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1. INTRODUCTION
AISI 316L austenitic stainless steels are widely applicable 

in industry due to their excellent formability, corrosion 
resistance, and good weld-ability1–3. However, application of 
this material is restricted due to its low yield strength4,5. As 
per the Hall-Petch relationship, material’s strength can been 
hanced by reducing its grain size6,7. Several techniques like 
plastic deformation and/or subsequent recrystallisation, cold 
rolling followed by severe plastic deformation (SPD) etc. have 
been employed by researchers for grain refinement of austenitic 
stainless steels8,9. Researchers have also focused on formation 
of nano-sized grains in considerably metastable austenitic 
stainless steels in the presence of strain induced martensite 
(SIM)10–13. It is reported that cold deformation followed by 
thermal cycling process slows down the grain growth and 
increases the re-crystallisation kinetics13, 14. 

The present research work was an attempt to produce 
nano-sized grains in a stable AISI 316L austenitic stainless 
steel, without formation of strain induced martensite in the steel. 
Heavy cold rolling followed by repetitive thermal cycling was 
employed to produce ultra-fine/ nano-sized grains in the steel. 
Further, the effect of these nano-grains on the tensile properties 
of AISI 316L steel was also investigated.

1.1 Cold Deformation and Dislocation Density
Cold deformation is directly related with dislocation 

density. Further, high dislocation density is related to stored 
strain energy15. High amount of stored energy accelerates the 
kinetics of recrystallisation. Hence, evaluation of stored energy 
i.e. dislocation density is highly desired to understand the re-
crystallisation behaviour during the annealing process. The 
dislocation density) ( )ρ  of stainless steel is related with amount 
of cold deformation using Eqn. (1)16.

1/2
0 b −σ = σ + αµ ρ                                                      (1)

where σ  is the flow stress after cold deformation, 0σ is 
the initial flow stress of 210 MPa, α is a constant of the order 
of 0.5, µ  is shear modulus of 80 GPa and b is burger vector 
of 2.49Å, respectively for austenitic stainless steel17,18. The 
mathematical model of Ludwigson to relate the flow stress to 
strain for austenitic stainless steel is given as Eqn. (2)19,20.

( )1 1expnK K nσ = ε + + ε            (2)
where K, n, K1, and n1 are constants of Ludwigson’s relation. 

The flow curve parameters derived for austenitic stainless steel 
in Ludwigson’s work are given as: K= 1356 MPa; n= 0.453; 
K1= 5.2 and n1= 19.319,20.

Further, the effect of cold deformation on dislocation 
density can be estimated using linear Bailey-Hirsch relationship 
as shown in Eqn. (3)21.

8 1/2[ ] 0.7 3 10HV GPa −= + × ρ                                        (3)
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where HV is the Vickers hardness (GPa) and ρ  is the 
dislocation density (m-2).

1.2 Fraction of Re-crystallisation
Dischino22, et al. used Eqn. (4) to evaluate the re-

crystallisation fraction (X) under different annealing 
conditions. 
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                                                                                                              (4)

where H0, Ht, and Ha, are the hardness values of cold 
deformed structure, annealed material in time (t), and the 
solution annealed material. Also, re-crystallisation kinetics can 
be described by JMAK relation as given by Eqn. (5)23–27.

( )1
nktX e −= −                                                                   (5)

where X is re-crystallised fraction (in time period t), n is 
the strain hardening exponent and k is a constant which depends 
upon temperature as shown in Eqn. (6)23–27.

( )/
0

Q RTk k e −=                                                                   (6)
where k0 is a constant of 0.225×102, Q is the activation 

energy of 177 kJ/mol for stainless steel, R is gas constant, and 
T is the absolute annealing temperature28.

2. MATERIALS AND METHODS
AISI 316L grade of austenitic stainless steel in hot rolled 

condition was used in the present work. Composition of 
starting material is presented in Table 1. To achieve chemical 
homogeneity, starting material was annealed at 1060 °C for 1 h  
followed by water quenching.

Gao29, et al. Experiments resulted in a soaking time period 
of 35 s for each cycle during the thermal cycling process.  
Figure 1 gives a brief description of the repetitive thermal 
annealing process followed in the present work.

Micro-hardness measurement (Leica VMHTAUTO, Lieca 
Microsystems; Germany) was conducted with indentation load, 
indenter speed, and dwell time as 50 g-force, 30 μm/s and 10 
s, respectively. An average of ten values of hardness was taken 
for the fully recrystallised specimen and the cold deformed 
specimens, respectively. However, for specimens annealed 
under different processing conditions, microhardness (Ht) 
was determined by taking average of more than 20 hardness 
measurements. This large number of measurements for each 
specific processing condition helped in minimising errors 
due to local variations. For optical microscopy, the polished 
specimens were etched using a solution of concentrated HCl 
(9 ml) - concentrated HNO3 (3 ml) and CH3OH (4 ml). These 
were analysed using an optical microscope (Leica DM2500 
M, Lieca Microsystems; Germany). Further, for detailed 
microstructural analysis, transmission electron microscope 
(JEOL JEM 2200FS, JEOL; USA) on some selected specimens 
at an operating voltage of 200 kV, was used to examine the 
microstructural changes at high resolution. Thin foils from the 
specimens were prepared by initial careful mechanical thinning. 
Subsequently final thinning for electron beam transparency was 
achieved by electro-polishing using a bath of acetic acid and 10 
per cent Perchloric acid. Room temperature tensile testing was 
conducted on standard dog-bone shaped specimens (ASTM: 
E–8M standard, 25 mm gauge length) using a tensile testing 

machine (8862 High Precision Electric Actuator System, 
Instron, Norwood, USA) of 100 kN capacity with 1.3×10-4 
s-1 as the strain rate.

3. RESULTS AND DISCUSSION
3.1 Solution Annealing

Solution annealing of the as-received AISI 316L sample 
resulted in a microstructure comprising of polygonal grains 
along with annealing twins as shown in Fig. 2. The average 
grain size of solution treated sample as found using linear 
intercept method was in the range of 90 µm – 120 µm.

3.2 Cold Deformation
Equation (1) was used to obtain the variation of dislocation 

density (ρ) with different stress levels (σ). Further, Eqn. (2) had 
given the variation in true stress of austenitic stainless steel (σ) 
as a function of strain (ε). Thus, using Eqns. (1) and (2), the 
effect of percent cold deformation on dislocation density was 
calculated. Figure 3(a) shows the effect of cold deformation on 
the micro-hardness of specimens. For practical confirmation 
of results obtained through Eqn. (1), the values of hardness 

Table 1. Chemistry of starting AISI 316L steel

Element C Si Mn P Cr Ni Mo Fe
% wt. 0.025 0.30 1.20 0.030 16.90 10.60 2.06 Balance

Figure 1.   Graphical representation of the thermal cycling process. n = number of thermal cycles.

Solution annealed specimens were subjected to multi-
pass unidirectional cold rolling for different thickness 
reductions from 20 per cent – 90  per cent in steps of 10  
per cent reduction per pass. To find the optimum temperature 
for thermal cycling, cold rolled specimens of size 10×10×1 
mm were initially subjected to isothermal annealing. For 
this, samples were heated to different annealing temperatures 
in the range of 700 °C – 950  °C (in intervals of 25 °C), 
were soaked here for 1 min each, and then air cooled. In 
the present work, annealing temperature of 900 °C was 
selected for thermal cycling process. Further, to determine 
the soaking periods for different cycles during thermal cycling 
process, experiments were conducted at constant temperature 
of 900 °C with different soaking periods in the range of  
15 s – 45 s with step of 5 s. To maintain uniform temperature 
over the entire thickness of the sample, a soaking period 
of 15 s was estimated by using the method proposed by 

900 °C for 35 s, n=4
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from the empirical relation (Eqn. (1)). It was observed that 
dislocation density increases with increase in percent of 
thickness reduction.

As discussed earlier, high dislocation density is directly 
linked with high stored strain energy in the material, and it 
accelerates the recrystallisation kinetics. High recrystallisation 
is highly desirable to obtain small sized grains. In order to 
obtain maximum grain size reduction, specimens subjected to 
90  per cent thickness reduction (maximum cold deformation 
in the present work) were selected for further processing in the 
present study. 

3.3 Recrystallisation Temperature
To determine the annealing temperature for the thermal 

cycling process, the cold rolled samples were initially subjected 
to isothermal annealing. They were heated to annealing 
temperatures in the range of 700 °C – 950 °C (in intervals of  
25 °C), soaked there for 1 min each, and finally air cooled. 
A short holding period of 1 min was selected mainly because 
of two reasons. Primarily, Kumar and Gujral14 reported that 
during the thermal cycling annealing process, a short holding 
period at the peak temperature is desired (otherwise, it causes 
grain growth). Secondarily, from an industrial annealing 
viewpoint, short soaking periods of about 1 min at the annealing 
temperature at generally recommended13,28. Microstructures 
showed highly dislocated region (or deformed structure) for 
isothermal annealing in the temperature range of 700 °C and 
a partially recrystallised region for isothermal annealing in 
the temperature range of 800 °C. However, for annealing at  
900 °C, nearlyfull recrystallisation was observed in the 
material. Further rise in temperature caused an increase in the 
austenite grain size. Some selected micrographs are presented 
in Fig. 4, which show a clear difference in un-recrystallised 
(annealing at 700 °C), partially recrystallised (annealing at  
800 °C), and fully recrystallised microstructures (annealing at 
900  °C) obtained under different conditions.

It was revealed that even with short holding time periods 
(1 min) at a temperature of 900 °C, it was possible to get a fully 
recrystallised microstructure. During thermal cycling annealing 
process, a short holding period at the peak temperature is 
desired (otherwise, it causes grain growth)14. Thus, the entire 
thermal cycling process was conducted at this temperature of 
900 °C.

3.4 Recrystallisation Fraction
Cold rolled specimens with 90 per cent thickness 

reduction were now subjected to annealing treatment at 900 °C 
with different holding periods in a muffle furnace. The fraction 
of recrystallisation was calculated by using the measured 
hardness values in Eqn. (4). JMAK relation (Eqn. (5)) was also 
used to calculate the fraction of recrystallisation. Recrystallised 
fractions with respect to soaking time periods obtained through 
both the sources were similar and are shown in Fig. 5.

Figure 5 shows the actual volume of recrystallised fraction 
in the material corresponding to different soaking periods at a 
constant annealing temperature of 900 °C. It can be noted from 
Fig. 5 that nearly 50  per cent recrystallisation was complete 
for soaking time of about of 35 s. The present study involved 

Figure 3. Effect of cold deformation on (a) hardness, and (b) 
dislocation density. 

Figure 2. Optical micrograph of the solution treated 316L 
austenitic stainless steel.

obtained from Fig. 3(a) were used in Eqn. 3. Figure 3(b) shows 
the comparison of actual dislocation density values (calculated 
by hardness measurement i.e. Eqn. (3)) with calculated values 
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a thermal cycling process that caused strain heterogeneity 
between the recrystallised portion and the cold deformed 
region during every thermal cycle. Further, it was desired to 
complete 50  per cent of recrystallisation in first thermal cycle 
and remaining 50  per cent in the subsequent thermal cycles. 
These conditions were being met for a soaking period of 35 s at 
900 °C. Hence, a soaking time period of 35 s was selected for 
various thermal cycles.

3.5 Thermal Cycling
Thermal cycling was now conducted with the optimum 

annealing parameters i.e. at a constant annealing temperature 
of 900 °C with holding period of 35 s for all thermal cycles, as 
shown in Fig. 1. The numbers of thermal cycles were restricted 
to four as reported in an earlier work by Kumar and Gujral14. 
The authors had reported that with number of thermal cycles 
more than four, grain growth results and with number of cycles 
lesser than four, only partial recrystallisation occurs14. Thus, in 
the present work, for the thermal cycling process, the numbers 
of cycles were taken as four. Thereafter, for n = 4 (four thermal 
cycles), the optimum annealing temperature and soaking 
time period were determined for the thermal cycling process 
which could result in formation of ultra-fine grained structure 
for improved strength. In the present work, thermal cycling 
was conducted under various conditions before reaching the 
optimum conditions of 900 °C, 35 s, and n = 4. Some of these 
annealing conditions and the corresponding micrographs are 
shown in Fig. 6. Partial recrystallisation and grain growth can 
be observed for thermal cycling at 875 °C (Fig. 6(a)) and 925 °C 
 (Fig. 6(b)) respectively with a constant soaking period of 35 s. 
Similarly, thermal cycling at 900 °C with soaking period of 30 
s and 40 s resulted in partial recrystallisation and grain growth, 
respectively. A review of microstructures and also grain size 
measurement revealed that the sample thermal cycled at 900 
°C for 35 s showed ultrafine grained structure (see Fig. 6(c). 
This microstructure showed fully recrystallised ultra-fine 
grains, while other microstructures gave an indication of either 
un-recrystallised region or occurrence of slight grain growth. 

3.6 TEM Analysis Under Optimum Conditions
Figure 7 shows the Bright field TEM image of AISI 316L 

stainless steel sample after thermal cycling under the selected 
optimum processing conditions. From the above study, it was 
found that a suitable combination of annealing temperature, 
soaking time, and number of cycles (annealing at 900 °C for 
35 s; 4 cycles) provide appropriate results in terms of grain size 
reduction. The TEM image showed a uniform distribution of 
recrystallised ultrafine strain free grains (< 1 µm) with a very 
small portion of grains with deformed structure (Fig. 7). Some 
grains with zigzag dislocations (marked with black arrow) 
and parallel slip lines (marked with white arrow) evidenced 
the presence of deformation effect. Average grain size of the 
finally processed specimen was in the range of 800  nm –1200 
nm (using linear intercept method)13,28.

3.7 Tensile Properties under Optimum Conditions
Figure 8 shows the tensile curves of the solution annealed 

and the thermal cycled specimens. Solution annealed specimen 
Figure 5. Recrystallisation fraction at 900 °C for different 

soaking periods.

Figure 4. Optical image of 316L austenitic stainless steel after 
isothermal annealing at (a) 700 °C (b) 800 °C and 
(c) 900 °C
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resulted in low yield strength (yS = 268 MPa) and ultimate 
tensile strength (UTS = 590 MPa) which can be attributed to 
the presence of coarse grains. Specimen subjected to thermal 
cycling under the optimum conditions showed very high yS 
(1100 MPa) and UTS (1220 MPa). Further, the thermal cycled 
specimen resulted in almost negligible strain hardenability 
during tensile deformation in the plastic regime. The 
corresponding microstructure revealed presence of ultrafine/ 
nano-sized grains, as shown in Fig. 7. These ultra-fine grains 
were also noted to contain some dislocations within the 
microstructure (Fig. 7). 

The observed poor strain hardenability with increased yS 
and UTS in thermal cycled specimen was attributed to presence 
of nano-sized grains and that too containing some dislocations. 

The combined effect of nano-sized grains with dislocations 
present in them were responsible for poor strain hardenability 
and ductility.

4. CONCLUSIONS
The present work investigated the grain refinement 

possibility of a stable austenitic stainless steel, AISI 316L. 
Stable austenitic stainless steels (ASS) do not undergo any 
phase transformation unlike their metastable counterparts 
in which formation of strain induced martensite (SIM) takes 
place. In the metastable austenitic stainless steels, presence of 
large volumes of SIM promotes nucleation rate and leads to 
grain refinement16. SIM reversion, (if present in large fraction) 
is considered to be the main reason for refinement of grain 

Figure 6. Microstructure of 316L austenitic stainless steel thermal cycled at different conditions (number of thermal cycles =4) (a) 
875 °C, 35 s, (b) 925 °C, 35 s, (c) 900 °C, 35 s, (d) 900 °C, 30 s, (e) 900 °C, 40 s.

Figure 8. Tensile curves of solution annealed and thermal cycled 
specimen of AISI 316L stainless steel.

Figure 7. TEM images of AISI 316L stainless steel after thermal 
cycling under the optimum conditions.
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size in metastable ASS. However, for stable type ASS, it is 
the heterogeneity in nucleation and grain growth behaviour 
that is responsible for grain refinement in the absence of 
transformation to SIM. This heterogeneity is a function of 
cold deformation followed by thermal cycling. In the present 
work, a thermal cycling processing route was developed for 
formation of ultrafine grained AISI 316L in the absence of SIM 
transformation. The tensile properties of the thermal cycled 
nano/ ultrafine grained steel provided high yield and ultimate 
tensile strength as compared to the solution annealed specimen. 
During the initial few thermal cycles, nucleation took place in 
areas with high strain energy i.e. highly deformed areas. This 
caused strain heterogeneity between the newly re-crystallised 
and the remaining un-recrystallised regions. After every thermal 
cycle, strain heterogeneity increased and resulted in irregular 
dispersal of stored energy. This irregular dispersal of stored 
energy during each thermal cycle favored recrystallisation 
against grain growth and thus led to refinement of grain size.
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