
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ::':.::::.. : . - : ' - , : .  ,:: R e t a i n e d  A u s t e n i t e  in S tee l  ' :. - ,  . -  : ::.::.' :. . '  : , .  . , :  . - ...i 

The Formabil i ty of Austenit ic 
Stainless Steels 

S.F. Pe te r son ,  M.C .  M a t a y a ,  a n d  D.K.  M a t l o c k  

This article reports the results of a study to 
determine the effects of austenite stability, 
with respect to the strain-induced transfor- 
mation to martensite, on the formability of 
300 series stainless steels. The effects were 
evaluated as a flmction of alloy, content, 
deformation temperature, and deformation 
rate. Three stainless-steel alloys with differ- 
ent nickel contents were evaluated as com- 
m~fcially cotd-rolted and annealed sheet prod- 
ucts. Tmzsile tests were performed at tem- 
peratures between -60 ~C and +125 ~ and 
at strain rates from 0.00167 s -~ to 0.167 s-L 
The combined effects of strain, strain state, 
deformation-induced temperature changes, 
and strain rate are considered to explain the 
interrelationships between martensite fop 
marion and limit strains as observed in form- 
ing-limit diagrams. 

I N T R O D U C T I O N  

The formability of austenitic stainless 
steels is strongly dependent  upon alloy 
composition, strain state, and strain path. 
These variables influence the ease and 
amount of martensite that is formed from 
the parent austenite phase. During de- 
formation, martensite formation is en- 

hanced by low strain rates, low tempera- 
tures, large deformat ions ,  and low 
amounts of alloying elements such as 
nickel, manganese, and nitrogen. 

The effects of strain during standard 
tensile tests at room temperature on the 
transformation of austenite to marten- 
site in metastable austenitic stainless 
steels has been evaluated by several in- 
vestigators/ -~ AngeP determined that the 
transformation is enhanced by high 
strains, low strain rates, low tempera- 
hares, and lower nickel contents. These 
results were verified by Hecker ~ and 
Huang et al. ~ The influence of martensite 
on the shape of tensile stress-strain curves 
has been evaluated by Ludwigson and 
Berger) who developed a curve-fitting 
equation to describe the formation of 
martensite with strain, and by Olson 
and Cohen) who developed an equa- 
tion to describe the transformation ki- 
netics based on martensite nucleation at 
shear-band intersections in austenite. 

Recent studies predict the transfor- 
mation of austenite to martensite in ten- 
sion with the additional complexities of 
temperature,  adiabatic heating, and 

strain states. Kumar and SinghaP.: used 
finite-element modeling to predict the 
amount of martensite formed in uniaxial 
tensile deformation of 304 stainless steel 
under both isothermal and adiabatic 
heating conditions. Their initial study, ~ 
based on the kinetic parameters of Olson 
and Cohen2 predicted that under adia- 
batic conditions, the center of a tensile 
bar would contain less martensite than 
the rest of the gage length. However, in 
a subsequent paper7 they modified their 
transformation parameters after experi- 
mentally determining that the marten- 
site content is highest in the center of the 
tensile sample gage length. 

In analyses similar to those applied to 
tensile deformation,  the response of 
metastable stainless steel to complex 
strain paths in metal-forming operations 
has also been evaluated and modeled. 
Ramirez et al. ~ and Tsuta et al? modeled 
the upsetting of a 304 stainless-steel cyl- 
inder. They modified the Ludwigson and 
BergeP curve fit to include temperature 
and predicted-strain part i t ioning be- 
tween the austeni te  and martensi te  
phases. Shinagawa et al.~~ modeled deep 
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Figure 1. Engineering stress-strain curves for (a) 301, (b) 304, and (c) 305 tested between --60~C and t25~ at a strain rate of 0.0167 s-L 
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Figure 2. Engineering stress-strain curves for (a) 301, (b) 304, and (c) 305.tested at strain rates between 0.00167 s-' and 0.167 s-' at --60~ 25~ 
and 125~ 
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drawing of 304 and 316 austenitic stain- 
less steels using fini re-element methods 
and included the effect of heating on 
transformation. Their anal'r predicted 
failure locations in sheet deep drawn at 
different strain rates and temperatures. 

The importance of strain path on mar- 
tensite formation was modeled by 
Stringfeltow et al." in their analyses of 
plane-strain compression, simple com- 
pression, pure shear, uniaxial tension, 
and plane-strain tension. Their results, 

based on the kinetics equation of Olson 
and Cohen,-' predicted that martensite 
formation was maximized in plane-strain 
tension. 

The extent of austenite transforma- 
tion to martensite has been evaluated 
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Figure 3. Ultimate tensile stress and 0.2% offset yield stress for (a) 301, (b) 304, and (c) 305 tested at temperatures between -60~  and 125~ and 
at strain rates between 0.OO167 s -~ and 0.167 s-L 

E X P E R I M E N T A L  P R O C E D U R E S  

Three alloys, 301,304, and 305, were received in the 
form of cold-rolled and annealed sheets. Compesi~ns 
and sheet thicknesses of each alloy are given in Table 
1 ?e Table 2 contains the rnartensite start, Ms, tempera- 
ture (in ~ calculated from the equation of Eichelman 
and Hull 1~ and Mo~ the temperature (in ~ at which 50 
percent of the austenite transforms to martensite at a 
true strain of 0.3 calculated from the equation of Angel7 

M, = 41.7 (14.6 - Cr) + 61.1 (8.9 - N~ + 
33.3 (1.33- Mn) ~ 27.8 (0.47 - Si) + 

1666.7 (0.088 - (C + N)) - 17.8 (A) 

M~o = 413 - 462 (C + N) - 
9.2 (Si) - 8.1 (Mn) - 13.7 C r -  

9.5 <Ni)- 18.5 (Mo) (B} 

Allaying elements are in weight percent. 
Uniaxial tension tests were performed at tempera- 

tures ranging between -60~ and 125~ and at strain 
rates between 0.00167 s -~ to 0.167 s-L ASTM standard 
E-8 tensile samples oriented parallel to the rolling 
direction were machined with a 50.8 mm gage length 
and a nominal width of 12.7 ram. Machined edges of the 
tensile samples were polished to eliminate any cold- 
worked or transformed regions. A pattern composed of 
2.54 mm diameter circles was electrochemically 
etched TM on the surface of each tensile sample. 

All tensile testing was performed on a commercial 
fleer model tensile machine. Tensile tests were per- 
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Figure A. Modified LDH test sample geom- 
etry. 

formed on samples that were completely submerged in 
cooling or heating fluids-in an ethanol bath cooled by 
refrigerating coils for temperatures below 25~ and in 
an isothermal oil bath for temperatures at and above 
room temperature. During testing, length strains were 
measured by a submersible extensometerwith a 51 mm 
gage length. Because this extensometer has a limited 
extension of 25 mm (50% engineering strain), tensile 
strains were extrapolated beyond 50% elongation. Each 
material was tested at six different temperatures 
(--60~ :-25~ 25~ 55~ 80~ and 125~ and 
three different engineering strain rates (0.00167 s-L 
0.0167 s -~, and 0.167 s-'). 

A commemial ternte meter calibrated against quan- 
titative x-ray diffraction results was used to measure the 
volume fraction of martensite present in each tensile 
sample after deformation. For each tensile sample, the 
median and maximum volume-fraction values were 
based on 17 readings initially evenly spaced along the 
tensile gage length. 

LDH tests with a 102 mm diameter spherical punch 
were performed at room temperature in air on each 
material on a laboratory system adapted to a commer- 
cial ssrvohydraulin test frame) ~ For each material, 
samples 178 mm in length oriented parallel to the rolling 
direc~on were sheared to widths of 25 ram, 127 ram, 
152mm, and 178 ram. In addition, 102 mm wide strips 
of 305 stainless steel were sheared. 

A grid pattern composed of 2.54 mm diameter circles 
was electrochemically etched onto the surface of each 
specimen. Test specimens with an hourglass or dog- 
bone shape (Figure A~were substituted forthe 51 ram, 
76 ram, and 102 mm wide strips because of the ten- 
dency for the rectangular samples of these widths to 
fracture along the Iookbeed he,ere the LDH was reached. 

Two lubrication schemes were used for LDH testing. 
The first consisted of a spray lubricant applied to the 
side of the sample in contact'with the punch. The second 
lubrication condition cons~ed of the spray lubncant in 
combination with a thin polyethylene sheet. The spray 
lubricant was applied to the test sample and both sides 
of the polyethylene sheet. For the former lubrfcation 
c~ndition, one sample was deformed; for the latter, 
duplicate samples were deformed. Each LDH test sample 

Table 1, Sheet Thicknesses of Experimental Sheet Stesls" 
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Figure B, An FLD for 301 tested at room 
temperature wit~q a spray lubdcant at an ac- 
tuator speed of  0.212. ram/s: This diagram 
demonstrates how formingqimit curves were 
drawn. 

i 

Table 2. Calculated M s and Mo~ Temperatures ~.n 

Alloy M s (aC) M~o ('~) 
301 -130 23 
304 -240 -3.6 
305 -273 -2.2 

was deformed at a punch rate of 0.212 mrn/s to failure. 
The applied load and actuator displacement were mea- 
sured during testing. 

After te~ng, major and minor strains were measured 
with an image analyzer from grid circles along the LDH 
samples. Circles that were fractured or necked were 
classified as failed, whereas all other measured circles 
were designated safe. Thickness strains were calcu- 
lated fromthe output of a commercial ultrasonic thick- 
ness gage, and volume fractions of martensite were 
measured with the fernte meter, Forming-limit curves 
were determined for each tubrication condition by con- 
necting the locus of points of the safe circles with the 
largest stresses shown in Figure B, which includes all 
of the experimental strain data for 30t stainless steel 
tested with the spray lubricant. Add~onal circles along 
the test sample were measured in order to provide 
measurements Of the volume fraction of marfensita 
versus von Mises effective strain. 

Alloy C Mn P S Si Cr 

301 0.096 1.85 0.024 0.0003 0.42 17.33 
304 0.059 1.82 0.027 0.0007 0.42 18,50 
305 0.032 1.00 0.024 0.0005 0.49 18.58 

Mo Ni Cu Cb V N Nb W Thickness (mm) 

0.35 6.66 0.70 0.010 0.072 0.042 0.11 0.018 0.660 
0.50 8.07 0.46 0.017 0.087 0.068 0.067 0.021 0.635 
0.45 11.84 0.44 0.009 0.092 0.027 0.063 0,022 0.508 
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experimentally in several mechanical 
tests designed to evaluate the formabil- 
ity of sheet stainless steels. Heeker et al.-' 
evaluated the response of 304 stainless 
steel to deformation in limiting-dome 
height (LDH) and Marciniak samples 
under a variety of strain paths. These 
results showed that balanced biaxiat 
stretching produced the most marten- 
site for a given amount of yon Mises 
effective strain�9 The importance of strain 
gradients on deformation during the 
stretch forming of 304 stainless steel was 
evaluated by Coubrough et al. ~ in an 
analysis of LDH samples of different 
widths. Strain gradients were correlated 
with direct measurements of the tem- 
perature gradients induced during de- 
formation. Test conditions that led to 
significant temperature increases lim- 
ited martensite formation with strain 
and, correspondingly, limited punch 
heights at failure. These results empha- 
sized the complex relationship between 
martensite formation and formability. 

To date, limited forming-limit dia- 
grams (FLD) for metastable austenitic 
stainless steels have been published, -'.~- 
~ and most of the previous results have 
been obtained in air on 304 stainless steel 
with few results regarding other stain- 
less-steel alloys. In addition, while it has 
been shown for specific loading condi- 
tions such as uniaxial tension ~-* that duc- 
tility depends on both the extent of mar- 
tensite formation and the strain at which 
martensite forms, previous analyses that 
have led to published FLDs have not 
correlated the extent of martensite for- 
mation with strain limits on the FLDs. 

Previous investigations have shown 
the importance of strain rate, tempera- 
ture, adiabatic heating, etc. on th.e me- 
chanical properties of austenitic stain- 
less steels. However, these investigations 
have limitations in that most of the indi- 
vidual studies only involve one alloy, 
one test method, and one strain state. 
The purpose of this work was to gener- 
ate traditional FLDs for three alloys with 
different austenite stabilities and to pro- 
vide modified FLDs that incorporate 
transformation-induced plasticity. These 
new FLDs will provide an enhanced 
understanding of the effect of marten- 
site formation on formability. Additional 
factors, such as the relationships between 
strain and temperature and strain and 
temperature gradients, are incorporated 
into these modified FLDs. 

T E N S I L E  T E S T I N G  

The effects of alloy composition and 
temperature on engineering stress-strain 
curves at a strain rate of 0.0167 s -~ are 
shown in Figure 1. The effects of compo- 
sition and strain rate on stress-strain 
curves are shown for selected tempera- 
tures in Figure 2. 

At low temperatures, both 301 and 
304 stainless steel exhibit sigmoidal 
stress-strain curves characteristic of aus- 
tenitic materials that form to martensite 
with strain, z~ However, for 301 and 304 
at higher temperatures and 305 at all 
temperatures, conventional parabolic 
stress-strain curves that are characteris- 
tic of stable austenitic alloys or alloys 
that transform to martensite only at 
strains within the post-uniform defor- 

marion region are observedF -~ 
From the stress-strain curves in Fig- 

ures 1 and 2, values of ultimate tensile 
strength (UTS}, 0.2% yield strength, and 
uniform and total elongation values were 
reduced (Figures 3 and 4). For all three 
alloys, the UTS decreased with an in- 
crease in temperature and was essen- 
tially independent of strain rate, except 
for 301 at low temperatures, where UTS 
increased with a decrease in strain rate. 
For all three alloys, the 0.2% offset yield 
stress decreased slightly with an increase 
in temperature. Uniform and total elon- 
gations exhibit maxima with an increase 
in temperature. 

The volume fraction of martensit e that 
formed within the uniformly strained 
sections of failed tensile samples is sum- 
marized in Figure 5 for each material. 
For all alloys, the volume-fraction mar- 
tensite decreased with an increase in 
temperature. At low temperature, the 
amount of martensite that formed was 
significantly higher in 301. Figure 5 
shows that 305 always has significantly 
lower volume-fraction martensite than 
304. This contradicts the MD~ 0 tempera- 
tures calculated for each alloy in Table 2 
of the sidebar, which indicate that 304 
and 305 should have the same degree of 
stability against transformation to mar- 
tensite. The differences in composition 
between 304 and 305 are the manganese, 
nickel, nitrogen, and carbon contents. 
The difference in the austenite stability 
against strain in 304 and 305 may indi- 
cate that the MD~ 0 calculation may not be 
as strong a function of these elements as 
Equation B in the sidebar suggests. 
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Figure 7. The volume fraction of martensite 
formed in 301 and 304 versus yon Mises 
effective strain under different test methods 
and c o n d i t i o n s .  

At 125~ a temperature where auste~ 
nite is stable for all alloys, differences in 
UTS between each alloy are small. As the 
test temperature is decreased, differences 
become more apparent. The alloy with 
the least stable microstructure, 301, de- 
veloped much higher strength than 304 
and 305 at temperatures and strain rates 
where martensite formed in significant 
quantities. I t also showed higher strength 
than 305 when martensite was formed. 
At the test temperatures utilized, differ- 
ences in yield strength between each 
alloy were not significant. These small 
differences in yield strength and the ob- 
servation that yield strength continu- 
ously decreases with increases in tem- 
perature indicate that all martensite 
formed was strain-induced. ~ Between the 
M s and MD temperatures, stress-assisted 
martensite would form, and the yield 
strength would appear to decrease with 

a decrease in test temperature due to the 
higher specific volume of martensite. 

Alloy composition and temperature 
also have an impact on uniform elonga- 
tion (Figure 4). Temperature affects the 
amount of martensite formed in each 
alloy at a specific strain. As shown in 
Figure 5, 301 is completely stable above 
80~ whereas, 304 and 305 are stable 
above 55~ and -25~ respectively. The 
formation of mar tensite has the ability to 
significantly alter the shape of stress- 
strain curves (Figure 1). When the auste- 
nite is stable, a typical stress-strain curve 
for a face-centered cubic material is ac- 
quired. At temperatures where marten- 
site forms during uniform deformation, 
the stress-strain curve initially follows 
the pure austenite curve and then devi- 
ates upward as the higher strength mar- 
tensite is formed. 

At temperatures where austenite is 
stable, differences in uniform elonga- 
tion between alloys are reduced. How- 
ever, in the 25~ to 55~ temperature 
range, martensite forms in 301 and 304 a t 
high strains within the uniform defor- 
mation region, while no martensite forms 
m 305. The effect of martensite forma- 
tion in this temperature range is to in- 
crease the ductility of 301 and 304. In the 
-60~ to -25~ temperature range, mar- 
tensite forms at low strains to produce 
significant strength increases in both 301 
and 304, and as a result, the ductility of 
these alloys decreases significantly, while 
the ductility of 305 does not decrease as 
severely. These characteristics can be 
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Figure 8. Modified FLDs for (a) 301 and (b) 304 tested at room temperature at an actuator s p e e d  

of 0.212 mm/s with a spray lubricant. FLDs show the relationship of volume fraction martensite 
with von Mises effective strain and the forming l i m i t  curve. 
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seen by comparing the stress-strain 
curves for 301 and 305 at -60~ Type 
305, which forms very little martensite at 
-60~ displays a stress-strain curve typi- 
cal of pure austenite; 301 shows a signifi- 
cant increase in strength at about 0.15 
engineering strain. The stress-strain 
curve for 301 at -60~ actually drops 
below the curve obtained at -25~ This 
is a result of dynamic softening and a 
volume increase from the new marten- 
site phase. 

Strain rate also has a significant effect 
on the engineering stress-strain curve as 
shown in Figure 2 for each alloy at 
-60~ 25~ and 125~ When the auste- 
nite is stable, increases in strain rate have 
little effect on the UTS, but decrease 
ductility. When the austenite is meta- 
stable, higher strain rates will suppress 
the formation of martensite and decrease 
the UTS. The effect of strain rate on 
ductility depends on the transformation 
kinetics. At low temperatures where 
martensite forms at low strains, ductility 
will be enhanced. At higher tempera- 
tttres, transformation-induced plasticity 
will be reduced or eliminated. 

F O R M I N G - L i M I T  

D I A G R A M S  

Figure 6 shows forming-limit curves 
for each material under two lubrication 
conditions: spray lubricant and polyeth- 
ylene in combination with the spray lu- 
bricant. The data (e.g., Figure B) are 
omitted for clarity, and a complete sum- 
mary, of actual strain measurements can 
be found elsewhere, n In each figure, the 
ends of the solid lines represent the ex- 
tent of minor true strains observed for 
the various sample widths. With the 
spray lubricant, very little of the stretch- 
ing side (minor strain > 0) of the FLD was 
exploited. Increasing lubricity by add- 
ing one thin piece of polyethylene moved 
the forming-limit curves to increased 
biaxiality. In areas of formability where 
the two lubrication conditions overlap, 
increased lubrication raised the limiting 
strains for all alloys. Increased lubrica- 
tion raises the curves because strain gTa- 
dients within individual grid circles are 
lower as the material is able to better 
distribute strain. For polyethylene in 
combination with the spray lubricant, 
forming-limit curves were not defined 
on the drawing side (minor strain < 0) 
because no narrow samples were tested. 
For the lubrication conditions, tempera- 
bare, and punch rate used, 301 had the 
highest forming-limit curve, followed 
by 304. These higher forming limits are 
attributed to the transformation-induced 
plasticity that suppresses neck forma- 
tion. As the material is deformed, auste- 
nite transforms to martensite, and the 
resulting volume expansion helps the 
material to resist thinning. 

It should be noted that the data shown 
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in Figure 6b indicate that the minimum 
major strain lies to the right of the plane 
strain value, an observation which is 
counter to most FLDs for materials with 
stable microstructures. This apparent  
shift in the location of the strain minima 
may reflect complex interactions be- 
tween lubrication, which modifies strain 
gradients, and the location of the neck. 
For each test sample with spray lubrica- 
tion, failure occurred in the ligament 
region with the major strain of the frac- 
tured circles oriented parallel to the roll- 
ing direction. Increasing lubricity by add- 
ing a thin polyethylene sheet moved the 
failure location for test samples of each 
material that were 127 mm and 152 mm 
wide toward  the po le  region�9 For 
127 mm and 152 mm wide samples, the 
failure location moved approximately 3 
mm and 1.5 (1 grid and 0.5 grid circles) 
tofvard the pole. For the 178 mm wide 
(fully constrained) samples, the location 
of the failed circles did not move signifi- 
cantly, but the orientation of the major 
strain of the failed circles became per- 
pendicular of the rolling direction. The 
apparent anomaly in Figure 6b must be 
investigated further. 

V O L U M E  F R A C T I O N  
M A R T E N S I T E  V S ,  V O N  M I S E S  

E F F E C T I V E  S T R A I N  

Figure 7 shows the relationship be- 
tween volume-fraction martensite and 
yon Mises effective strain for 301 and 
304 under different test methods. The 
tests included in Figure 7 are room-tem- 
perature tensile samples deformed in air 
at 0.00167 s -~ and LDH tests under the 
two lubrication conditions described 
previously. Von Mises effective strain is 
given by ~ 

where E ~ ,  am~o ,, and ~ . ,  denote true 
major, manor, and thickness strains in a 
deformed sample. In Figure 7, the data 
points n are omitted for clarity, and data 
bands are presented for comparison. 

For all three data sets for each mate- 
rial, the volume fraction of martensite 
increased with effective strain. At a given 
amount of effective strain, more marten- 
site is formed during LDH testing than 
tensile testing for both 301 and 304. This 
can be attributed to martensite forma- 
tion being more favorable thermody- 
namically in the stretching side of the 
forming-limit curve than the drawing 
side. "-~ In the LDH test, the test material 
can be completely constrained, whereas 
in a tensile sample, material can draw in 
from the sides. Figure 7 also shows that 
increased lubrication in LDH testing wiU 
produce more martensite for a given 
amount of effective strain. This may be 
due to reduced strain gradients along 

the samples deformed with higher lubri- 
cation. Considering work from Cou- 
brough et al.)-" it is believed that this 
phenomena is not attributable to higher 
adiabatic heating in less well-lubricated 
samples. It should be noted that the cor- 
relation that is shown in Figure 7 is for 
samples that are subjected to a single 
strain path. 

The direct relationship between form- 
ing limits and the extent of martensite 
formation during deformation is illus- 
trated in Figure 8. This figure includes 
the forming limit curves from Figure 6a 
for 301 (Figure 8a) and 304 (Figure 8b) 
combined with maps of the extent of 
martensite formation in strain space for 
each alloy. To obtain the martensite data 
in Figure 8, each circle used to evaluate 
the safe range of the FLD (e.g., the open 
triangles in Figure B) was identified, and 
the martensite volume fraction was mea- 
sured within the circle as the diameter 
sampled by the ferrite meter probe was 
essentially the sa me size as the grid circle. 
Martensite volume-fraction ranges were 
then identified (e.g., 0.0-0.05, 0.05-0.10, 
etc. for 304 and 0.2-0.3, 0.3-0.4, etc. for 
301). Each range was assigned a symbol 
and plotted at the appropriate major and 
minor strains. Also superimposed on 
the figures are calculated lines of con- 
stant von Mises effective strain accord- 
ing to Equation 1. The constant marten- 
site volume fraction bands are shown to 
essentially follow constant yon Mises 
effective strain lines, and the Limit strains 
that define the forming limit are con- 
tained within one constant martensite 
volume fraction band. 

C O N C L U S I O N S  

Figure 8 presents a new method of 
i n c o r p o r a t i n g  the m i c r o s t r u c t u r a l  
changes that occur with strain in meta- 
stable austenitic stainless steels in stan- 
dard FLDs. From the tensile data pre- 
sented, it is clear that the magnitudes of 
the constant martensite volume fraction 
bands will depend sensitively on tem- 
perature, strain rate, and alloy content. 
To properly utilize FLDs for metastable 
austenitic stainless steels, the effects of 
deformation variables on microstruc- 
tural changes that occur with strain must 
be evaluated. The results presented here 
have illustrated one method of incorpo- 
rating strain limits and microstructural 
data. To properly optimize the use of 
metastable austenitic stainless steels, 
additional experimental evaluations and 
analytical analyses are required. 
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