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The stability of austenite in 304 and 316 stainless 
steels (SS) is one of the important characteristics for 
their various practical applications, including corro- 
sion resistance and work hardening capabilities. If it 
is assumed that the presence of martensite along 
with austenite can decrease the corrosion resistance 
then the formation of martensite, deformation- 
induced martensite (DIM), should certainly be 
undesirable in SS. However ,  forming operations 
may be such that the resistance to the formation of 
DIM may not be controllable. Thus, factors influen- 
cing DIM formation must be carefully studied, and 
methods should be developed to circumvent their 
formation, at least in the final product. 

There are two types of deformation-induced 
martensites formed in ferrous systems: stress- 
assisted martensite (SAM) and strain-induced mar- 
tensite (SIM). SAM is formed by the applied stress 
in a manner similar to the nucleation and growth of 
conventional thermal martensite [1, 2]. Even though 
morphologically SAM has been observed mainly in 
plate form, the observation of laths is also quite 
common. The magnitude of plastic deformation 
determines the formation of SIM and consists of 
only lath type morphology. 

The mechanisms proposed for the formation of 
DIM (only SIM will be considered in this paper) can 
be divided into two basic steps: (i) nucleation and 
(ii) growth [3-16]. The mechanism for the nucle- 
ation of DIM in a / form was first introduced by 
Olsen and Cohen [3-6]. They proposed that spec- 
ific, invariant, atomic displacements for nucleation 
takes place on intersecting {111} planes in the 
austenite phase. More recent studies by Hecker  et 
al. [9] and Murr et al. [10] have shown that TEM 
studies clearly indicate that microshear band inter- 
sections within a grain are the most preferred sites 
for the nucleation process during the deformation of 
304 SS during uniaxial and multiaxial types of 
deformation. The growth of DIM nuclei does not 
take place by means of conventional growth of 
precipitates but a process of coalescence of some of 
the nearby nuclei results in the increase in size of the 
o / D I M .  

The experimental variables which have been 

investigated to study the kinetics of DIM formation 
are the amount  of strain, strain state, strain rate and 
deformation temperature.  The present study deals 
with the effect of austenite grain size on the 
characteristics of DIM formed during room temp- 
erature tensile testing in 304 SS. The amount of DIM 
at corresponding true strains has been related to 
grain sizes and flow stresses in tension. A 316 SS was 
used to compare the results with 304 SS under 
identical conditions of deformation because 316 SS is 
generally not considered as a martensite former. 

The 304 SS was purchased in the form of a plate 
with dimensions of 122(1), 91(w) and 0.635(t)cm. 
The tensile samples were fabricated from this plate 
with lengths and widths reduced to 10.16 and 
1.27 cm, respectively. The 316 SS samples were also 
fabricated with identical dimensions. The chemical 
compositions of the two stainless steels in weight per 
cent are shown in Table I. It must be noted from this 
table that the only difference in the compositions of 
the two stainless steels used in this study is in the 
weight per cent of nickel (13.48% in 316 and 8.19% 
in 304 stainless steel) and molybdenum (2.34% in 
316 and 0.27% in 304 stainless steel). Isochronal 
annealing for 1 h at temperatures in the range 
900-1300°C yielded grain sizes of 53-285/xm, 
respectively, in 304 SS. The grain sizes of 125 and 
200/xm were obtained in 316 SS by isothermal 
annealing at 1175 °C for 1 and 3 h, respectively. The 
details of the heat treatments in the two stainless 
steels are given in Table II. It was observed that the 
solution treatment of these alloys resulted in the 
formation of martensite, as indicated by instru- 

TABLE II Heat treatment schedules for 304 and 316 stainless 
steels 

Temperature Time Grain size 
Material (°C) (h) (~m) 

304 900 1 53 
1050 1 123 
1100 1 180 
1300 1 285 

316 1175 1 125 
1175 3 200 

TABLE I Chemical compositions of 304 and 316 stainless steels by weight percent 

Material C Mn P S Si Ni Cr Mo Co Cu 

304 0.054 1.730 0.034 0.014 0.350 8.19 18.33 0.270 0.120 0.250 
316 0.057 1.860 0.024 0.019 0.580 13.48 17.25 2.340 0.020 0.100 
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mental magnetic measurements after the quenching 
operation. 

The martensite formed from austenite is ferro- 
magnetic and can be detected by magnetic perme- 
ability measurements, which were made in this study 
with a Ferritescope (Model # Autofest-Fe). The 
instrument was calibrated with standard iron sam- 
ples. A small magnetic field is applied to the sample 
with the help of a two-point probe placed on the 
sample, and the output in the form of a voltage is an 
indication of the amount of permeability, which is 
directly proportional to the amount of martensite in 
the sample since the austenite is non-magnetic. The 
instrument simply gives the ferrite number of the 
specimen which can be converted into volume 
fraction martensite (o/) with the help of standard 
calibration curves. 

The tensile samples used in this study did not have 
a reduced gauge section in them and were tested in 
an INSTRON-1127. The ratio of the crosshead 
speed to the gauge length gives the strain rate and 
the three different strain rates used in this study 
were 5, 0.5 and 0.01/rain. Samples of a particular 
grain size were tested at a given strain rate by 
deforming to 10, 30, 40 and 50% engineering strain 
values and then the loads were removed for o/ 
measurements. The tests were then repeated for 
each grain size and strain rate mentioned above. 

Standard techniques of mechanical polishing were 
employed to prepare the samples for optical micro- 
scopy needed for the measurements of grain sizes. 
The electroetching was carried out in an electrolyte 
of 60%, by volume, nitric acid solution at a 10 V DC 
voltage using a stainless steel anode. The grain sizes 
were calculated using the linear intercept method 
and the mean intercept length (obtained by counting 
at least 500 grain boundary intersections with the 
test line) was multiplied by the shape factor 1.68 to 
obtain grain diameters. 

Fig. 1 shows the effect of strain rate on the flow 
stress versus percentage engineering strain behavi- 
our for 304 SS during 
testing for four different 
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Figure 1 The effect of strain on the flow stress versus percentage 
strain curves at three strain rates and four grain sizes: (a) 53, (b) 
123, (c) 180 and (d) 285 ~tm (O 0.01/min; • 0.5/rain; • 5/min). 
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strain rates have been used for each grain size of 304 
SS in Fig. 1. It must be noted that this figure does 
not represent the normal tensile stress-strain curve 
of stainless steel. A sample of steel with a grain size 
of 53/xm was pulled in tension at a strain rate of 
0.01/min to an engineering strain of 10% and the 
flow stress was recorded. Similarly other samples of 
identical grain size were deformed to 30 and 40% 
engineering strain at the same rate, and the flow 
stresses were recorded. The complete procedure was 
repeated for the other three grain sizes (123,180 and 
285/xm) at two more strain rates (0.5 and 5/min). 

The effect of strain rate on the flow stress values 
appears to follow the well-established relationship 
between the two, where the flow stress increases 
with increase in strain rate at a given value of 
percentage strain and grain size. However, Fig. 1 
also shows that the differences between the flow 
stress values at a constant engineering strain for 
different grain sizes decrease as the grain size 
increases except in the case of 180 ~m. The effect 
can be easily recognized by inspection of the 
cross-hatched areas in the four graphs of this figure. 
This would, perhaps, indicate strain rate insensitivity 
towards the flow stress values at larger grain sizes. 
One of the ways in which the observation may be 
tested for its complete validity would be to examine 
the strain rate sensitivity in the single crystal form. 
This strain rate insensitivity at larger grain sizes has 
also been observed in copper [22], aluminium [23] 
and nickel [24]. 

Fig. 2 shows a comparison of the flow stress values 
of 304 SS at different percentage engineering strains 
with 316 SS for similar grain sizes at a strain rate of 
0.5/min. The grain size effect is quite evident in both 
cases and grain size dependence is also similarly 
exhibited by the two curves in each graph of Fig. 2. 
The widths of the 'bands' shown in this figure also 
decreases with an increase in grain size at a given 
strain rate of deformation. According to Ashby's 
model [25, 26] the deformation of polycrystalline 
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Figure2 Comparative analysis of flow stress profile against 
percentage strain for almost similar grain sizes in 304 and 316 SS: 
(a) O 304-53/xm; • 316-75/xm; (b) O 304-123/xm, • 
316-125/xm; (c) © 304-180 ]xm, • 316-200/xm. 



metals during tensile testing may be divided into two 
major components: deformation controlled by the 
(a) geometrically necessary dislocations (GNDs) and 
(b) statistically stored dislocations (SSDs). It is 
expected that the contributions from the GNDs 
would be dominating in the beginning of the 
deformation while the latter part of the deformation 
may be primarily due to SSDs. Thus as the engineer- 
ing strain increases during the deformation the effect 
of grain size becomes negligible and other disloca- 
tion interactions, such as chance encounters of the 
dislocations (from both long-range as well as short- 
range interactions), characteristics of SSDs, control 
the deformation. Since the contributions from the 
SSDs is not related to the grain size, the differences 
between the flow stress values at the start of the 
deformation and towards the end is expected to be 
more pronounced at smaller grain sizes and this 
discussion appears to be in agreement with the 
experimental observations shown in Fig. 2. The 
experimental data in tension on 304 SS by Murr and 
Wang [27] shows a continuous increase in dislocation 
density near the grain boundaries, as well as in the 
grain interior, as the strain increases, but the value 
of dislocation density in the grain interior was found 
to be higher than at the areas adjacent to grain 
boundaries only at higher tensile strain values. Thus 
the behaviour shown in Fig. 2 and our explanation 
appears to be reasonable. 

The Hal l -Pe tch  plots (graph between flow stress 
o and inverse square root of the grain diameter 
D -1/2 according to the equation, a = ~0 + K ( D )  -1/2, 
where ~0 and K are materials constants) were made 
and Fig. 3 shows the changes in the slope values (K)  
as a function of percentage strain for the two SS. The 
graph may actually be interpreted in two different 
ways: (a) A linear relationship between the two 
parameters may be assumed. A least square fit line 
can be drawn through the data points even though 
considerable scatter in the data for 304 SS will be 
present. The lines appear to have similar slope in 304 
SS and 316 SS but 304 SS shows higher K values for 
the entire range of strain values of this study. The 
differences may be explained on the basis of the 
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formation of measurable DIM in 304 SS and a 
general absence of DIM in 316 SS. This would 
indicate that the Hal l -Pe tch  equation is capable of 
simply absorbing the additional strengthening due to 
DIM. (b) The data points are simply interpolated 
which results in a monotonic increase in K values for 
316 SS up to a maximum tensile strain of 50%. The 
304 SS shows an increase in K values up to 40% 
engineering strain and then decreases to a 50% 
strain in tension. If the K value is considered to be 
the strengthening effectiveness due to both grain size 
and DIM, then as the percentage strain increases 
during room temperature tensile testing the con- 
tributions from GNDs (in this case contributions 
from both grain boundaries and DIM will have to be 
taken into consideration) should decrease, which 
can explain the lower K value at 50% strain shown 
in Fig. 4. Once again, the comparison between the 
two curves will involve the important consideration 
that DIM was only found to form in 304 SS, as will 
be discussed in the next paragraph. 

Fig. 4 shows the variation of the amount of DIM 
formed as a function of strain during the uniaxial 
tensile testing of 304 and 316 SS for three different 
grain diameters. It can be seen that the volume 
fraction of DIM increases with increase in strain in 
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Figure 4 Comparative analysis of the percentage volume fraction 
of martensite formed against percentage strain for almost similar 
grain sizes of 304 and 316 SS. The graph has been extended on the 
percentage martensite axis towards the negative side for the sake 
of convenience only since most of the data points are very close 
(but positive) to zero value: (a) C) 304-53/~m, • 316-75/~m; (b) 
O304-123/zm, • 316-125/xm; (c) O304-180/~m, • 316-200/xm. 
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304 SS while there is no appreciable change in the 
value for the volume fraction of DIM in 316 SS up to 
a maximum tensile strain of 50%. The ordinates on 
the graph in Fig. 4 (also in Fig. 6) have been drawn 
to negative values only because the data points are 
so close to zero per cent that they would all fall on 
the percentage strain axis otherwise. Obviously, 
negative values of per cent martensite have no 
meaning. It was also observed that there was no 
change in the amount of DIM formed in both SS at 
different values of strain rates. 

Murr et al. [10] have shown that the change in 
deformation mode from uniaxial to multiaxial in- 
creases the amount of DIM in 304 stainless steel 
(with a grain size of 15/xm). In order to investigate 
the effect of strain state and grain size on the 
formation of DIM in both 304 and 316 stainless 
steels, the amount of DIM formed during room 
temperature rolling was measured. Fig. 5 shows the 
results of such an experiment and the data for the 
tensile testing have been included in the graphs. It 
can be seen from this figure that the amount of DIM 
formed may extend from 5 to 45% during rolling 
reduction of 304 stainless steel with a grain diameter 
of 285/xm while a maximum of 30% change in the 
amount of DIM was observed for the 53/xm grain 
diameter case. This shows that the amount of DIM 
formed is quite sensitive to the grain size in 304 
stainless steel especially during rolling, as well as 
during tensile testing. 

Even though no change in the DIM formation was 
observed in 316 stainless steel during room temp- 
erature tensile testing, rolling experiments indicate a 
significant amount of DIM formation. Fig. 6 com- 
pares the amounts of DIM formed during the room 
temperature tensile testing and rolling at various 
true strain values. It must be noted that it is 
generally believed that no DIM is formed in 316 
stainless steels. However, the results of this study 
clearly demonstrate the presence of o/ in this SS, 
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Figure 5 Comparative analysis of percentage volume fraction of 
martensite against true strain in rolling and uniaxial tension in 304 
SS for grain sizes of (a) 53, (b) 123, (c) 180 and (d) 285/xm ( 0  304 
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Figure 6 Comparative analysis of percentage volume fraction 
martensite against true strain in rolling and uniaxial tension in 316 
SS for grain sizes of (a) 75, (b) 125 and (c) 200/~m. The graph has 
been extended on the percentage martensite axis towards the 
negative side for the sake of convenience only since most of the 
data points are very close (but positive) to zero value (D 316 
uniaxial tension, I1316 rolled). 

Furthermore, the formation of o/martensite in 316 
SS is strain state dependent. The grain size depend- 
ence on the DIM formation is also exhibited by 316 
stainless steel but the magnitude of this dependence 
is much smaller in comparison to 304 stainless steel. 

A study of the comparison of the deformation 
behavior of 304 and 316 SS presented in this paper 
shows some of the following significant features: (1) 
Similar grain size strengthening has been confirmed 
in 304 and 316 SS during room temperature tensile 
testing. (2) The slope of the Hall-Petch plots have 
been shown to be affected by the formation of DIM 
in 304 SS. (3) The 316 SS does not form DIM under 
the conditions of tensile testing used in this study. 
(4) The DIM formation, however, does take place in 
316 SS when the deformation mode is changed from 
room temperature tensile testing to rolling. (5) The 
extent of DIM formed in both rolling and tensile 
testing is much higher in 304 SS compared to 316 SS. 
(6) The DIM formation appears to be grain size 
sensitive in both 304 and 316 SS. 
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