which was adapted to a commercial floor model servo-
hydraulic test system [11]. Sheet specimens, clamped
between two die platens, were stretched to failure over a
101.6 mm (4 in.) diameter spherical steel punch. Test
execution and data acquisition were controlled by a
personal computer system; tests were performed in
stroke control at punch rates between 0.042 and 2.12
mmy/sec while punch force, height and thermocouple data
were collected. All samples were deformed until
localized necking or fracture occurred with the
concurrent maximum punch height recorded as the LDH
value.

Three lubrication conditions were used and are
listed in order of increasing lubricity: a) a mineral seal
oil, (referred to as ’oil’); b) polytetrafluoroethelyne sheet
(0.5 mm thick) with mineral seal oil CPTFE’); and c)
RTV silicone rubber sheet (12.7 mm thick) with mineral
seal oil CRTV’). The presence of the RTV rubber disk
altered the strain distribution to produce a condition
similar to that obtained in a hydraulic bulge test, except
that the final dome shape was modified due to the fact
that the effective punch diameter was greater with the
rubber sheet in place.

Specimens were sheared from 0.864 mm (0.034
in.) gauge sheet. The rolling direction was maintained
along the length of the specimen. Two specimen
configurations were used in this current investigation:
177.8 x 19.1 mm (7 x 3/4 in.) strips which result in a
uniaxial stress state and 177.8 x 177.8 mm (7 x 7 in.)
which results in a biaxial stress state. Punch rates were
chosen based on test system constraints. The 2.12
mm/sec rate caused failure in less than 30 seconds, the
0.212 mm/sec rate in about four minutes and the 0.042
mm/sec rate in about 25 minutes. Table I shows the test
matrix for this investigation.

Strain in the sheet was determined by the circle-
grid technique [12,13]. A grid, consisting of a repeated

TABLE I - Summary of Punch Rate-Lubrication Combinations Used With Two
Samples Widths, 19.1 mm and 177.8 mm

Punch rate mm/sec (in/min)
Lubricant 002 (01| 0212 (05| 0423 (o) | 212
.0
oil 190 |- |11 1778 |1 18 |11 |1m8
PTFE 194 |~ |1 1ms Jwa [ims |1 |1ms
RTV . |- 1778 | - 1718 | - 177.8
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array of four 2.54 mm (0.1 in) circles in a 6.35 mm (0.25
in) square, was applied electrochemically to the steel
surface before testing. Circle dimensions were measured
with an image analysis system on a light microscope. All
strain measurements were on samples deformed to peak
height. The measurements started at the ligament
region, the section of sheet between the punch and the
die platens and proceeded along the length of the
specimen over the pole position, coincident with the
travel axis of the punch, to the ligament region on the
other edge of the specimen. These data were plotted as
strain distributions, i.e. strain as a function of original
linear position along the specimen length. The pole
position is at point zero and all the failures are plotted in
the ’positive’ ligament region. Strains determined at
each point were the maximum principal strain, oriented
along the radial or meridional direction, and the minor
principal strain, oriented along the circumferential
direction.

The extent of y—a’ transformation was
determined at each strain point with a Forster portable
ferrite meter. The Forster number (%M), is a relative
measure of the percent volume fraction of the
ferromagnetic martensite phase. The volume of material
at the head of the meter probe that influences the
reading was on the order of the circle size. Prior to
deformation, the steel had a Forster number of 0.15%.
Again these data are plotted as transformation
distributions; Forster No. versus original linear position,
and the failures are plotted in the 'positive’ ligament
region.

Temperature change in the sheet during
deformation was determined with type K thermocouple
leads spot welded to the specimen in three locations
along the specimen length. The first at the pole position
(pole), the second at a position 25.4 mm from the first
(mid-radius), and the third 50.8 mm from the first
(ligament).

RESULTS

19.1 MM WIDE SAMPLES - Strain distributions
along the specimen lengths for 19.1 mm wide specimens
stretched at a punch rate of 0.423 mm/sec are shown in
Figure 2 for samples lubricated with oil and PTFE. The
radial strain distribution obtained with oil lubrication
exhibits a steady increase on a traverse from pole to
ligament. The strain values decrease at the furthest
ligament positions due to constraint effects of the die
platens. In contrast, the specimens tested with PTFE
lubrication showed a relatively constant radial strain
value across the punch region with a minor increase in
the ligament section. Failure resulted from necking and
fracture in the ligament section in both instances. The
distributions are symmetrical about the pole position
except for the necking which occurred only in one
(plotted as ’positive’) ligament region. The distributions
for both lubrication conditions shown in Figure 2 are
typical of specimens tested at all punch rates with the
respective lubricant.
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Figure 2. Strain distribution along centerline of 19.1 mm
wide, Type 304 stainless steel specimens punch-stretched
to failure at 0.423 mm/sec with a) oil lubrication and b)
PTFE lubrication.

Table II lists radial strain values at the pole and
ligament positions for the four punch rates and two
lubrication conditions under review. Uniform strain
values are compared because strains associated with
necking and fracture are high and depend on the actual
circle-grid location. With the oil lubricant, radial strain
at the pole position remained essentially constant for all
punch rates. However in the ligament region, a slight
increase in strain, from 0.48 at 2.12 mm/sec to 0.61 at
0.042 mm/sec, was observed with decreasing punch rate.
With the PTFE lubricant, the strain levels at both
positions moderately increased with decreasing punch
rate, except that the ligament strain values for the
specimens tested at a rate of 0.423 mmy/sec are higher
than those for the specimens tested at a rate of 0.212
mmy/sec. This observation is related to the martensite
transformation discussed later.

The martensite volume fraction distributions
along the specimen lengths are shown in Figure 3 for the
19.1 mm specimen tested with both oil and PTFE
lubrication at four different punch rates. As seen in
Figure 3a for the oil lubricated specimens, the degree of



TABLE II - Strain Values and Corresponding Forster Numbers from the
Uniform Strain Region of 19.1mm Wide Specimens

Punch OIL

PTFE

Rate Position
) €radial

0.042 Pole 0.22

0.8 0.48 6.5

Ligament 0.61

14.0 0.60 15.0

0.212 Pole 0.22

0.8 0.39 4.5

Ligament 0.56

14.0 0.43 6.0

0.423 Pole 0.22

0.50 0.41 5.5

Ligament 0.54

6.0 0.61 14.0

2.12 Pole 0.22

0.35 0.31 2.0

Ligament 0.48

1.6 0.40 2.1
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Figure 3. Transformation distribution along centerline of
19.1 mm wide, Type 304 stainless steel specimens punch-
stretched to failure with a) oil lubrication and b) PTFE
lubrication.

martensite formation is constant for all punch rates at
the pole position, but increased with decreasing punch
rate in the ligament region. The decrease in Forster No.
at the extent of the strain measurements within the
ligament is also due to die platen constraint. The higher
martensite volume fractions in the ligament regions
correspond directly to higher total punch heights at
failure. For the PTFE lubricated specimens shown in
Figure 3b, the martensite volume fractions, measured at
both the pole and ligament positions, increased with a
decrease in punch rate. However, as was also shown for
the strain profile data, the ranking is reversed for the
0.423 mm/sec and the 0.212 mm/sec data. As with the oil
lubricated samples, the LDH values for the PTFE
lubricated samples increase with an increase in the
volume fraction of strain-induced martensite. Further, at
each punch rate, the LDH values for the PTFE
lubricated samples are higher than for the oil lubricated
samples. The higher LDH values for PTFE samples
correspond directly to the higher overall average volume
fraction of martensite which forms with strain in the
PTFE lubricated samples .

177.8 MM WIDE SAMPLES - Figure 4 shows
strain distributions along the specimen length for oil,
PTFE and RTV lubrication of 177.8 mm wide specimens
stretched at a punch rate of 0.423 mm/sec. The
distributions are typical for specimens tested at all punch
rates with the respective lubricant. The strain
distributions for the 177.8 mm wide specimens tested
with oil lubrication show a steady increase in the radial
strain from pole to ligament. Die platen constraint
causes the strain to drop off at the furthest ligament
position. The strain distribution is similar to that
observed for the specimens tested with PTFE lubricant
except over the center portion of the punch region where
the strain values are more uniform. Tests with the RTV
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Figure 4. Strain distribution along centerline of 177.8
mm wide, Type 304 stainless steel specimens punch-
stretched to failure at 0.423 mm/sec with a) oil

lubrication b) PTFE lubrication and ¢) RTV lubrication.
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resulted in uniform strain values across a majority of the
punch region with a gradual decrease of strain in the
ligament region.

The strain distributions directly reflect the effects
of lubrication on the interfacial friction. While the oil or
PTFE simply affect how the sheet slides over the punch
face, the RTV affects specimen deformation by changing
the interfacial friction and the dome geometry. The most
striking difference between the lubrication conditions
summarized in Figure 4 is in the ligament region where
the oil and PTFE lubricated specimens show a significant
divergence of the radial and circumferential strains.
Failure occurred in the ligament region for oil and PTFE
lubricated specimens. The RTV lubricated specimens
show only a minor divergence of the two strains in the
ligament region. Further, failure in RTV lubricated
specimens occurred closer to the pole than in the other
specimens.

One important implication of this lubrication
effect on strain is related to the construction of the FLC.
PTFE lubricated specimen limit strains would plot nearer
the plane-strain region of the forming limit diagram
(FLD). RTYV lubricated specimen limit strains would
plot nearer the balanced biaxial stretch region but at a
lower principal strain indicating that the FLC falls off in
the stretching region of the FLD.

The second implication of the effect of
lubrication on strain relates to the accumulation of strain
and the corresponding strain and transformation
distributions. For the oil or PTFE lubricated specimens,
strain is incrementally accumulated over the face of the
punch out into the ligament region while for the RTV
lubricated specimens, strain is preferentially accumulated
in the sheet near the pole of the punch.

Table III lists strain values at the pole and at a
location in the ligament directly adjacent to the zone of
localized necking and fracture for the three punch rates
and lubrication conditions. The strain at the pole
position increases as the effective lubrication increases
(oil to PTFE to RTV). Similarly the strain at the
ligament position is higher for specimens tested with
PTFE lubrication compared to oil lubrication. Strains
are not affected by punch rate for specimens lubricated
with oil. For PTFE and RTV lubricated specimens,
strain values decrease as punch rates increase.

The principal strains for uniaxial and biaxial
stress states are different. They can however be
compared if transformed into equivalent strains with the
von Mises effective plastic strain expression. For the
uniaxial condition this is equivalent to the maximum
principal strain. For the biaxial condition, the effective
plastic strain value, €4, is determined with the following
relation [14}:

€t = gl(fl'ez)z + (e7€)" + (6,-€)1" @)

where €,, €,, and €, are principal strains. Effective strain
distributions along the specimens length are shown in
Figure 5 for the 177.8 mm wide specimens tested at three




TABLE III - Strain Values from the Uniform Strain Regions of 177.8 mm Wide Specimens

Punch Oil PTFE RTV
Rate Position
|_mm/sec €rd Ear €rad €ar €rad €ur
Pole 0.13 0.13 0.29 0.34 0.31 0.32
0.212
Ligament 0.36 0.02 0.47 0.20 0.39 0.28
Pole 0.11 0.11 0.26 0.31 0.33 0.34
0.423 .
Ligament 0.36 0.02 0.49 0.19 0.34 0.30
Pole 0.11 0.11 0.22 0.28 0.27 0.27
2.12
Ligament 0.30 0.02 0.48 0.15 0.27 0.19

punch rates with three different lubrications. The
distributions show that strain values increase significantly
form pole to ligament for the specimens tested with oil.
For specimens tested with PTFE, the corresponding
strains only slightly increase. The strain values are
constant over the pole region for the RTV lubricated
specimens and decrease in the ligament region. The
distributions obtained with RTV lubrication overlap on
one side due to the presence of wide necks which
developed prior to failure. Generally higher effective
strain values correspond to a lower imposed punch rates
and higher LDH values for all lubrication conditions.
PTFE and RTV lubricants result in similar strain levels
over the center of the punch; the strain values are nearly
double those resulting from oil lubrication.

Martensite volume fraction distributions along
the specimen lengths are shown in Figure 6 for the 177.8
mm specimens tested at three punch rates with the three
lubricants. A clearer distinction between punch rates is
shown by the Forster number distributions as opposed to
the effective strain distributions. Higher martensite
volume fractions are associated with lower punch rates
over the entire specimen length with PTFE or RTV
lubrication while they are higher only in the ligament
region of oil lubricated specimens. Further, higher
martensite volume fractions are directly related to higher
LDH values.

TEMPERATURE MEASUREMENTS - Peak
temperatures for the punch-stretched specimens at failure
were found to vary with punch rate and lubrication as
shown in Table IV. The temperature increases are
primarily due to adiabatic specimen heating with strain.
Sliding friction, lubricant heating, and heat of the
martensite transformation were assumed to make
negligible contribution to the temperature changes.
Adiabatic specimen heating is a function of strain rate.
As a consequence of geometrical considerations in the
hemispherical dome test [11], the effective strain rate
increases along the punch face from the pole towards the
ligament region and increases in the ligament region with
punch displacement. It is therefore expected that
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adiabatic specimen heating will be amplified by higher
punch rates.

Table IV shows that the peak temperature
increase in the ligament region of 19.1 mm wide
specimens tested with either oil or PTFE lubricant was at
least 40°C higher for the faster punch rate. Temperature
increases of 40°C or greater have been reported for
tensile testing of sheet material [10,11]. A mild
temperature increase in the pole region was only seen for
the PTFE lubricated 19.1 mm wide specimens tested at
the 2.12 mm/sec punch rate.

Table IV also shows that the temperature
increased with strain at both pole and ligament positions
in the 177.8 mm wide specimens at high and low punch
rates for all three lubricants. The temperature increased
more in the ligament than at the pole for oil and PTFE
lubrication and was higher at the highest displacement
rate. In contrast, pole region temperatures were greater
than ligament region temperatures with RTV lubrication.

- The effects of lubrication on temperature at
different locations on the specimen are shown in Figures
7 and 8. Temperature data as a function of time are
plotted for thermocouples located at the pole, mid-radius
and ligament positions. The time axis directly relates to
punch displacement and therefore specimen strain and
strain rate. During deformation of the 19.1 mm wide
specimens at 2.12 mm/sec punch rate, Figure 7, the mid-
radius temperature follows the ligament temperature
until contact with the punch and then cools to the pole
temperature. Pole and mid-radius temperatures are
constant for the oil lubricated specimens but rise with
time for the PTFE lubricated specimens due to the
increase in strain accumulation over the punch face.
Similar profiles occurred at the 0.212 mm/sec punch rate.

Temperature-time profiles for deformation of
177.8 mm wide specimens (Figures 8a and 8b) are similar
to the 19.1 mm wide specimens for the oil and PTFE
lubrication, except for lower peak temperature values. In
contrast to oil and PTFE lubrication, RTV lubrication
caused significant pole and mid-radius temperature
increases, and only a minor ligament temperature
increase (Figure 8c).
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TABLE IV Peak temperatures as a function of punch rate and lubrication at two positions on
the 19.1 mm and 177.8 mm wide specimens.
Peak Temperature (°C): 19.1 mm wide specimen
Lubricant: oil PTFE
Position: pole ligament pole ligament
Punch 2.12 25 88 31 87
Rate:

(mmy/sec) 0.212 28 46 27 45
Peak Temperature (°C): 177.8 mm wide specimen

Lubricant: oil

PTFE RTV

Position: pole lig

pole lig pole lig

Punch 2.12 31 53

41 85 91 40

Rate:

s mg /sec) 0.212 30 34

32 31 56 30
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Figure 7. Temperature-time profiles along centerline of

19.1 mm wide, Type 304 stainless steel specimens punch-
stretched to failure at 2.12 mm/sec with a) oil lubrication
and b) PTFE lubrication.
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DISCUSSION

At a given temperature between My and M, the
martensite start temperature, strain-induced martensite
transformation is a sigmoidal function of strain as was
shown in Figure 1. With increasing strain, the rate of
increase in the martensite volume fraction decreases until
a maximum (saturation) level is reached. This
transformation saturation level both decreases and shifts
to higher strains as the deformation temperature
increases. This complex interaction of strain and
temperature on the martensite transformation and the
subsequent influence on formability are discussed by first
considering the conditions where low temperature
changes have little effect on the martensite
transformation and then at conditions where temperature
increases significantly affect the martensite
transformation.

As shown in Figures 2 and 4 for the 19.1 mm
and 177.8 mm wide samples respectively, the strain
distribution during stretch forming of 304 stainless steel
depends directly on the lubrication condition of the
sheet-punch interface. The large variation in radial
strain from the pole to the ligament position for the oil
lubricated specimens reflects directly the interfacial
friction conditions. With punch displacement, as each
point on the sheet contacts the punch, the interfacial
friction constrains further deformation so that each
successive point accumulates incrementally more strain
than the previous point. For the PTFE lubricated 19.1
mm wide specimens (Figure 2b), the interfacial friction is
significantly lower and thus with punch displacement
each point already in contact with the punch continues to
deform and accumulate strain resulting in a more
constant strain distribution. For the PTFE lubricated
177.8 mm wide specimen (Figure 4b), the radial strain is
not constant but increases into the ligament region.
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Figure 8. Temperature-time profiles along centerline of
177.8 mm wide, Type 304 stainless steel specimens
punch-stretched to failure at 2.12 mm/sec with a) oil
lubrication b) PTFE lubrication and ¢) RTV lubrication.
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Using the effective plastic strain to account for the
biaxial constraint of the wider specimens results in a
constant strain distribution for the PTFE lubricated 177.8
mm wide specimens (Figure Sb). The strain distribution
shown by the RTV lubricated 177.8 mm wide specimens
(Figure 5c) reflects both the effects of a change in
interfacial friction and a geometry change due to the
thick rubber layer at the sheet-punch interface. The
rubber disk was compressed between the sheet and the
punch producing a dome with an effective diameter
greater than 101.6 mm thus causing strain accumulations
in the pole region without significant strain
accumulations in the ligament.

The transformation distributions obtained at the
lower punch rates for the oil and PTFE lubricated 19.1
mm wide specimens, Figure 3, and the oil lubricated
177.8 mm wide specimens, Figure 6a, are a result of the
effects of interfacial friction on strain distribution as
deformation heating was negligible (as shown in Table
IV). Correspondingly, the variation in volume fraction of
martensite with position mirrors the strain distribution.
The increased strain over the pole of PTFE lubricated
specimens results in a higher martensite volume fraction
(Figure 3b). Increasing lubrication results in an increase
in strain distributed over the entire specimen length
which also results in an increased volume fraction of
martensite over the entire length of the sample.

This relation between strain and volume fraction
of martensite is not observed for the PTFE lubricated or
RTYV lubricated 177.8 mm wide specimens at any punch
rate (Figures 6b and 6¢). Further, although the strains
obtained with RTV lubrication are of a similar
magnitude as those obtained with PTFE lubrication
(Figures 5b,5¢), the associated volume fractions of
martensite produced in the RTV lubricated specimens
are only one-half those produced in the PTFE lubricated
specimens (Figures 6b,6c).

As was shown in Figures 7 and 8, temperature
increases occurred at different locations along the sample
length based upon the lubrication used. For the 19.1 mm
wide specimens, an increased punch rate resulted in a
temperature increase in the ligament region for both oil
and PTFE lubricated specimens (Figure 7). This
temperature rise suppressed martensite formation, and
thus lower martensite volume fractions were found in the
ligament regions of oil and PTFE lubricated, 19.1 mm
wide specimens (Figure 3) and oil lubricated 177.8 mm
wide specimens (Figure 6a) deformed at higher punch
rates. As a consequence of this temperature increase,
lower martensite volume fractions were also found in the
pole region of the PTFE lubricated, 19.1 mm wide
specimens deformed at higher punch rates (Figure 3b).

The temperature increases shown in Figure 8b
for PTFE lubricated 177.8 mm wide specimens are
sufficient to cause transformation saturation at the strain
levels achieved with this lubricant (Figure 5b). The
strain in the ligament region (Figure 5b) coupled with
the temperature in the ligament region (Figure 8b)
results in the same volume fraction of transformed
martensite as does the coupling of the strain in the pole



region (Figure 5b) with the temperature in the pole
region (Figure 8b). This saturation results in the
constant transformation distribution seen in Figure 6b.

The temperature rise in the pole region of the
RTYV lubricated specimens is much higher than the
temperature rise caused by the other lubricants due to
the deformation being concentrated nearer the pole
region of these specimens. The temperature-time
profiles for the RTV lubricated 177.8 mm wide
specimens, Figure 8c, show the significant increases in
temperature that occur at the pole and mid-radius
positions. Significant depression of the martensite
transformation results, even at large strains, leading to
the low transformation distributions seen in Figure 6c.
Hecker et al. [10] proposed that the decrease on the
biaxial stretching side of the forming limit curve for type
304 stainless steel was due to a drop in the work
hardening rate because the y—a’ transformation is
lower. In this investigation, the level of martensite
transformation in a specimen whose strain values would
plot on the biaxial side of the FLD was indeed lowered.

An increase in formability, as measured by the
LDH value, is related to the amount of deformation
accumulated in the hemispherical dome specimens. For
oil lubricated specimens, improved deformation is due
solely to the increased stretching which occurs in the
ligament region. With improved lubricity, the increased
stretching occurs over the punch face as well as in the
ligament region. Figures 3 and 6 show the LDH value
along with the resulting transformation distribution. A
direct one to one relation can be seen between the
magnitude of the LDH value and the overall average
volume fraction of martensite produced in the specimen.
Increased transformation to martensite is accomplished
by deformation at temperatures below M. The primary
requirement for high elongation resulting in greater
formability is continued martensite transformation during
deformation. Factors promoting transformation are: 1)
increased lubrication which allows strain accumulation
over the entire specimen, 2) a slower punch rate resulting
in a lower strain rate thereby producing less adiabatic
specimen heating, and 3) reduced specimen temperature
which would result in high transformation saturation
values at a given strain. The optimum transformation
giving the highest formability would occur at that
combination of strain rate and temperature that causes
martensite formation to occur at the maximum uniform
strain value thereby stabilizing neck formation in the
sheet.

The results of this study have several
implications with respect to current developments in
sheet steel microstructures and forming methodologies.
For example, recent analyses of the tensile deformation
behavior of a new class of high strength sheet steels with
controlled volume fractions of retained austenite showed
that ductility is maximized at temperatures where the
majority of the deformation induced transformation of
austenite to martensite occurs within the neck [15, 16].
Correspondingly, it is anticipated that these high strength
sheet steels will exhibit the same dependence on strain
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rate, temperature, and lubrication as was observed for
the type 304 stainless steel of this study. Furthermore,
currently consideration is being given to new dry
lubricants which will not provide the same effective
sample cooling provided by water base lubricants. It is
anticipated that the actual sheet temperatures may differ
from those currently observed. Thus if the sheet metal
undergoes temperature dependent deformation induced
transformation, then the degree of transformation and
hence extent of formability will depend on the lubricant.
Therefore, future sheet steel developments must consider
the combined effects of strain and temperature in order
to maximize formability.

CONCLUSIONS

The combined effects of lubrication, imposed
deformation rate, and deformation heating on the stretch
formability of type 304 stainless steel sheet has been
evaluated with the punch stretch test. Measured strain
distributions directly reflect the constraint effects due to
friction at the sheet/tool interface and the combined
effects of deformation induced transformation on
austenite to martensite and strain induced adiabatic
heating. Several specific conclusions were drawn from
this study:

0 With increased lubricity, more uniform strain
distributions developed.
o The observed strain gradients between the punch

and the ligament regions of the deformed sheets
increased with a decrease in punch rate and
mirrored the volume fractions of deformation
induced martensite formation at the low
displacement rates where negligible deformation
heating was observed.

o At high deformation rates where significant
adiabatic heating was observed in the ligament
sections of the oil and PTFE lubricated
specimens and throughout the sample for the
RTYV lubricated specimens, saturation of the
martensite transformation occurs and the
observed punch heights at failure were lower
than those observed at the lower displacement
rates.

o Formability is maximized for those test
conditions which promote continued
transformation during deformation. The
deformation induced austenite to martensite
transformation provides and increment of
strengthening to stabilize plastic flow and
suppress necking.
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