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Microstructural evolutions during annealing of cold rolled AISI 304L and AISI 316L stainless 

steels were studied. Cold rolled AISI 304L alloy was fully martensitic but cold rolled AISI 

316L alloy was partially martensitic due to the higher stability of the austenite phase in the 

latter. During continuous heating to elevated temperatures, the complete reversion of strain-

induced martensite at 750°C and an average austenite grain size of 0.4 µm was achieved in 

AISI 304L alloy. However, the complete reversion in AISI 316L alloy was observed at 800°C, 

but the recrystallization of the retained austenite was achieved at 900°C. The latter requirement 

for the formation of an equiaxed microstructure resulted in a much coarser average austenite 

grain size (2.3 µm). Annealing up to higher temperatures resulted in the grain growth of both 

alloys. The transformation-induced plasticity (TRIP) effect was found to be a major factor in 

dictating the mechanical properties, where lower stability of the austenite phase and the 

pronounced TRIP effect in AISI 304L alloy resulted in higher ductility in the tension test, 

higher friction stress in the Hall-Petch plot for hardness, and deeper dimples on the fracture 

surface. 
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1. Introduction 

 

Techniques such as the severe plastic deformation 

[1-3], recrystallization [4-6], and reversion of strain-

induced martensite [7-9] have been used so far for the 

grain refinement of austenitic stainless steels (ASSs). 

The last technique is based on the metastability of the 

austenite phase against the strain-induced martensitic 

transformation during deformation and the subsequent 

reversion of the martensite to ultrafine grained (UFG) 

austenite during annealing at elevated temperatures [10]. 

The stability of the austenite phase is important for 

grain refinement, where almost complete martensitic 

microstructure is required before reversion annealing [7, 
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11, 12]. Moreover, the transformation-induced plasticity 

(TRIP) effect, which is responsible for enhanced 

ductility during deformation, is dependent on the 

stability of the austenite phase [7]. Due to the difference 

in the chemical composition of AISI 304L and 316L 

stainless steels, the stability of the austenite phase 

against the martensitic transformation during 

deformation is different [13]. 

Formation of martensite, reversion, and 

recrystallization in AISI 304L and 316L alloys were 

investigated by Herrera et al. [14]. Both strain hardening 

and the amount of the formed martensite were higher in 

304L steel and also at lower temperatures. 316L steel 

mounted higher resistance to recrystallization compared 
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to 304L steel. In another study by Odnobokova et al. 

[15], the microstructure evolution and mechanical 

properties of AISI 304L and 316L stainless steels subject 

to large strain cold bar rolling and subsequent annealing 

were studied, where the cold working was accompanied 

by mechanical twinning and strain-induced martensitic 

transformation. The latter was readily developed in 304L 

stainless steel. The subsequent annealing at temperatures 

above 700°C was accompanied by the martensite-

austenite reversion followed by recrystallization, leading 

to ultrafine grained austenite. In a cold rolling study, 

Hadji and Badji [16] noted the contribution of both 

strain-induced martensite and grain size strengthening in 

the case of AISI 304 stainless steel, while only grain size 

contribution was found in the case of AISI 316 stainless 

steel. Shrinivas et al. [17] showed that the amount of 

martensite increased with an increase in the amount of 

rolling deformation in both AISI 304 and 316 stainless 

steels for a given grain size. The volume fraction of 

martensite increased with a decrease in grain size in AISI 

304 alloy, while the martensite formation was found to 

be grain size insensitive in AISI 316 alloy. The volume 

fraction of martensite in AISI 304 alloy was always 

higher than that in AISI 316 alloy for a fixed percent 

reduction in thickness and grain size, which was 

attributed to the higher number of shear band 

intersections observed in the former alloy, which are 

considered to be the nucleation sites for the martensite 

embryos. 

In addition to these works, the systematic 

comparison of the tensile properties of AISI 304L and 

316L alloys needs more experimental works. Besides, 

the microstructural evolutions during annealing to 

control the mechanical properties of these steels need 

further attention in a comparative manner. Accordingly, 

the present work is dedicated to the study of these 

subjects. For this purpose, the continuous heating of cold 

rolled AISI 304L and 316L alloys was studied, bearing 

in mind that this processing route has not been applied 

in previous research works. 

2. Experimental Details 

 

2.1. Processing 

 

AISI 304L and 316L stainless steel sheets with the 

chemical compositions shown in Table 1 were achieved 

in the 80% room-temperature rolled state. The average 

strain rate during the multi-pass rolling process was 

determined from Eq. (1) [18]: 
 

1/)4/1( RhrrV              (1) 
 

where V is the peripheral speed of roll (0.086 m/s), r 

is the pass reduction (0.1), R is the radius of the roll 

(0.055 m), and h1 is the strip thickness at entry to pass 

(0.055 m). Accordingly, the average rolling strain rate 

was determined as ~1.7 s-1. The sheets were then 

continuously heated from room temperature up to 

1150°C at the heating rate of 5°C/min, where the 

samples were immediately water quenched once they 

reached the desired temperature during heating. Fig. 1 

shows a schematic representation of the applied 

processing route is this work. 

 
Table 1. Chemical composition (wt.%) of alloys 

Alloy C Cr Ni Mn Mo Fe 

AISI 304L 0.01 18.6 8.3 1.4 0.1 balance 

AISI 316L 0.01 17.3 10.1 1.0 2.0 balance 

 

 
Fig. 1. schematic representation of the applied processing 

route is this work. 
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2.2. Characterization 

 

After electrolytic polishing (H3PO4-H2SO4 solution 

at 40 V for 40 s) and electroetching (60% HNO3 solution 

at 2 V for 20 s), the field-emission scanning electron 

microscopy (FEI NOVA NANOSEM 450 FE-SEM) was 

used for microstructural analysis. Phase identification 

was performed by the X-ray diffraction (XRD) technique 

using a PHILIPS diffractometer with Cu-kα radiation and 

X’Pert HighScore Plus software, where the 2θ angles 

between 30 and 100°, the step size of 0.02°, and the scan 

rate of 3°/min were employed. Based on the diffraction 

peaks, the amount of martensite was calculated by Eq. 

(2) [19]: 

 

)}(65.0/{ (220)γ(311)γα(211)α(211)α IIIIf  
           (2) 

 

The grain size was measured based on the standard 

intercept method. Hardness test was performed based on 

the Vickers hardness using a load of 5 kg and 

considering an average of five points. Tensile samples 

were prepared based on the subsize ASTM-E8 standard 

with a gauge length of 25 mm. Room temperature tensile 

tests were carried out using the constant cross-head 

speed of 1 mm/min which corresponded to the initial 

strain rate of ~ 0.0007 s-1. As the strain rate sensitivity of 

the studied materials at room temperature was very low 

(m < 0.015) [20], the effect of the strain rate on the 

mechanical properties and TRIP effect was negligible 

and it was not considered in this work. Finally, the same 

FE-SEM was used for the fractographic analysis of the 

fractured tensile samples. 
 

 

3. Results and discussion 

 

3.1. Microstructural and phase analyses 

 

Figure 2 shows the XRD pattern of the selected 

samples after continuous heating, where the amount of 

martensite was calculated based on Eq. (2).  

 

 

The martensite content of rolled AISI 304L and 316L 

alloys was 95 and 52 vol%, respectively. This difference 

is related to the higher stability of the austenite phase in 

AISI 316L alloy as can be confirmed based on the Md30 

temperature (Eq. (3)) [21]: 

 
)8(42.1685.18)(297.131.82.9)(46282430  GsNbMoCuNiCrMnSiNCM d

 

)8(42.1685.18)(297.131.82.9)(46282430  GsNbMoCuNiCrMnSiNCM d
        (3) 

 
where Md30 is the deformation temperature (expressed in 

Kelvin) at which 50 vol% strain-induced martensite is 

formed by true tensile strain of 0.3, Gs is the ASTM 

grain size number, and all the elements are expressed in 

weight percent. The Md30/50 temperature of AISI 304L 

and 316L alloys were calculated to be 18.8°C and -54.73 

°C, respectively. This reveals the higher stability of the 

austenite phase against the martensitic transformation in 

AISI 316L alloy. 

It can be seen that cold rolled AISI 304L alloy is 

nearly completely martensitic, but AISI 316L alloy is 

partially martensitic. This made it possible to study the 

behavior of both deformed retained austenite and 

martensite during annealing. For both alloys, the 

intensity of the diffraction peaks of martensite decreased 

and that of the austenite peaks increased during 

annealing, indicating the transformation of the strain-

induced martensite to austenite (reversion). For instance, 

in the case of the annealed AISI 304L sample at 600°C, 

while the intensity of the (110) peak was higher than that 

of the cold rolled sample, the intensities of the rest of the 

martensite peaks decreased considerably and the 

intensities of the austenite peaks increased. The outcome 

was the decrease in the amount of martensite based on 

Eq. (2). By increasing the temperature, the fully 

austenitic microstructure was achieved at 750°C and 

800°C for AISI 304L and 316L alloys, respectively. 
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Fig. 2. XRD pattern of continuously heated samples. 

 

The microstructure of continuously heated samples 

is shown in Fig. 3. Elongated grains can be seen for the 

rolled AISI 304L alloy in Fig. 3(a), and the XRD results 

of Fig. 2 reveal that these are martensite grains. Some 

elongated regions remained at 600°C (Fig. 3(b)), but 

some ultrafine grains were identified in the rest of the 

microstructure (Fig. 3(e)). The former is the retained 

martensite (54 vol%) and the latter is the reversed 

austenite. While the etching technique was not able to 

reveal the features of the martensitic regions, the XRD 

pattern of Fig. 2 confirms the presence of the martensite 

phase. At 750°C, a fully reversed microstructure with an 

average grain size of 0.4 µm was observed (Fig. 3(c)). 

Continued heating to higher temperatures resulted in 

grain growth, where the average grain size of 2.74 µm 

was obtained at 850°C (Fig. 3(d)). For the rolled AISI 

316L alloy, the pancaked grains are visible in Fig. 3(f), 

where these are both martensite and austenite ones. 

Again, the martensite and austenite phases could not be 

distinguished due to the nature of the employed etching 

technique. At 800°C, where complete reversion was 

achieved, some elongated retained austenite grains 

remained, but ultrafine grains can be seen in the rest of 

the microstructure (Fig. 3(g)). At 900°C, a completely 

recrystallized microstructure [22] with an average grain 

size of 2.3 µm was obtained (Fig. 3(h)). On the whole, 

the first equiaxed microstructure in AISI 304L and 316L 

alloys showed the average grain size of 0.4 and 2.3 µm, 

respectively. This implies the importance of the 

availability of a completely martensitic microstructure to 

obtain UFG structure upon annealing. 

The average grain size and the measured hardness of 

fully recrystallized samples are summarized in Fig. 4. It 

can be seen that the hardness decreases by increasing the 

continuous heating temperature due to the grain 

coarsening. 

 

Fig. 3. Representative microstructure of continuously heated samples. 
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Fig. 4. Average grain size (D) and measured hardness (H) of 

fully recrystallized samples (quenched at various 

temperatures during continuous heating). 

 

 

3.2. Mechanical properties 

 

Based on Fig. 4, the Hall-Petch plots [23, 24] for the 

hardness of AISI 304L and 316L alloys were drawn as 

shown in Fig. 5. The Hall-Petch slope for both alloys is 

nearly the same but the intercept of the line (i.e. the 

friction hardness) for AISI 304L is larger despite the fact 

that AISI 316L alloy has higher amounts of alloying 

elements. It is well known that the hardness depends on 

both the strength and work-hardening behavior of the 

material [25]. Therefore, these observations might be 

related to the difference in the work-hardening behaviors 

of AISI 304L and 316L alloys, which will be discussed 

later. 

The tensile tests were performed on AISI 304L alloy 

quenched at 850°C and on AISI 316L alloy quenched at 

900°C, where these samples had comparable average 

grain sizes (Fig. 4). The results are shown in Fig. 6(a). It 

can be seen that these samples have nearly the same yield 

stress but the ultimate tensile strength (UTS) and total 

elongation of AISI 304L alloy are larger, which is 

indicative of its better work-hardening behavior. This is 

consistent with the hardness results in Fig. 5. Moreover, 

the fracture surface of AISI 304L alloy in Fig. 6(b) 

shows much deeper dimples compared to that of AISI 

316L alloy in Fig. 6(c), which is another evidence for the 

enhanced plasticity of the former. 

 

 

Fig. 5. Hall-Petch plots for the hardness of AISI 304L and 

316L alloys. 

 

 

Fig. 6. Tensile stress-strain curves and the corresponding 

fracture surfaces. 

 

To study the source of the increment in the work-

hardening rate the XRD patterns, taken from the 

deformed gauge section near the necked region, were 

taken into account (Fig. 7). The patterns show that the 

amount of the formed strain-induced martensite during 
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the tension test was much higher in AISI 304L alloy, 

implying that the transformation-induced plasticity 

(TRIP) effect was prevalent in this sample. However, 

during the tension of AISI 316L alloy, the amount of the 

formed martensite was low, which is related to the higher 

stability of the austenite phase in this alloy as discussed 

before. 

The occurrence of the TRIP effect is responsible for 

the delayed necking in the tension test, which enhances 

the ductility of the alloy. This manifested itself in the 

form of higher ductility in the tension test, higher friction 

stress in the Hall-Petch plot for hardness, and deeper 

dimples on the fracture surface of AISI 304L alloy. 

 

 
Fig. 7. XRD patterns taken from the deformed gauge section 

near the necked region. 

 
4. Conclusions 

 

Microstructural evolutions during the annealing of 

cold rolled AISI 304L and 316L stainless steels were 

studied. The following conclusions can be drawn: 

1-  Cold rolled AISI 304L alloy was fully martensitic 

but cold rolled AISI 316L alloy was partially martensitic 

due to the higher stability of the austenite phase in the 

latter. 

2- During continuous heating to elevated 

temperatures, the complete reversion of strain-induced 

martensite at 750 °C and an average austenite grain size 

of 0.4 µm was achieved in AISI 304L alloy. However, 

the complete reversion in AISI 316L alloy was observed 

at 800°C, but the recrystallization of the retained 

austenite was achieved at 900°C. The latter requirement 

for the formation of an equiaxed microstructure resulted 

in a much coarser average austenite grain size (2.3 µm). 

Annealing up to higher temperatures resulted in the grain 

growth of both alloys. 

3- The transformation-induced plasticity (TRIP) 

effect was found to be a major factor in dictating the 

mechanical properties, where lower stability of the 

austenite phase and the pronounced TRIP effect in AISI 

304L alloy resulted in higher ductility in the tension test, 

higher friction stress in the Hall-Petch plot for hardness, 

and deeper dimples on the fracture surface. 
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ال نورد سرد شده در حین  316ال و  304ساختار و خواص مکانیکی فولادهای زنگ نزن آستنیتی ریز

 آنیل بازگشتی
   

 چنگیز دهقانیان رزاده،یم حامد ،محمد جواد سهرابی

   

 .رانیا تهران، تهران، دانشگاه ،یفن دانشکده مواد، وی ژرمتالوی مهندس دانشکده
     
 

  

 چکیــده  

ال نورد  304فولاد  مورد مطالعه قرار گرفت. ال نورد سرد شده 316ال و  304 یتیزنگ نزن آستن یفولادها لیآن نیدر حتحولات ریزساختاری 

بودن فاز آستنیت در دومی ربط  ترنیمه آستنیتی بود که به پایدار-نیمه مارتنزیتی ال نورد سرد شده 316فولاد کاملا مارتنزیتی بود ولی  سرد شده

 4/0درجه سلسیوس و اندازه دانه متوسط  750امل مارتنزیت ناشی از کرنش در دمای پیوسته تا دماهای بالا، بازگشت ک لیآن نیدر حداده شد. 

درجه سلسیوس رخ داد و تبلور مجدد آستنیت  800در دمای  ال 316فولاد به دست آمد. بازگشت کامل مارتنزیت در  ال 304فولاد میکرومتر برای 

یش نیاز برای ایجاد ساختار هم محور سبب شد که اندازه دانه متوسط بسیار بزرگتر درجه سلسیوس به وقوع پیوست. این پ 900باقی مانده در دمای 

به دست آید. آنیل تا دماهای بالاتر منجر به رشد دانه در هر دو آلیاژ شد. پدیده پلاستیسیته القا شده توسط  ال 316فولاد میکرومتر( برای  3/2)

یکی مطرح شد، در جایی که پایداری کمتر فاز آستنیت و پدیده پلاستیسیته القا شده توسط استحاله به عنوان یک عامل مهم در تعیین خواص مکان

، و دیمپل های پچ-در رابطه هال منجر به انعطاف پذیری بالا در حین آزمون کشش، تنش اصطکاکی شبکه بالاتر ال 304فولاد استحاله قوی تر در 

 عمیق تر در سطح شکست شد.

 

 القا شده توسط استحاله تهیسیپلاست دهیپد مکانیکی، خواصبازگشت مارتنزیت، ریزساختار،  ،ای زنگ نزن شبه پایدارفولادههای کلیدی: واژه

 

 

 

 

 

 

 

 

 

 

 

 

 

 


