Stress- and Strain-Induced Formation of Martensite
and lts Effects on Strength and Ducitility of
Metastable Austenitic Stainless Steels

DIETER FAHR

The effects of deformation-induced formation of martensite have been studied in metastable
austenitic stainless steels. The stability of the austenite, being the critical factor in the forma-
tion of martensite, was controlled principally by varying the amounts of carbon and manganese.
The formation of martensite was also affected by different test and rolling temperatures, roll-
ing time, and various reductions in thickness. The terms ‘‘stress-induced’’ and ‘‘strain-in-
duced’’ formation of martensite are defined. Experimental results show that low austenite
stability resulted in stress-induced formation of martensite, high work-hardening rates, high
tensile strengths, low ‘‘yield strengths,’’ and low elongation values. When the austenite was
stable, plastic deformation was initiated by slip, and the work-hardening rate was too low to
prevent early necking. A specific amount of strain-induced martensite led to an ‘‘optimum”’
work-hardening rate, resulting in high strength and high ductility. For best results processing
should be carried out above M; and testing between M; and M. Mechanical working above M,
had a negligible effect on the yield strength between M; and M, when the austenite stability was
low, but its effect increased as the austenite became more stable. Serrations appeared in the
stress-strain curve when martensite was strain induced.

UNUSUALLY high strengths can be imparted to many
steels through special heat treatments or by combined
thermal and mechanical treatments. Most ultrahigh
strength steels undergo an austenite-martensite phase
transformation, so that at least a portion of their
strength is due to a transformation product of low
ductility which often limits the application of such
steels.

Austenitic steels can be significantly strengthened
without a concomitant phase transformation through
heavy working in combination with precipitation hard-
ening. The low elongation values observed for these
steels during tensile testing are due to a local plastic
instability which occurs because the material is un-
able to work harden at a rate high enough to compen-
sate for the stress increase due to the reduction in
cross sectional area. Increasing the ductility in high-
strength austenitic steels thus becomes a problem of
increasing the work-hardening rate. This can be
achieved through a deformation-induced phase trans-
formation. Bressanelli and Moskowitz' studied the
combined and individual effects of composition, test
temperature, and deformation rate on the tensile
properties of type 301 stainless steel and clearly
demonstrated the beneficial effect of a ‘‘specific
amount of martensite formation’’ on tensile elonga-
tion. In recent years this deformation-induced forma-
tion of martensite was successfully utilized to enhance
the ductility of high-strength metastable austenitic
stainless steels.”

When the free energy difference between martensite
and austenite, AF = Fj; —F 4 reaches a critical neg-
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ative value, martensite starts forming spontaneously
on cooling at the M, temperature. Since the marten-
site transformation is a diffusionless shear transfor-
mation aided by positive normal stresses,®* it can be
made to occur at temperatures above M ¢ by deforma-
tion of the austenite. Above a certain temperature,
Mg, no deformation-induced transformation is pos-
sible.

Between the M and M; temperatures the formation
of martensite can be induced by elastic®™® and/or plas-
tic®™'* deformation. Within this temperature interval
the driving force for the reaction consists of 1) the
free energy difference, AF, between the martensitic
and austenitic states, and 2) the externally applied
stress. As the difference between F 4 and Fy; in-
creases with decreasing temperature, lower applied
stresses are needed to form martensite, At tempera-
tures near M the stress required for slip in the aus-
tenitic matrix exceeds that necessary for the marten-
sitic transformation. Conversely, as the temperature
increases toward the M,; temperature the stress re-
quired for martensite formation increases to a level
above that required for slip in the austenite.

In analogy to ‘‘stress aging’’ and ‘‘strain aging
the author proposes therefore to distinguish between
‘“‘stress-induced’’ and ‘“‘strain-induced’’ formation of
martensite. Martensite is considered to be ‘‘stress
induced’’ when it forms as a result of elastic stresses
from an external load (i.e., below the actual yield
strength of the austenite). The condition for stress-
induced formation of martensite is therefore o4 — s
< 0yielga- Martensite is ‘“‘strain induced’’ when slip
in the austenite precedes its formation. Strain-induced
martensite, thus, forms only when 04 — p7 > OyieldA-

The rate of martensite formation upon straining a
metastable austenitic steel depends on the stability of
the austenite. For a given deformation temperature
the austenite stability is a function of the alloy content
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and the thermomechanical history. The addition of al-

most any element, with the possible exception of cobalt,

increases the austenite stability with respect to the
formation of martensite either spontaneously or by
deformation (i. e., suppresses the Mg and My temper-
atures, independent of whether or not the added ele-
ment has an fcc lattice structure). Austenite of a given
composition can be further stabilized by mechanical
and/or thermal treatments. Large amounts of defor-
mation of the austenite increase its dislocation density
and thus make the cooperative movement of atoms
during formation of martensite more difficult. More-
over, the volume of the martensite is larger (approxi-
mately 4 pct) than that of the austenite from which it
forms.? This volume increase must be accommodated
by the generation and motion of dislocations in the aus-
tenite. A high dislocation density in the austenite
makes this more difficult. Thermal treatments allow
interstitial atoms to lock mobile dislocations and thus
increase the austenite stability for the same reason.
Prior transformation has an effect similar to plastic
deformation on the austenite stability. If a steel is
partially transformed to martensite, the remaining
austenite is more difficult to transform and this sta-
bility of the austenite is increased even more by aging.

The austenite stability is lowered chemically when
thermomechanical treatments lead to extensive pre-
cipitation of alloy carbides.'” The austenite matrix
becomes depleted of carbon and alloying elements and
the M ¢ and M; temperatures increase. Small amounts
of plastic deformation tend to promote the formation
of martensite in ferrous alloys with a low stacking
fault energy.'® Several investigators''’'®*'!® have sug-
gested that strain-induced stacking faults may play a
role in the nucleation of the martensite, but local
stress concentrations are generally believed to be the
primary martensite nucleation sites.

This investigation was conducted to determine the
conditions for an optimum balance of high strength
and ductility when martensite is forming during the
test. Since the austenite stability plays an all-impor-~
tant role, alloys with varying manganese and carbon
contents were processed and tested at different tem-
peratures and reduced from 20 to 80 pct in thickness.

EXPERIMENTAL PROCEDURE
Alloy Preparation

The alloys listed in Table I were prepared by induc-
tion melting commercially pure (99.9 pct) elements
in an argon atmosphere. The resulting 20-1b. ingots
were homogenized for three days at 1050°C, forged at
1100°C to break up the cast structure, and then re-
duced by rolling at 450°C. This was followed by an
austenitizing treatment of 1 hr at 1200°C in a helium
atmosphere.

Table II lists the thermomechanical treatments ap-
plied to the as-austenitized alloys. The samples were
reheated to the rolling temperature between passes.

Specimen Preparation and Testing

Tensile specimens with a gage length of 1 in. and a
width of 0.125 in. were ground from 0.050 in. sheet.
Tensile tests were conducted at four different temper-
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Tabte |. Composition of Steels Examined

Composition™, wt pct

Heat Number Cr Ni Mn C
692-9 9.0 8.0(7.6) 1.0 0.2(0.21)
692-7 9.0 8.0 1.0 0.3 (0.29)
6811-15 9.0(10.1) 8.0(7.6) 1.0 0.4 (0.43)
689-18 9.0 (10.3) 8.0 1.0 0.5(0.53)
6811-14 9.0 (10.1) 8.0(7.6) 2.0 0.0 (0.01)
6811-13 9.0 (10.1) 8.0(7.6) 2.0(2.2) 0.1 (0.17)
6811-12 9.0 (10.7) 8.0(7.7) 2.0 0.2 (0.28)
689-15 9.0(9.8) 8.0 2.0 0.3(0.32)
689-16 9.0 (10.2) 8.0 2.0 0.4 (0.35)
686-21 9.0(9.2) 8.0(7.8) 2.0(2.3) 0.5 (0.51)
692-8 9.0 8.0 3.0 0.2 (0.25)
6812-11 9.0 (10.1) 8.0(7.7) 3.0 0.3(0.34)
692-6 9.0 8.0 3.0(3.4) 0.4 (0.42)
686-22 9.0 8.0(7.8) 3.0(3.2) 0.5 (0.52)
689.19 9.0(10.0) 8.0 4.0 0.5 (0.51)

* Actual values are given in parentheses for carbon and for the other elements
when deviation from intended value was greater than 0.1 wt pct.

Table H. Thermomechanical Treatments Applied to the As-Austenitized Alloys

Reduction in Thickness, Pct Rolling Temperature, °C

20 450
40 450
60 450
80 450
80 250
80 100
80 24

atures using an Instron Testing Machine at a cross-
head speed of 0.04 in. per min. Tests were performed
at room temperature in air, at 100°C in boiling dis-
tilled water, at —78°C in dry ice and ethanol, and at
—196°C in a liquid nitrogen bath.

EXPERIMENTAL RESULTS AND DISCUSSION

Only a few of the many stress-strain curves ob-
tained are presented in this paper. They show the
typical features associated with stress- and strain-
induced formation of martensite during a tensile test
as a function of the variables investigated.

Whenever a well-defined yield point was observed,
the upper yield point was taken as the yield criterion;
otherwise, the 0.2 pct offset yield strength was used.

Stress- and strain-induced martensite were dis-
tinguished on the basis of yield strength. When the
yield strength at room temperature was less than at
100°C, it was concluded that stress-induced formation
of martensite initiated plastic deformation at room
temperature. The same reasoning applied to results
obtained at lower temperatures. Quotation marks are
used to distinguish between the onset of plastic de-
formation due to the formation of martensite (“‘yield-
ing,’’ ‘‘yield strength’’) and the conventional yielding
(yield strength) in the absence of a phase transforma-
tion.

Whenever the formation of martensite is stress in-
duced, slip in the austenite is a consequence of the
formation of martensite. Strain-induced formation of
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Fig. 1—Optical photomicrograph of the microstructure of Al-
loy 689~-15 after 80 pct reduction in thickness at room tem-
perature showing deformation markings in an austenitic grain
that is surrounded by deformation-induced martensite. Elec-
tropolished (90 pet/10 pct acetic/perchloric acid solution at
0°C and 20 V) and etched (5 g cupric chloride, 100 ml hydro-
chloric acid, 100 ml methyl alcohol, and 100 ml distilled
water).

martensite, on the other hand, is itself a consequence
of slip in the austenite.

Fig. 1 shows deformation markings in an austenitic
grain surrounded by martensite. Since that sample
was fully austenitic at room temperature after cool-
ing from 1200°C, both the martensite and the deforma-
tion markings were due to the deformation process at
room temperature. As a matter of fact, formation of
martensite and slip in the austenite compete with one
another as modes of deformation.!” This competition
is revealed in serrations in the stress-strain curves
when the martensite is strain induced. While the
strain-induced martensite forms intermittently re-
sulting in bursts of transformation (serrations),
stress~induced martensite does not cause any serra-
tions in the stress-strain curves; it forms so readily
that externally applied stresses are sufficient to sus-
tain the phase transformation. Fig. 2 shows the sur-
face relief of stress-induced martensite.

Effect of Alloying Elements

Manganese and carbon were chosen as compositional
variables because relatively small additions of these
elements lower the M  and M, temperatures sig-
nificantly, %720
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Fig. 2—Optical photomicrograph of stress~induced marten-
site revealed by its surface relief. Direction of applied
stress is indicated by arrows. (Alloy 6811-15 after 80 pct
reduction in thickness at 250°C.) Electropolished (90 pct/10
pct acetic/perchloric acid solution at 0°C and 20 V).
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Fig. 3—Effect of varying manganese contents on room-tem-
perature engineering stress-strain curves of 0.3 pct C alloys
after 80 pet reduction in thickness at 450°C. Crosshead speed:
0.04 in. per min.

Fig. 3 shows the room-temperature engineering
stress-strain curves of the 0.3 pct C alloys containing
1, 2, and 3 pct Mn. The room-temperature tensile
data are compared with those obtained at 100°C in
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Table 111, Tensile Properties* of 0.3% C Steels? with Varying Manganese Contents

Manganese  Reduction T °c 3 )
Alloy Content, in Thickness, emperature, trength, psi Elongation,
Number pet pct Rolling Test Yield Tensile pct
X 10* X 10°
24 150 289 16.0
692-7 1
80 450 100 206 212 3.0
24 166 255 21.5
689-15 2 80
450 100 176 182 0.5
24 206 219 35.0
6812-11 3 80
450 100 195 201 3.0

*Crosshead speed: 0.04 in. per min. Tested in air at 24°C, in distilled water at
100°C.
TNominal composition, pct: 9 Cr, 8 Ni, x Mn, y C, bal Fe.
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Fig. 4—Effect of varying manganese contents on room-tem-
perature engineering stress-strain curves of 0.4 pct C alloys
after 80 pct reduction in thickness at 450°C. Crosshead speed:
0.04 in. per min.

Table II. The ‘‘yield strengths’’ of the 1 and 2 pct Mn
alloys were 56,000 and 10,000 psi lower at room tem-
perature than at 100°C indicating that stress-induced
formation of martensite initiated plastic deformation
at room temperature in these two alloys. Slip in the
austenite was responsible for the onset of plastic de-
formation in the alloy with 3 pct Mn. Increasing the
manganese content resulted in a more stable austenite,
and thus in higher yield strength and elongation values
and lower work-hardening rates and tensile strengths.
The same effects were observed for 0.4 pct C alloys,
Figs. 4 and 5, except that the higher carbon content it-
self led to a higher initial austenite stability, which in
turn reduced the difference in yield strength between
the 100°C and room-temperature tests of the 1 and 2
pct Mn alloys to 33,000 and 3000 psi, respectively,
Table IV. While plastic deformation in these two al-
loys began as a result of stress-induced formation of
martensite, yielding occurred by slip in the austenite
in the more stable 3 pct Mn alloy. As in the 0.3 pct C
alloys, increasing the manganese content increased the
yield strengths and lowered the work-hardening rates
and tensile strengths. The elongation, however, first
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Fig. 5—Effect of increasing manganese content (increasing
austenite stability) on room-temperature yield strength and
tensile strength, respectively.
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Table 1V. Tensile Properties* of 0.4% C Steelst with Varying Manganese Contents

Alloy hétr;gtaer;is,e ixi{ ;ﬁfﬁﬁr;‘ Temperature,°C _Strength, psi Elongation,

Number pet pct Rolling Test Yield Tensile pet
X 10* X 10°

s 1w w0 g0l G0

@16 2w a0 0 T ok

692-16 3 80 450 l(z)g ;fg §§§ 1}:2

*Crosshead speed: 0.04 in. per min. Tested in air at 24°C, in distilled water at
100°C.
TNominal composition, pct: 9 Cr, 8 Ni, x Mn, y C, bal Fe.

increased and then dropped off rapidly with increasing
austenite stability, Fig. 6. Apparently not enough mar-
tensite formed in the 3 pct Mn alloy to prevent necking
at larger strains. The 3 pct Mn-0.3 pct C alloy dis-
played a work-hardening rate that was near the opti-
mum (for maximum elongation), whereas that observed
for the 3 pct Mn-0.4 pct C alloy was obviously below
the optimum rate, Fig. 6. Any further increase in aus-
tenite stability (e.g., through higher alloy content)
would result in even lower work-hardening rates and
elongation values. The stress-strain curves in Fig. 7
show that a 3 pet Mn-0.5 pct C alloy had indeed a
lower elongation value than the alloys with less car-
bon, and that the work-hardening rates increased with
decreasing carbon content (decreasing austenite sta-
bility). The elongation values increased because more
martensite formed upon straining, and thus prevented
early necking. As soon as the work-hardening rate
exceeded its optimum value, the elongation values de-
creased again, Fig. 8, since the ultimate tensile
strength and the fracture strength of the respective
alloys were reached more rapidly (i.e., at less
strain). The stress-strain curve of the 0.2 pct C alloy
in Fig. 7 shows this very clearly. The lower austenite
stability of this alloy is further documented by the
lower ‘‘yield point.”” ‘Yielding’’ began as a result of
stress-induced formation of martensite while the al-
loys with higher carbon contents yielded by slip in the

METALLURGICAL TRANSACTIONS
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Fig. 6—Effect of increasing manganese content on room-tem-
perature elongation values in alloys with different carbon
contents (different austenite stabilities).
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Fig. 7—Effect of varying carbon contents on room-tempera-
ture engineering stress-strain curves of 3 pct Mn alloys after
80 pct reduction in thickness at 450°C. Crosshead speed: 0.04
in. per min.

austenite. The initial mode of plastic deformation also

seems to affect the appearance of the yield points.

Slip apparently resulted in a larger difference between

upper and lower yield points than did formation of mar-
tensite.

The increase in yield strength with increasing car-
bon content, Fig. 7, for the higher carbon alloys was
not related to the austenite stability. The austenite
was stable enough for yielding to occur by slip, but it
was due to the different carbon content and its effect
on strengthening mechanisms (such as precipitation
and solid-solution hardening) during processing at
450°C.

The stress-strain curves in Fig. 7 and other data
obtained during this investigation strongly suggest
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Fig. 8—Effect of increasing carbon content (increasing aus-
tenite stability) on the room-temperature elongation values of
3 pct Mn alloys.

that maximum elongation cannot be obtained whenever
the austenite stability is such that initial plastic de-
formation is due to stress-induced formation of mar-
tensite. Work-hardening rates will always be higher
than the optimum in such a case. Thus, the condition
set forth for strain-induced formation of martensite
must be met in order to obtain an optimum work-hard-
ening rate.

The strong effect of austenite stability on mechanical
properties and its susceptibility to compositional
changes is underlined by the fact that differences in
carbon content of only 0.1 pct could cause changes in
elongation by a factor of more than 3 at stress levels
above 200,000 psi. Another variable that affects the
austenite stability strongly is the test temperature.

Effect of Test Temperature

Test temperatures ranged from — 196° to 100°C, and
thus allowed a complete study of the effects of the aus-
tenite stability on tensile properties. Since the My
temperatures of most of the alloys were below 100°C,
no phase transformation could be induced at that tem-
perature. This was reflected in the mechanical prop-
erties. The work-hardening rate of the austenite was
too low to prevent failure at the site of incipient neck-
ing. The low ductility obtained for most alloys in liq-
uid nitrogen tests was due to the martensite that
formed spontaneously on cooling to —196°C (M
> —196°C). The elongation test-temperature curve in
Fig. 9 shows how the ductility can be optimized when
tests are carried out between these two extremes
(i.e., between Mg and My). It also indicates the ap-
proximate temperature (close to M) where the rate
of formation of martensite led to an optimum work-
hardening rate, and thus to maximum elongation.

Fig. 10 shows the variation of ‘‘yield strength’’ with
test temperature for a relatively unstable alloy.

VOLUME 2, JULY 1971-1887



Stress~induced formation of martensite was respon-
sible for the decrease in ‘‘yield strength’’ as the test
temperature was lowered. Spontaneous formation of
martensite on cooling to —196°C effectively strength-
ened the remaining austenite. This explains why the
“‘yield strength’’ at —196°C is higher than at —78°C.
The stress-strain curves in Fig. 11 are represen-
tative of alloys with different austenite stabilities.
Three cases are described. The work-hardening
rates at room temperatures are 1) higher, Fig, 11(a),
2) approximately at, Fig. 11(c), and 3) lower, Fig.
11{e), than the optimum work-hardening rate. In the
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first case, more martensite formed than was re-
quired to prevent necking, and in the last case, a 4 pct
Mn alloy was tested to ensure that no martensite
formed at all. The much lower austenite stability at
—78°C as compared to room temperature is reflected
in the stress-strain curves of Figs. 11(5), (d), and
(f). The work-hardening rates were drastically in-
creased, thus lowering elongation for the alloys that
had work-hardeningrates at or above the optimum at
room temperature, and increasing it for the alloy
whose work-hardening rate was below the optimum at
24°C. The 4 pct Mn alloy, Figs. 11(e) and (f), demon-~
strated impressively the effect of test temperature on
the austenite stability, and thus on the mechanical
properties. The stability of the austenite is also af-
fected by the various processing variables.
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Fig. 11—Comparison of effects of different test temperatures
(24° and ~78°C) on the shape of the engineering stress-strain
curves of alloys with different austenite stabilities. Cross-
head speed: 0.04 in. per min.
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Fig. 12—Effect of different rolling temperatures (different
austenite stabilities) on the room-temperature engineering
stress-strain curves.

Effects of Processing Variables

Depending on the stability of the austenite, forma-
tion of martensite could be observed: 1) on cooling
from the austenitizing temperature (1200°C) to room
temperature (M4 > RT), 2) during rolling at room
temperature (My > RT), 3) during cooling to test tem-
peratures below room temperature, and finally 4) dur-
ing the tensile test itself.

Rolling Temperature

The rolling temperature affected the pretest aus-
tenite stability in two ways: 1) chemically by the pre-
cipitation process at higher rolling temperature, and
2) mechanically by the formation of martensite during
rolling at lower temperatures (i. e., the retained aus-
tenite became more stable).

This effect of rolling temperature is illustrated in
Fig. 12, which shows room-temperature stress-strain
curves after 80 pct reduction in thickness at 24°, 100°,
250°, and 450°C, respectively. Formation of marten-
site during rolling at room temperature resulted in
high yield strength and low ductility. The specimens
rolled at higher temperatures were fully austenitic
before the test, and ‘‘yielding’’ was initiated by stress-
induced formation of martensite. Table V lists the
room-temperature and 100°C tensile properties, and
it can be seen that the difference in ‘‘yield strength”’
between room temperature and 100°C tests increased
with increasing rolling temperature. Higher temper-
atures led to increased precipitation, and thus to a
lower austenite stability. Yield strengths, work-hard-
ening rates, and tensile strengths reflected the marked
effect of the rolling temperature on the austenite sta-
bility, Fig. 12.

Amount of Reduction During Rolling
and Rolling Time

Rolling above the M, temperature hardly aiffected
the yield strength between M; and M ¢ when ‘‘yielding”’

METALLURGICAL TRANSACTIONS

Table V. Tensile Properties* of Alloy 681 1-151

Reduction .
in Thickness, Temperature, °C Strength, psi Elongation,
pet Rolling Test Yield Tensile pet
X 10° X 10°
24 289 0.5
80 24 -
100 281% 0.0
24 226 251 23.5
80 100 100 2271 0.0
80 250 24 203 286 26.0
100 233 236 2.0
24 177 293 25.0
80 430 100 214 217 2.0

*Crosshead speed: 0.04 in. per min. Tested in air at 24°C, in distilled water at
100°C.

TNominal composition, pct: 9 Cr, 8 Ni, 1 Mn, 0.4 C, bal Fe.
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Fig. 13—Effect of prior deformation at 450°C (> M) on the
room-temperature (< M) yield strength of alloys with high
(0.5 pct C) and low (0.1 pct C) austenite stabilities.

began as a result of stress-induced formation of mar-
tensite. The yield-strength versus reduction-in-thick-
ness curves in Fig. 13 show that the effect of prior
cold work on the yield strength increased with increas-
ing carbon content (higher austenite stability).

The prior deformation at 450°C affected the austenite
stability in several ways. Large reductions in thick-
ness tend to stabilize the austenite mechanically while
concurrent precipitation processes decrease the aus-
tenite stability chemically. Moreover, larger amounts
of plastic deformation at 450°C generally provide more
nucleation sites for carbide precipitates and possibly
enhance diffusion. Since more time was required for
large reductions in thickness, the amount of precipita-
tion increased and the austenite thus became less sta-
ble chemically the larger the reduction in thickness at
450°C. The stress-strain curves in Fig. 14 show that
the ‘‘yield strength’’ of a specimen with 80 pct reduc-
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Fig. 14—Effect of varying reductions in thickness (and rolling
times) at 450°C on the room-temperature engineering stress-
strain curves of a relatively unstable alloy. Crosshead speed:
0.04 in. per min.

tion in thickness was actually lower than that of a
specimen of the same alloy with only 60 pct prior de-
formation. This was presumably due to additional
precipitation in the specimen with 80 pct reduction
since it took twice as much time (60 vs 30 min) to
reduce a specimen 80 pct as was required for a 60 pct
reduction in thickness at 450°C. The stress-strain
curves in Fig. 15 show that the austenite stability is
decreased as a result of longer rolling times in a
more stable alloy as well. The elongation values de-
creased with increasing amounts of prior deformation
for specimens held for the same length of time at
450°C (20, 40, and 60 pet reduction in thickness). The
specimen with 80 pct reduction in thickness at 450°C
was dynamically ‘‘strain aged’’ for a longer time, and
the austenite thus became less stable. This lower
austenite stability resulted in a higher elongation
value than in the specimen with 60 pct prior deforma-
tion.

To separate the effect of time from that of plastic
deformation on the austenite stability, specimens with
60 pct reduction at 450°C (rolling time 40 min) were
tested at room temperature in the as-rolled condition
and after an additional aging treatment of 80 min at
450°C. The stress-strain curves in Fig. 16 show how
the decreased austenite stability of the tempered spec-
imen resulted in an increased work-hardening rate, a
higher tensile strength (260,000 vs 240,000 psi), and a
lower elongation value (11 vs 16 pct). The microstruc-
tures of the untempered and the tempered specimens,
as shown in Figs. 17(a) and (b), clearly reveal addi-
tional precipitation due to prolonged aging at the roll-
ing temperature. It is assumed that the strengthening
effect of the precipitates in the partly transformed
specimen (M > room temperature; 2 pect Mn-0.1 pet
C) and, possibly, further transformation to martensite
on cooling from 450°C to room temperature caused the
tempered specimen, in spite of its lower austenite sta-
bility, to ‘‘yield’’ at the same stress as the untempered
specimen.
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Fig. 15—Effect of varying reductions in thickness (and rolling
times) at 450°C on the room-temperature engineering stress-
strain curves of a relatively stable alloy. Crosshead speed:
0.04 in. per min.
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Fig. 16—Effect of annealing (80 min at 450°C) on the room-
temperature engineering stress-strain curve of a partially
transformed (M, > RT) alloy (Alloy 6811-13). Crosshead
speed: 0.04 in. per min.

SUMMARY AND CONCLUSIONS

The deformation-induced formation of martensite in
metastable austenitic stainless steels has been studied
as a function of manganese and carbon contents, test
temperature, and thermomechanical treatment, Condi-
tions under which the ductility of high-strength steels
could be improved were of primary interest. The prin-
cipal results and conclusions can be summarized as
follows:

1) The austenite stability controlled the mechan-
ical properties investigated. Variations in manganese
and carbon content and changes in test and processing
temperatures and the amount of reduction in thickness
strongly affected the stability of the austenite.
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Fig. 17—Optical photomicrograph of the microstructure of
Alloy 6811-13 after 60 pet reduction in thickness at 450°C
(rolling time: 40 min). (a) Untempered; (b) tempered (80
min at 450°C). Electropolished (90 pct/10 pct acetic/per-
chloric acid solution at 0°C and 20 V) and etched (5 g cupric
chloride, 100 ml hydrochloric acid, 100 ml methyl alcohol,
and 100 ml distilled water).

2) At temperatures between M4 and M, the mar-
tensitic transformation can be ‘‘stress’’ and/or
‘‘strain induced.”” When the stress necessary for
martensite formation was lower than that required for
slip in the austenite, the transformation was regarded
as ‘‘stress induced” (04 — p; < 0yje1g4). When slip in
the austenite preceded the formation of martensite,
the transformation was considered ‘‘strain induced’’
(04 — M > 0yieldd).

3) Low austenite stability resulted in low ‘‘yield
strength’’ and elongation values, high tensile strengths,
and work-hardening rates. With increasing austenite
stability, ‘‘yield strength’’ and elongation values in-
creased and tensile strengths and work-hardening
rates decreased.

4) The work-hardening rate of stable austenite was
found to be inadequate to delay necking at high stress
levels.

5) The effect of increasing amounts of prior de-
formation (above My) on the yield strength (between
M, and M) was large when the stress required for
martensite formation exceeded the yield strength of
the austenite. The effect was, however, negligible
when the austenite stability was low and the marten-
site stress induced.

6) When stress-induced formation of martensite

METALLURGICAL TRANSACTIONS

initiated plastic deformation, the work-hardening rate
of metastable austenite was always higher than the
optimum work hardening rate associated with maxi-
mum elongation. The combination of high strength and
high ductility can, therefore, only be obtained at tem-
peratures close to (but below) the M, temperature

(i. e., when slip in the austenite initiates plastic de-
formation and the formation of martensite is strain
induced).

7) Serrations in the stress-strain curves were
caused by strain-induced formation of martensite.
Slip in the austenite and formation of martensite were
regarded as competing modes of plastic deformation.
No serrations occurred when the martensite was
stress induced.

8) Whenever the formation of martensite is stress
induced, slip in the austenite is a consequence of the
formation of martensite. Strain-induced formation of
martensite, on the other hand, is itself a consequence
of slip in the austenite.

9) Test temperatures above M (no phase trans-
formation) and below M (untempered pretest marten-
site) led to low elongation values.

10) Rolling at temperatures below M, (formation of
martensite) resulted in ‘‘mechanical’’ stabilization of
the remaining austenite. Working at temperatures
above M; provided a less stable austenite because of
precipitation. The austenite stability also decreased
with increasing (rolling) times at 450°C.

11) The austenite stability has been shown to be
significantly affected by small variations in composi-
tion and thermomechanical treatment. It also changes
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drastically within a relatively narrow temperature
range. For these reasons applicability of such meta-
stable austenitic stainless steels is severely limited
since both strength and ductility vary with the aus-
tenite stability. Application within a small tempera-
ture range may be possible only when stringent com-
position and processing requirements are met.
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