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Abstract. The present study examined the effect of prior austenite grain size on twin density and 
hardness of austenitic stainless steels (ASS). The 253 MA and 316L ASS were subjected to multi-
pass cold rolling to reduce thickness up to 2.3 mm. Subsequently, the rolled steels were heat treated 
at 1100°C at 0, 900, 1800, 2700, and 3600 seconds in a tubular furnace in a hydrogen atmosphere. 
At the end of the annealing time, the rolled steel was quenched in the cooled zone of the tubular 
furnace until it reached room temperature in a hydrogen atmosphere. Then, microstructure 
observation of ASS was done to identify the austenitic grain size and annealing twin, and a hardness 
test was performed using the micro-Vickers hardness scale. The line intercept method was used to 
measure the changes in 253 MA and 316L austenitic grain sizes. ImageJ software was used to 
measure grain size and twin length. The results showed that austenite grains of both steels grew 
normally; 253 MA ASS had a lower SFE and K value than 316L ASS, which indicated that 253 MA 
ASS had sluggish grain growth, smaller grains, more easily formed annealing twins, and higher twin 
density. The Hall–Petch coefficient, K’, of 253 MA ASS was higher than 316L ASS, which resulted in 
a higher hardness value. The Sellars, Pande and Hall-Petch models were shown to predict austenite 
grain sizes, twin density, and hardness in 253 MA and 316L ASS. 
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1. Introduction 

Austenitic stainless steel (ASS) is generally employed in the construction, energy, and 
medical industries (Jujur et al., 2015). The thickness of this steel can be easily reduced 
through a deformation process at room temperature. The degree of ASS thickness reduction 
after cold rolling (CR) can affect the strength and ductility of the steel due to strain 
hardening and martensite introduced into the microstructure. However, Xu et al. (2018b) 
found that the increment of the grain-boundary density in the untransformed austenite 
structure of 316LN ASS after a high degree of CR also contributed to increased strength and 
decreased ductility. Subsequent annealing at a specific temperature resulted in the 
recrystallization of the austenite grains, which nucleated from martensite and 
untransformed austenite, and the grain growth process. Grain size was shown to increase 
with higher annealing temperature and longer duration, consequently decreasing the 
strength and the increasing ductility of the steel (Xu et al., 2018a).
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Studies have been performed to impede the grain growth of steels under annealing. For 
example, Liu et al. (2020) found that the precipitation of the M6C pinned in the grain 
boundaries resulted in sluggish grain growth at a specific annealing temperature. 
Adabavazeh et al. (2017) found that cerium inclusions in SS400 steels resulted in decreased 
austenite grain growth during annealing at higher temperatures. Lee et al. (2019) 
discovered that ferritic stainless steels supplemented with nitrogen at around 200 ppm 
resulted in minimum grain sizes due to the higher pinning force of Ti-N in grain boundaries. 
Wu et al. (2018) found high concentrations of vanadium in the Nb-free Cr-Mo-V steels, 
which caused grain size to decrease. However, abnormal grain-growth behavior occurred 
due to V-rich M8C7 particles observed after the quenching process. Contrarily, Cr-Mo-V 
steels with the addition of niobium resulted in a precipitate of several small Nb-C particles, 
which significantly impacted the grain refinement. Naghizadeh and Mirzadeh (2016) 
reported that molybdenum content in ASS steels significantly impeded grain development 
during annealing at higher temperatures. 

Additionally, annealing twins formed in austenite grains have been shown to depend 
on the migration rate of grain boundaries during recrystallization (Poddara et al., 2019). 
The relationship between annealing twins and grain size in austenitic stainless steels 
continues to interest researchers due to the presence of various alloy contents in these 
steels. Wang et al. (2016) clarified that the densities of grain boundaries and annealing 
twins increased with a small increase in grain sizes, which resulted in decreased shape of 
the memory effect in Fe-Mn-Si–based shape-memory alloys. Jin et al. (2015) found that the 
number of annealing twin boundaries of Inconel 718 did not increase with an increase in 
the average grain size. Bozzolo and Bernacki (2020) demonstrated several differences in 
twin topologies in microstructure after recrystallization and annealing. They further 
reported that the role of twins was not only impactful in microstructure evolution, but also 
affected in-service material behaviors. He et al. (2018) found that high purity Al of 25% 
reduction has many annealing twins grown in the early stages of recrystallization and then 
disappeared during grain growth. Jin et al. (2015) showed that incremental annealing twin-
boundary densities in pure nickel after recrystallization were affected by prior cold 
deformation levels and initial grain sizes. Hajizadeh et al. (2014) indicated that that 
annealing twin densities appearing in brass microstructures decreased with increased 
grain size, as estimated using the model presented by Pande et al. (1990). 

The present research studied the relationship between grain sizes, annealing twins, 
and the hardness of austenitic stainless steels after cold rolling and subsequent annealing 
with various annealing times. The aim was to clarify the effect of alloy contents in 253 MA   
and 316L ASS on changes in grain sizes, annealing twins, and hardness. The empirical 
Sellars model was used to predict grain growth. Pande et al.’s model was used to predict the 
annealing twin densities, and the Hall–Petch model was used to predict the hardness of the 
austenitic stainless steels. 
 
2. Methods 

2.1. Materials  
 The materials used in this study were 253 MA and 316L ASS. The chemical 
compositions are shown in Table 1. 
 
Table 1 Chemical composition of ASS in this study (weight percent) 

Type C Si Mn P S Cr Ni Mo N Ce La Fe 

SS 253 MA 0.079 1.422 0.51 0.03 <0.005 22.06 10.86 0.08 0.384 0.03 0.014 Bal. 
SS 316 L 0.012 0.3 1.67 0.035 <0.005 17.33 9.45 2.1 - - - Bal. 
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 The cold rolling process was conducted on two steel plates so that they were deformed 
and reach a thickness of 2.3 mm. For grain growth, each steel plate was heated in a tubular 
furnace at a temperature of 1100°C for 0, 900, 1800, 2700, and 3600 seconds with hydrogen 
(H2) gas to prevent oxidation of the steel. After the heating, the cooling process was 
performed by shifting the tubular furnace from the hot zone to the cold zone until it reached 
room temperature. The heat treatment process is shown in Figure 1. To avoid the risk of 
fire or explosion during the heat treatment, H2 gas with a pressure of less than 0.5 bar 
entered the quartz tube through a stainless-steel flexible hose so that the H2 gas was not 
exposed to the heating coil from the furnace and flowed out of the quartz tube met the water 
in the glass beaker through the silicon hose. The remaining gas in the glass beaker was 
flowed out into the air through a nylon hose. The inlet and outlet of the quartz tube were 
plugged using a silicon plug connected with a stainless-steel flexible hose and a silicon hose. 
A manual control valve and the glass beaker's water were used to control gas from the H2 
gas cylinder. The H2 gas cylinder was placed outside the laboratory, which was separated 
by a brick wall. The specimens were entered and taken out from the quartz tube at room 
temperature. 

 
Figure 1 Experimental heat treatment process 
 
 After the heat treatment process, the quenched samples were polished by conventional 
techniques and etched in a solution containing 4-parts HCl plus 1-part HNO3 on volume 
basis for about 18–60 s to reveal the austenite grain boundaries. Then, hardness testing was 
conducted using a micro-Vickers machine with a load of 0.3 N. The actual austenite grain 
sizes were determined according to ASTM E112 using the line intercept method. ImageJ 
software was used to measure grain size and twin length with Magnificent 100.  

2.2.  Size of Dataset 
 The stacking-fault energy (SFE) value was determined using Schramm and Reed’s 
equation, which is shown below (Equation 1; Schramm and Reed, 1975): 

     
𝑆𝐹𝐸 = −53 + 6.2(%𝑁𝑖) + 0.7(%𝐶𝑟) + 3.2(%𝑀𝑛) + 9.3(%𝑀𝑜)               (1) 

 

The grain growth of austenitic steel 253 MA and 316L can be predicted by employing the 
Sellars model. The average grain size can be calculated using Equation 2: 

 

𝑑𝑛 − 𝑑0
𝑛 = 𝐾 ∙ 𝑡

 

(2) 

where d is the average grain diameter, d0 represents the initial grain diameter, n is a 
constant exponent for grain-growth kinetics, t is annealing time, and K is a constant. 
The constant K can be calculated using Equation 3: 
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 𝐾 = 𝑘0 𝐸𝑋𝑃 (−
𝑄

𝑅𝑇
)   (3) 

where k0 is a constant, T represents the specific heating temperature in Kelvin, R is the 
universal gas constant, 8.31 J/(mol•K), and Q is the activation energy for grain growth 
(J/mol) (Xu et al., 2017).  
 The prediction of the relationship between annealing twin density and the grain size of 
stainless steels 253 MA and 316L can be calculated utilizing the Pande et al.’s model. 
Annealing twin density can be calculated using Equation 4: 

                        
𝑃

𝑃0
=

𝐷0

𝐷
𝑙𝑜𝑔 (

𝐷

𝐷0
)  (4) 

where p0 and D0 represents constants independent of temperature, D is the grain size, and 
p is the twin density (Pande et al., 1990). 
 The Hall-Petch model in the Equation 5 was used to calculate the relationship between 
hardness value and grain growth.   

 𝐻 = 𝐻0 + 𝑘′ ∙ 𝑑−1/2   (5) 

where H0 is the intrinsic hardness of ASS, k' represents the Hall-Petch coefficient, and d is 
the average grain diameter (Huang et al., 2019). 
 Regression was used to obtain the coefficient value using the Solve–Excel software. 
 
3. Results and Discussion  

3.1.  Grain Growth of 253 MA and 316L ASS 
 The average grain sizes of 253 MA and 316L ASS after cold rolling and annealing at 
1100°C for 0 to 3600 seconds are shown in Table 2 and Figure 2.  
 
Table 2 Average grain size of 253 MA dan 316L ASS (in µm) 

Annealing 
time (s) 

SS 253 MA 
Standard 
deviation 

SS 316L 
Standard 
deviation 

0 13.54 0.87 14.93 1.7 
900 17.07 0.5 23.56 2.05 

1800 19.76 1.6 26.19 1.95 
2700 20.91 1.4 28.98 3.27 
3600 24.5 1.01 29.28 2.59 

The grain sizes of two steel plates increased gradually with annealing time; however, 253 
MA ASS had a lower grain size than 316L ASS under annealing. The high contents of Cr, Ni, 
and N in 253 MA ASS caused increased strength through cold rolling to ensure that reducing 
the thickness of 253 MA ASS would be more difficult to accomplish than reducing the 
thickness of 316L ASS. The present work is related to a previous study by Ilola et al. (1998). 
The high alloy contents might also result in a high degree of strain-induced martensite 
(SIM) and undeformed austenite in 253 MA ASS microstructures after cold rolling. Next, the 
SIM was transformed to austenite very slowly under recrystallization, which resulted in 
sluggish grain growth. However, nitrogen in 253 MA ASS can promote the grain growth of 
austenite (Staśko et al., 2006), cerium and lanthanum, as micro-alloying can be precipitated 
in grain boundaries resulting in inhibited grain growth (Dani et al., 2018; Zhou et al., 2020). 
Previous works have also shown that V, Nb, and Ti have micro-alloyed retarded austenite 
grain growth (Staśko et al., 2006; Karmakar et al., 2014). Additionally, 316L ASS in this work 
has a high content of molybdenum, but it was not sufficient to suppress grain growth 
compared to 253 MA ASS during annealing. Han et al. (2015) found that molybdenum at 
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around 2 wt% in IN718 alloy could precipitate in austenite grain boundaries, which 
effectively prevented grain growth. 

 
Figure 2 Comparison of grain size of SS 253 MA and SS 316L after cold rolling and annealing at 
1100°C 

 
 Grain growth is also affected by the SFE values in both steels. SFE is a value that 
expresses the dissolved particles or partially dispersed dissolved particles in the solid 
solution of a steel microstructure after the annealing process (Padilha et al., 2003). The high 
and low values of SFE can affect dislocation mobilities, SIM, grain size, and twinning. The 
SFE calculation results are presented in Table 3, which shows that the SFE value of 253 MA 
ASS was lower than 316L ASS, indicating that more refined austenite grain sizes developed 
in the microstructures.   
 
Table 3 SFE values of 253 MA and 316 L stainless steel 

Type UNS  SFE 

SS 253 MA S30815 32.1 

SS 316L S31603 42.6 

  
 The grain growth of 253 MA and 316L ASS can be predicted with the Sellars model, and 
the average grain size can be calculated using Equation 2. The values of constants such as 
n, K, and Q in the Sellars model depend on the type of metal undergoing the grain growth 
process. Table 4 shows the constants n and K of the 253 MA and 316L ASS. In the present 
study, the n value of 2.52 and 2.48 were close to the values reported in previous studies 
(Kim et al., 2013). This implies that the austenite grains of both steels grew normally. The 
K values represented grain growth kinetics of the steels (Moravec et al., 2019). The K value 
of 253 MA being lower than the value of 316L ASS indicated that austenite grains in 253 MA 
ASS grew more slowly than in 316L ASS with annealing time.  
 
Table 4 Calculation results for constants n and K 

Type n K 

SS 253 MA 2.52 0.62 

SS 316L 2.48 1.2 

 The actual and predicted grain size of 253 MA and SS 316L ASS are shown in Figure 3. 
In this figure, the predicted grain sizes are close to the actual grain sizes, which means that 
the Sellars model predicted austenite grain growth of 253 MA and 316L ASS during 
annealing. 
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Figure 3 Comparison of the average grain sizes of SS 253 MA and SS 316L between the actual values 
and estimated values of Sellars model 
 

3.2. Effect Grain Size on the Annealing Twin   
 Figure 4 shows the annealing twins of both steels after annealing at 1100°C for 1800 s. 
As a theory, annealing twin length increases with increased grain sizes, while annealing 
densities increase inversely with grain sizes under annealing. According to Meyers and 
McCowan, three models can explain the occurrence of annealing twins: growth accident 
models, grain encounter models, and models involving the nucleation of twins by stacking 
faults or fault packets. The growth accident model is commonly used to explain the 
formation of annealing twins occurring in grain-boundary migration caused by stacking 
errors during grain growth (Meyers and McCowan, 1986; Jin et al., 2016). 

 

Figure 4 Annealing twins in 253 MA and 316L ASS after annealing at 1100°C for 1800 s 
 
 However, Figure 4 shows that some of the annealing twin lengths did not fully extend 
across the austenite grains of both steels. These results indicated that the annealing twins 
attached to the austenite grains could change by the migration of the grain boundaries 
during the grain-growth process (Wang et al., 2020). Figure 5 shows the relationship 
between the twin lengths and grain sizes of both steels. In this figure, the twin lengths of 
the austenite grain of 253 MA ASS increase gradually until the grain sizes are around 20 µm, 
after which a slight decrease in their lengths can be noted, particularly when the grain 
becomes coarser. These results were likely due to the decreased frequency of annealing 
twins during grain growth (Chen et al., 2015). Additionally, twin lengths in the austenite 
grain of 316L ASS slightly decreased the grain sizes to 26 µm, after which, inconsistent twin 
lengths occurred in the coarser grains. This was likely because of low grain-boundary 
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energy in 316L ASS during recrystallization, resulting in few nucleations of twins (Varin 
and Kruszynska, 1987). 
 

 

Figure 5 Relationship between twin length and grain size of 253 MA and 316L ASS 
  
 The relationship between the annealing twin densities and grain sizes of both steels 
can be calculated using Equation 4. Table 5 shows the constant values of p0 and D0 of both 
steels. 
 
Table 5 The results of the calculation of the constants 𝑝0 and 𝐷0 

Type 𝑝0 𝐷0 

SS 253 MA 585 0.003 
SS 316L 1.84 1.13 

  
 The actual and the predicted annealing twin densities of 253 MA ASS and 316L ASS are 
shown in Figure 6.  

 

Figure 6 Comparison of twin densities of 253 MA and 316L ASS between the actual values and 
predicted values of the model by Pande et al. (1990) 
 

In this figure, the annealing twin densities decrease with increased grain sizes, while the 
frequency of the annealing twin densities in 253 MA ASS is higher than in 316L ASS. These 
results indicate that a low SFE in 253 MA ASS (Table 3) results in easily formed annealing 
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twins during annealing after deformation and internal stress release, as reflected in a twin 
formed under annealing (Song et al., 2019). The predicted annealing twin densities were 
close to the actual annealing twin densities. This implies that the model by Pande et al. 
(1990) can predict the annealing twin density of 253 MA and 316L ASS during grain growth. 

3.3. Effect of Grain Size on Hardness 
 Figure 7 shows the micro-Vickers hardness value of 253 MA and 316L ASS after 
annealing several times. In this figure, the micro-Vickers hardness value of both steels 
decreases slightly with increased annealing time. In the previous work by Tucho and 
Hansen (2021), the hardness also decreased with increased holding time, but increased the 
same hardness value in the specific long-hold time. The decreased hardness reflects a 
change in microstructure as it becomes coarse and the ductility increases (Xu et al., 2018a). 
Additionally, the precipitation of metal carbide or nitride might occur in the grains of both 
steels and insignificantly contribute to the decreased hardness value. The difference in 
hardness is presumably due to differences in recrystallization evolutions (Ashtiani and 
Karami, 2015). The degree of recrystallization and after-grain growth may be affected by 
the amount of strain-induced martensite, precipitation, micro-alloying, and percentage of 
Cr, Ni, Mo, and N contents (Naghizadeh and Mirzadeh, 2016; Adabavazeh et al., 2017; Wu et 
al., 2018; Lee et al., 2019; Liu et al., 2020). Recrystallization, which develops fine grains in 
the steel, results in a higher hardness value. According to a previous study, hardness 
increases with increased indentation depth at a specific range in the small grain size due to 
the grain boundary (GB) effect. Such grain boundaries (GBs) have been regarded as 
obstacles to dislocation motion or as a source of dislocations. The dislocation is generated 
in regions close to the GBs. Hence, higher stress is required to move dislocations (Hall, 
1951; Jung et al., 2013). As shown in Figure 8, the finer grain of austenite considered with 
high d-0.5 value resulted in increased hardness values in both steels. When the grain size 
increased, the number of grain boundary areas decreased so that the hardness decreased. 

 

Figure 7 Comparison of micro-Vicker hardness value vs. annealing time between 253 MA and 316L 
ASS 

 The Hall–Petch model was used to calculate the relationship between hardness value 
and grain size. The coefficients of H0 and k’ were calculated according to Equation 5. The 
previous literature reported that the k’ value was correlated with the shear modulus of 
alloys, which describes dislocation behavior in the microstructure of alloys (Huang et al., 
2019). Table 6 shows the constant values of H0 (178.5) and k’ (88.5) in 253 MA steel were 
higher than 316L steel. This indicated that 253 MA ASS had a higher shear modulus, 
resulting in a higher hardness value. 
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Figure 8 Comparison of hardness micro-Vickers of 253 MA and 316L ASS between the actual values 
and predicted values using Hall-Petch model 

 The experimental hardness value and the predicted hardness value are shown in 
Figure 8. Based on this figure, the predicted value is almost close to the experimental value. 
This indicated that the Hall–Petch model was able to predict the hardness values of 253 MA 
and 316L ASS. 

Table 6 The results of the calculation of the constants 𝐻0 and 𝑘′  

Type 𝐻0 𝑘′ 

SS 253 MA 178.5 88.5 
SS 316L 141.8 30.05 

 
4. Conclusions 

To study the effect of prior austenite grain size on the annealing twin density and 
hardness, cold-rolled 253 MA and 316L ASS were heated at 1100℃ for various annealing 
durations. Experimental results indicated that grain size increased with increased 
annealing time. Normal growth occurred in the austenite grain of both steels. The low SFE 
and K values in 253 MA ASS resulted in sluggish grain growth, smaller grains, easier 
formation of annealing twins, and higher twin density than in 316L ASS. Higher Hall–Petch 
coefficients, k’, in 253 MA ASS caused higher shear modulus as well as hardness value than 
in 316L ASS. Therefore, the Sellars, Pande, and Hall–Petch models were shown to predict 
grain growth, twin density, and hardness in both 253 MA and 316L ASS. 
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