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METASTABLE AUSTENITES: DECOMPOSITION AND STRENGTH 

W. W. Gerberich, G. Thomas, E. R. Parker and V. F. Zackay 
Inorganic Materials Research Division, Lawrence Radiation Laboratory 

Department of Materials Science and Engineering, College of Engineering 
University of California, Berkeley, California 

Abstract 

The stress-strain properties of metastable austenites, including Lliders strain and 
the strain hardening rate' are quantitatively predicted. This is accomplished by invoking 
the rule of mixtures, the relationship between the volume of strain-induced martensite, 
strain and austenite stability, and an empirical description of austenite stability in 
terms of composition and processing variables. 

Introduction 

The class of materials under consideration have compositions in the range 0 to 16 Cr, 
6 to 35 Ni, 0 to 5 Mn,O to 0.5 C+N, 0 to 5 Mo, 0 to 1 V and 0 to 2 Si, which, as had been 
described earlier, give austenite yield strengths of 50 to 300 ksi after warm working 
(250-600°C)(l- 3). Depending upon the test temperature and the stability of the austenite, 
the amount of martensite strain induced during testing between M and M can range from a . 
negligible amount to nearly.lOO percent. As a result,such mechanfcal ~rBperties as strain­
hardening rate and elongation can vary by more than an order of magnitude. Data from 60 
different alloy compositions, several of which had as many as 10 different .thermal-mech­
anical histories, are reported. It is important to note that the composition is chosen so 
that the gamma to martensite transformation occurs and epsilon martensite is avoided as a 
stable product ( 4). Discussion is divided into three sections: these treat the devel­
opment of the mechanical model, a thermal-mechanical-chemical description of austenite 
stability, and the combination of these to predict mechanical behavior. 

Ana1ysis of Mechanical Behavior 

Austenite stability, strain and martensite 
First, consider a mechanical description of austenite stability. If one measures 

the volume fraction of martensite, V , transformed during a tensil,e test as a function of 
conventional strain, E, a unique re~ationship between V and E' emerges. For annealed 
austenitic stainless steels, Angel (5) found a. log-autoca~alytic type of relationship. · 
In the present class of steels, wherein a certa!n amount of warm work is~usually involved, 
a somewhat simpler relationship is found as given by (6) 

( 1) 

where m is a constant for a given set of test conditions. The value of m would 
necessarily be zero at the Md temperature while at temperatures well be:J:.ow Md' it has been 
found to be near 3.5. Although this seems to suggest that V may be greater than unity, 
the fact is that failure ensues at an elongation limited to v~ues such that Ya cannot 
exceed unity. This relationship for tensile data obtained on a 12 Cr-8 Ni-0.5 Mn-3 Mo-
0.2 C steel is shown in Fig. 1. As one might anticipate, the rate of martensite formation 
increases as the test temperature decreases below Md (145°C for this alloy). 

The rule of mixtures 
The next assumption is that this two-phase material may be described by the rule of 

mixtures at any point during extension, viz., 

a = a V + a (l - V ) a a y a 
(2) 
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where the cr is conventional stress and the y denotes austenite. Although this may be 
an oversimplification, it has been shown to be obeyed in the y- a mixtures (3,9 ). 
The physical basis for this rule comes from the fact that the y - a mixture is a tvlO­
phase mixture of cornponents of different strength levels. The martensite is obviously 
the stronger since it is substructurally almost fully work-hardened, as has been shown 
by ausforming studies .(7). Thus, the result is a mixture of austenite and hard martensite 
having semi-coherent interfaces. Mechanically, the system is analogous to fibrous com­
posites. 

Structural factors 
The parameters involved in producing this mixture relate to austenite stability and 

martensite nucleation, which implicitly involves plastic strain energy, temperature, com­
position, deformation mode, etc. The SFE (stacking-fault energy) parameter is of course 
involved in this since it determines factors such as y + a stability through its role 
in producing the austenite substructure. For example, metallographically, the alloys 
have the following characteristics: the austenite is severely deformed and in alloys of 
lower stacking fault energy ( vTi th the ratio of Cr, Mn, Mo, V to Ni being about two or 
greater), it may be mechanically twinned as noted in Fig. 2(b). The strain-induced lath 
martensite is considerably refined as compared to athermal martensites as shown by Fig. 
2(a) and Fig. 2(c). Thus, the deformation characteristics of the austenite determines to 
some degree the structure and strength of the martensite. In a similar manner, many 
physical parameters may control the nucleation rate of the strain-induced martensite. It 
is suggested, however, that the transformation coefficient, m, combines these into a 
parameter which allows a·simple phenomenological treatment of the model. 
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Fig. 1 

Relationship between strain and volume 
fraction of strain-induced martensite 
for a 12Cr-8Ni-0.5Hn-3Mo-0.2C steel at 
two different test temperatures. 

Y- railed 20~at 250 C a f Tested at -196- C] 

Fig. 2 

Transmission electron micrographs of a 
9Cr-8Ni-2.4Mn-1.9Si-0.95V-0.08N-0.3C 
steel: (a) relatively coarse laths in 
athermal martensite; (b) fine mechanical 
twins in austenite produced during 
thermal-mechanicai treatment; (c) strain­
induced martensite from material shown in 
(b) results in a fine lath structure. 
(Courtesy of M. Raghavan) 
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The Lliders strain 
Assume that the strain~hardening required in th.e Luders band is governed by the mac­

roscopic stress concentration at th.e elastic-plastic boundary (8}, First 1 consider that 
the austenite work hardens to 1.155 times the flow s-tress. Secondly, consider that the 
transformation itself contributes to the Luders strain, The dilatation contribution is 
directly proportional to the volume fraction of the martensite, while the shear contribu­
tion is proportional- to the amount of martensite which is aligned with, for example, the 
macroscopic shear plane. These considerations lead to 

£1 . 
e O.l55cr e e ~ [eis J = + --+IDE:: 

L dcrT/de L /3 D 
( 3) 

where the e are true strains, the subscripts denote Luders, invariant shear and dila­
tational strains and the cr is the conventional flow stress of austenite. The first 
term on the right hand sideyof equation (3) represents the austenite contribution while 
the second term represents the transformation contribution. Taking the linear contri­
bution of the dilatation to be about 0.01 and the shear to be about 0.20, it is possible 
to calculate the Luders strain, knowing m and the strain~hardening rate. 

The strain hardening rate 
Combining equations (l) and (2) gives 

l 

o = (q - a )mE~ + cr ex Y . y 
(4) 

In terms of true stress, crT, and true strain, e, equation (4) becomes 

;., £ £ 
- 1) 2_1 e + cr e (5) 

y 
qT = [a - cr ][m(e£ 

ex Y 
Differentiating and assuming that 
two-phase contribution leads to 

and ocr /ae are negligible compared to the 
y 

(6) 

At this point, it is only necessary to describe m, cr and a for evaluation of the 
strain-hardening rate and Luders strain from-equationsa(2) and 16). Empirical relation­
ships for both cra and cry have been determined from existing data (9) to be 

2 ;., 
o "'25 ksi + [145 ksi/%C](wt.%C][l + 1.2(P.D.) ] + 100 ksi [P.D.] 2 (7a) 

y 
;., . ;., . ;., 

cr "'150 ksi + [90 ksi/(%C) 2][wt.%C] 2[1 + P.D.] + 50 ksi [P.D.] 2 (7b) 
a 

where P.D. is the prior deformation amount of austenite in strain units. It is seen that 
the parabolic work hardening term is more significant in the strength of austenite than 
in the martensite while the reverse is true with respect to carbon content. As an example 
of how austenite stability affects the mechanical properties, a large amount of test data 
for.the Luders strain as a function of m is given in Fig. 3. Also shown are the theo-_1 
ret~ cal curves calculated from equations 3 and 6 for the extremes of cr [a + (a - a ) ] • 

y Y a Y 
Total elongation 

Failure is initiated either because of martensite content or because of the lack of 
strain hardening due to insufficient martensite production in the necked region. These 
will be denoted as transformation and necking criteria. It was generally observed that 
those materials obeying a transformation criterion had between 70 and 100 percent marten­
site at the time of fracture. Using this fact in conjunction with equation (1) leads to 
the elongation in conventional strain to be given by 

« = l/m2 for V = 1; E = l/2m
2 

for V = 0.7 (8) 
a ex 

When the rate of strain-induced martensite is very low, the necking criterion is obeyed 
as given by doT/ de = aT. The values of aT occurring in the Lliders b.and is dependent 
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upon the amount of strain-induced martensite. During the Ltiders band formation, if the 
region in the band contained much less than 40 percent martensite~ necking would ensue 
rather than propagation of the Luders front. Using 40 percent for V in e~uation (2), 
describing the true stresses in terms of true strains and then e~uatigg this to e~uation 
(6), leads to 

E £ -~ £ ~ -1 m = o.8[e (e - 1) 2 + 2(e - 1) ] 

In Fig. 4, it is seen that these criteria describe. the elongations observed for tests 
covering a wide range of alloy contents and test conditions. 

Measure of Austenite Stability 

(9) 

The purpose here is to be able to describe the transformation coefficient, m, in 
terms of M ; it is first appropriate to define several parameters. M is the temper­
ature for tfre initiation of the strain-induced transformation as normal~y defined. 
However, in engineering materials, this temperature is difficult to obierve. A somewhat 
more easily defined parameter fr~m an experimental viewpoint (5 ) is Md30 w~ich.is the 
temperature at which a true stra1n of 30 percent produces 50 percent martens1te 1n an 
annealed material. It is also convenient to define M 0 which is the same type of 
parameter except that it applies to a material with a ~ermal-mechanical history. The 
reason the last two must be differentiated is that prior deformation in the range of 
250-600°C precipitates alloy carbides and therefore partially depletes the matrix of 
carbon and carbide forming elements. From uniaxial tensile data, it was observed that in 
all cases m increased the further the test temperature was below Md but that the rate 
of increase, dm/dT, decreased. A plot of m versus T for five d1fferent alloy com­
positions suggested that the shape of the curve was independent of alloy composition and 
only dependent upon the test temperature and Md as given by 

m ~ (Md/160)[(Md -'T)/Md]l60/Md (10) 

where the_temperatures are in de~rees Kelvin. Fro~ the same ~lot, Md
30 

could be inter­
polated s1nce 50 percent martens1te at a true stra1n of 0.30 lS represented by m = 0.85. 
Furthermore, an intersection of these curves with the abscissa at m e~uals zero gave a 
good estimate of the Md temperature. It was then found that the relationships between 
Md, Md30 and M~30 could be simply expressed as 

(ll) 

with the lim~tation that Md < 500°K: H.ere, C is a constant of 0.00088/°C/unit strain 
and TP.£ 1s the temperature of pr1or deformation which. is restricted to temperatures 
between 00 and 600°C. It.is seen that various relation:hi~s between m, M 

0 
and Hd can 

be generated through equat1ons· (10 J and (111. In fact, 1 t :rs· pos-s·ible to %~ck calculate 
Md30 given the thermal-mechanical history· and the values of m from one tensile test 
where the ferromagnetic volume was measured. This was done for 35 different alloy com­
positions from which it was possible to determine the effect of alloy constituents on 
M~~· An example is shown in Fig. 5 where the effect of nickel content on M is seen 
to-oe about -18.2°C/wt.%Ni. For all alloy constituents, a multiple regressigri0analysis 
was found to give 

* 0 Md30 ( K) = 881-490[C+N] - 18.2[Ni] - 20[Cr] - 20[Mo] - 40.8[Mn] (12) 

where the elements in brackets represent amounts in weight percent. Verification that 
e~uations (10-12) represent a reasonable estimate of the transformation coefficient was 
Qbtained by comparing the measured value of m to the calculated curves as a function of 
test temperature and prior deformation amount. This was done for an alloy containing all 
o~ the alloying elements given in equation (12). The M* temperature was calculated 
from equation (12) and then M was determined for eachd~Rermal-mechanical treatment 
from equation (11). For each ~est temperature, it was then possible to calculate m from 



c.•· 

l., 

r:f 
c~ 

....... 
z 
w 
u 
G: 
LL 
w 
0 
u 
z 
0 

~ 
:!' 
a: 
~ 
(/) 
z 
<( 

~ 

Effect of transformation coefficient on L~ders 
strain. 

E 

1-" z 
w 
(.) 

E 
w 
0 u 
z 
0 

t 
:::E 
a: 
0 
IL 
(/) 

z 
<( 
a: 
1-

Fe-9Cr-8Ni -I Mo -2.4 Mn-1.9 Sl 
0.95V -0.08N-0.3C 

M~30- 252°K 

PRIOR DEFORMATION OF AUSTENITE, 0/~ 

FIG. 6 
Comparison of calculated and observed values of 
the transformation coefficient as a function of 
test temperature and thermal-mechanical treatment. 

FIG. 7 

-5-

E 

FAILURE INITIATED BY 
e PREMATURE NECKING 

OF AUSTENITE 

TRANSFORMATION 
CRITERION 

1.0 1.2 

FIG. 4 
Effect of transformation coefficient on elongation. 

:::E 
0 
0: 
IL 

0 

~ __. 
::> 
(.) __. 
<( 
(.) 

0~--~----~--~-L----~--___. 
0 10 20 30 40 50 

NICKEL CONTENT, WT. PERCENT 

FIG. 5 

R~lationship between nickel content and austenite 
stability. 

:i 150 
"' a: ,_ 
II) 

100 

50 

0.52 WT. % CARBON 

0.25 WT. % CARBON 

9Cr-8Ni-3Mn-XC 

- EXPERIMENT 

---CALCULATED 

Prediction of stress-strain behavior for three 
alloys of different chemical stability. 

0 0.1 0.2 

STRAIN,£ 

0.3 

0 

0.4 05 0.6 0.7 

0.1 0.2 0.3 0.4 



-6-

equation (10). In Fig. 6, it is seen that the calculated curves agree reasonably well 
with the experimental data. 

Prediction of Mechanical Behavior 

It is now p_ossible to predict the mechanical properties of these metastable austen­
ites given their prior thermal-mechanical history and composition. The procedure is to 
determine m from equations (10) - (12) and then use this in equations (3) - (9). For 
example, it is shown that the stress-strain curves for a series of 9Cr-8Ni-3Mn-XC alloys 
could be predicted. First, the m values were calculated from the composition and the 
thermal-mechanical history of 80 percent deformation at 450°C. Then, the austenite flow 
stress was determined from equation (7a). Calculation of the Ltlders strain from equation 
(2) followed and this was added to the elastic strain represented by the austenite flow 
stress. At this point, conventional strain-hardening rates were calculated and incre­
mental stresses were added at strain increments of 0 •. 03. Subsequent integration between 
strain limits showed this procedure to be accurate within one percent. This procedure 
was followed until the total elongation as governed by either equation (8) or (9) was 
reached. As seen in Fig. 7, the calculated and experimental curves are in reasonable 
agreement. The low elongation of the 0.52 wt.%c alloy was due to lack of martensite 
production and necking was predicted. The only serious discrepancy is in the total elon­
gation of the 0.34 wt.%C alloy. This may be attributed to a premature brittle fracture 
since no necking was observed and since the final strength of the material should have 
been greater than the 0.25 wt.%C alloy but was not. In all other respects such as Luders 
elongation and strain-hardening rate, the agreement is good. 
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