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1. Introduction
Nowadays, there is a growing trend toward 

developing materials with the combination of 
desirable properties. Among a vast number of 
alloys, austenitic stainless steels have gained 
widespread popularity due to their cost-
effectiveness as well as good mechanical properties 
and corrosion resistance [1-3]. Although austenitic 
stainless steels possess a desirable ductility, they 
suffer from relatively low strength and hardness 
[4]. Many efforts have been made to enhance the 
mechanical strength of stainless steel by benefiting 
from different strategies. Among them, one of the 
industrial methods to improve the yield stress of 

metallic materials is grain refinement [5-7].
Grain refinement of metallic materials is 

recognized as a feasible approach for improving 
both strength and toughness [8]. Due to the absence 
of phase transitions during heat treatments, other 
approaches such as recrystallization annealing 
[9], formation and reversion of strain-induced 
martensite [10], and severe plastic deformation 
[11] can be used to refine the grains of austenitic 
stainless steels. Among them, the formation 
and reversion of strain-induced martensite to 
ultrafine-grained (UFG) austenite during elevated 
temperature annealing by thermomechanical 
processing is known as a practical method and 

The effect of continuous heating after cold deformation on the microstructural evolutions and corrosion behavior 
of SUS 304L metastable austenitic stainless steel was investigated. After cold rolling with the reduction in thickness 
of 80%, a microstructure consisting of elongated grains was obtained, in which the X-ray diffraction (XRD) analysis 
revealed the formation of 96 vol.% strain-induced martensite. The subsequent continuous heating up to 750 °C led 
to full reversion/recrystallization and the development of an ultrafine grained (UFG) microstructure with an average 
grain size of 0.45 µm. Continuous heating up to higher temperatures resulted in a significant grain growth, where 
the average grain size of samples that heated up to 850, 900, 950, and 1100 °C were obtained as 2.5 µm, 5.5 µm, 14 
µm, and 45 µm, respectively. The Hall-Patch relationship of H = 155 + 106/√D was developed for the dependence of 
hardness on the average grain size (D). By grain refinement, corrosion current density (iCorr) increased leading to the 
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highly beneficial for grain refinement that is based 
on the metastability of the austenite phase [12]. 
This method has successfully been applied for 
many austenitic stainless steels [4]. 

On the other hand, besides mechanical 
properties, the corrosion behavior of austenitic 
stainless steels should be considered for the 
expansion of engineering applications in industry 
and longer service is the result of higher corrosion 
resistance performance [13]. The protective layer 
(mostly chromium oxide) that forms on the alloy’s 
surface is responsible for its remarkable resistance 
to corrosion, especially uniform corrosion [14]. 
However, the primary problem with these alloys is 
the localized pitting corrosion behavior [15,16]. It is 
worth mentioning that previous works reported the 
dependency of corrosion resistance on the average 
grain size and emphasized the significance of grain 
size on the corrosion resistance of engineering 
material [17], especially austenitic stainless steels 
[18-20]. As a result, investigating how grain size 
affects corrosion resistance is crucial. By grain 
refinement, grain boundaries obtain greater energy 
and chemical activity, thus a high density of these 
boundaries might impact corrosion resistance 

[21,22]. On the other hand, grain refinement might 
lead to a denser and more appropriate passive 
film, which is important for the pitting corrosion 
resistance [21].

 In this work, the authors aimed to evaluate 
the effect of grain size on hardness and corrosion 
performance. In this regard, an SUS 304L stainless 
steel as the most important stainless steel alloy 
was considered. By thermomechanical processing 
including cold rolling and annealing, a wide range 
of grain sizes was produced and the effect of grain 
size on mechanical and corrosion properties was 
examined.

2. Experimental details
The experiments were conducted on a SUS 304L 

austenitic stainless steel sheet with a thickness 
of 5 mm and annealed condition. The chemical 
composition of this alloy is shown in Table 1. The 
as-received sample was multi-pass rolled to reduce 
the thickness by 80% (to obtain a thickness of 1 mm) 
at the nominal temperature of 0 °C (combination of 
water and ice). Afterward, the cold rolled samples 
were continuously heated from room temperature 
up to 1100 °C at the heating rate of 5 °C/min to 

Table 1- Chemical composition (wt.%) of the studied alloy

 

Figure 1: Schematic representation of the applied processing route in the present work. 

 

 

 

 

 

 

Fig. 1- Schematic representation of the applied processing route in the present work.
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obtain equiaxed microstructures with different 
grain sizes by the occurrence of reversion [23], 
recrystallization, and grain growth [24,25]. In this 
regard, during continuous heating, samples were 
water-quenched at 750, 850, 900, 950, and 1100 
°C. For better understanding, the schematic of the 
process performed in this paper is illustrated in 
Figure 1.

For microstructural analysis, following standard 
metallographic sample preparation methods, 
electrolytic polishing (H3PO4-H2SO4 solution at 
40 V for 40 s [26]) and electroetching (60% HNO3 
solution at 2 V for 20 s) were used to reveal the 
microstructures. Microstructural investigation 
on the RD-TD plane [27] of the sheets was 
performed using a field-emission scanning 
electron microscope (FEI NOVA NANOSEM 450 
FE-SEM). Grain size measurements were based on 
the standard intercept method (ASTM E112 [28]). 
Moreover, phase identification was performed 
by the X-ray diffraction (XRD) technique using a 
PHILIPS diffractometer with Cu-kα radiation and 
X’Pert High Score Plus software, where the 2θ angles 
between 70 and 95°, the step size of 0.02°, and the 
scan rate of 3°/min were employed. Based on the 
diffraction peaks, the amount of α΄-martensite was 

calculated by Equation 1 [29]:

)}(65.0/{ (220)γ(311)γα(211)α(211)α IIIIf ++=                                    ((11))  

DKH /H 0 +=                                                                                                                                                                              ((22))  

 

  (1)

Mechanical properties were studied by hardness 
testing, which was performed based on the Vickers 
hardness using a load of 5 kg and considering an 
average of five points. The dependency of hardness 
data on the average grain size (D) was fitted 
according to the Hall-Petch relationship as follows 
[30,31]:

)}(65.0/{ (220)γ(311)γα(211)α(211)α IIIIf ++=                                    ((11))  

DKH /H 0 +=                                                                                                                                                                              ((22))  

 

                                                    (2)

where H0 is the lattice friction and K is the 
locking parameter or the Hall-Petch slope.

The corrosion performance was examined 
by potentiodynamic polarization tests. For 
corrosion experiments, a standard three-electrode 
configuration in a 3.5 wt% NaCl aqueous solution 
(supplying Cl− chloride ions) at room temperature 
on a 1 cm × 1 cm surface was employed with a 
Solartron frequency response analyzer (Model SI 
1255). The counter and reference electrodes were 
a platinum electrode and a saturated calomel 
electrode (SCE), respectively. The polarization 

Fig. 2- XRD analysis and corresponding microstructure of (a) as-Received, (b) cold rolled, and (c) cold rolled and continuously heated 
up to 750 °C samples.

 

Figure 2: XRD analysis and corresponding microstructure of (a) as-Received, (b) cold rolled, and 

(c) cold rolled and continuously heated up to 750 °C samples. 
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potentials ranged from ~-0.6 to ~0.4 V and the scan 
rate of polarization tests was 2 mV/s. The samples 
were prepared by electropolishing (40 V, H3PO4-
H2SO4 solution at room temperature [32]), and 
then, the samples were quickly immersed in the 3.5 
wt% NaCl aqueous solution and kept there for 2 h 
in the absence of any external potential to achieve a 
steady state potential based on the previous works 
[33,34] before staring the test. Based on the obtained 
polarization curves, the corrosion potential (ECorr), 
corrosion current density (iCorr), and breakdown 
potential (EBr) were obtained based on ASTM G3-
14 Standard [35]. The tests were performed three 
times to ensure the reproducibility of the results.

3. Results and discussion
3.1. Microstructural and phase analysis

The microstructure of the as-received sample 
is displayed in Figure 2a, demonstrating a fully 
equiaxed microstructure with an average grain size 
of 14 µm. Moreover, the totally austenitic nature of 
this sample is demonstrated by the XRD patterns 
of Figure 2a. After 80% cold rolling, the grains 
became elongated, as shown in Figure 2b. While the 

used etching technique does not reveal the phases, 
the XRD pattern of this sample and Equation 1 
reveal that the microstructure is composed of 
96 vol.% martensite. It is noteworthy that for 
microstructural characterization of deformation-
induced martensite, the electron backscattered 
diffraction (EBSD) technique might be used, in 
which the FCC and BCC phases can be shown in 
the phase maps [36].

It can be seen that the SUS 304L stainless steel 
is very susceptible to strain-induced martensite 
transformation, which is related to the low stability 
of the austenite phase in this stainless steel, as also 
shown in previous works [37,38].

As shown in Figure 2c, continuous heating up to 
750 °C leads to a fully reversed and recrystallized 
microstructure with an average grain size of 0.45 
µm, which is consistent with the XRD pattern of 
the sample displayed in Figure 2c. Thus, an UFG 
microstructure was obtained in this metastable 
alloy by thermomechanical processing of cold 
rolling and subsequent annealing, and this led to 
the significant grain refinement.

Figure 3 displays the microstructures of 

Fig. 3- Representative microstructures of continuously heated samples up to 850, 900, 950, and 
1100 °C.

 

Figure 3: Representative microstructures of continuously heated samples up to 850, 900, 950, and 

1100 °C. 
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samples that are continuously heated up to 
higher temperatures. As observed, the significant 
grain growth compared to that of the reversed/
recrystallized sample (Figure 2c) was occurred 
during heating up to higher temperatures. In this 
regard, based on the microstructures of Figure 3, 
the average grain size of samples which heated up 
to 850, 900, 950, and 1100 °C were 2.5 µm, 5.5 µm, 
14 µm, and 45 µm, respectively.

3.2. Evolution of hardness
A wide range of grain sizes from 0.45 to 45 μm 

was achieved, and afterward, the effect of grain 
size on hardness as a representative of mechanical 
behavior was considered. The variations of hardness 
versus average grain size are shown in Figure 4a. 
It can be seen that with increasing average grain 
size, the hardness value continuously decreases. 
The dependency of hardness on grain size was 
investigated based on the well-known Hall-Patch 
relationship (Equation 2), as shown in Figure 4b. 
As can be seen, the hardness results were in a good 
correlation with the average grain size according to 
the Hall-patch relationship of H = 155 + 106/√D. 

This correlation will be useful for future research 
works and tailoring the mechanical properties of 
this alloy.

In this work, effect of grain size on the corrosion 
behavior is examined for the studied austenitic 
stainless steel. In this regard, the corrosion current 
density (iCorr), that is calculated based on the ASTM 
G3-14 standard, was considered. A higher iCorr is 
related to a less corrosion resistance for the material 
[39,40]. On the other hand, pitting corrosion is 
caused by the local dissolution of passive film 
and the formation of cavities surrounded by an 
intact passive surface. The resistance of the passive 
film against pitting attack can be correlated to 
breakdown potential (EBr), which is obtained from 
the polarization curve. The magnitude of EBr is 
indicative of the pitting resistance [41,42].  As 
shown in Figure 5, ECorr, iCorr and EBr were obtained 
based on the polarization curve and the results are 
also summarized in Figure 5.

As shown in Figure 5, ECorr slightly was shifted 
toward more noble potential by grain coarsening. 
Variations of iCorr versus average grain size are 
shown in Figure 6a. As shown, by grain coarsening, 

Fig. 4- (a) Hardness vs. grain size and (b) corresponding Hall-Petch plot.
 

Figure 4: (a) Hardness vs. grain size and (b) corresponding Hall-Petch plot. 
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iCorr decreases and the UFG sample with an average 
grain size of 0.45 μm has the highest uniform 
corrosion rate. Grain refinement raises the surface’s 
reactivity because it results in higher energies at the 
grain boundaries and triple junctions, as well as 
higher electron activity and diffusion rates [21,22].

However, in almost every environment, the 
protective layer (mostly chromium oxide) forms on 
the surface of austenitic stainless steel and results 
in remarkable resistance to uniform corrosion [43]. 

Consequently, pitting corrosion is also important. 
In this regard, the evolution of EBr versus average 
grain size is also shown in Figure 6a. It can be 
seen that by increasing grain size, EBr decreased 
and the sample with an average grain size of 45 
μm had the lowest EBr and hence the lowest pitting 
corrosion resistance. In this regard, Sabooni et 
al. [20] investigated the effect of grain size on the 
pitting corrosion resistance of AISI 304L stainless 
steel by using polarization tests and examining the 

 

Figure 5: Polarization curves of the samples with different grain sizes and summary of corrosion 
parameters obtained from the polarization curves. 

Fig. 5- Polarization curves of the samples with different grain sizes and summary of corrosion parameters 
obtained from the polarization curves.
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Fig. 6- (a) Dependence of corrosion parameters on the average grain size and (b) corresponding Hall-Petch type relationship.

distribution of pits on the surface of the samples. 
Based on their results, by grain refinement, 
breakdown potential increased. On the other hand, 
the diameter and distribution of the pits formed 
on the surface of samples decreased by grain 
refinement [20]. Therefore, for passivity behavior, 
grain refinement will likely result in a more stable 
protective film and promote pitting corrosion 
resistance [22]. 

Further investigation of the relationship 
between grain size and corrosion parameters for 
introducing useful equations might be interesting. 
In this regard, according to Figure 6a and Figure 
4a, the dependency of the corrosion parameters 
on the average grain size is approximately similar 
to that of the dependency on the hardness values. 
As a result, it will be interesting to investigate the 
relationship between corrosion and grain size by 
the Hall-Patch-type relationships. As shown in 
Figure 6b, the iCorr results have a good correlation 

with the average grain size according to the Hall-
patch-type relationship and the dependency of 
this parameter on the grain size is well established 
by iCorr = 0.0147 + 0.4458/√D. Moreover, the 
dependency of EBr parameter on the grain size 
is also explained by EBr = 0.1964 + 0.0695/√D, as 
shown in Figure 6b. As a result, the well-known 
Hall-Patch-type relationship was used to explain 
the dependency of corrosion parameters on grain 
size, and appropriate relationships were presented 
for the simultaneous improvement of mechanical 
and corrosion properties in this research work.

5. Conclusions
The corrosion behavior of cold rolled and 

continuously heated SUS 304L stainless steel with 
different grain sizes was investigated. The following 
conclusions can be drawn:

(1) After 80% cold rolling, a microstructure 
consisting of elongated grains was obtained, in which 

 
Figure 6: (a) Relation of corrosion parameters with the average grain size and (b) corresponding 

Hall-Petch type relationship. 
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the XRD analysis revealed the formation of 96 vol.% 
martensite, indicating the high susceptibility of this 
alloy to strain-induced martensite transformation. 
The subsequent continuous heating up to 750 °C 
led to a fully reversed and recrystallized UFG 
microstructure with an average grain size of 0.45 
µm, representing a remarkable grain refinement 
when compared to that of the as-received sample 
with the average grain size of 14 µm.

(2) Continuous heating up to temperatures 
higher than 750 °C resulted in a significant 
grain growth compared to that of the reversed/
recrystallized sample. In this regard, based on the 
microstructural analysis, the average grain sizes of 
samples that heated up to 850 °C, 900 °C, 950 °C, 
and 1100 °C were obtained as 2.5 µm, 5.5 µm, 14 
µm, and 45 µm, respectively.

(3) By increasing average grain size, the hardness 
value continuously decreased. The dependency of 
hardness on grain size was investigated based on the 
well-known Hall-Patch relationship and the relationship 
of H = 155 + 106/√D was proposed for this material.

(4) By grain coarsening, iCorr decreased and the 
UFG sample with an average grain size of 0.45 μm 
showed the highest corrosion rate. However, by 
increasing grain size, EBr decreased and the sample 
with an average grain size of 45 μm exhibited the 
lowest EBr and hence the lowest pitting corrosion 
resistance.

(5) According to the Hall-patch-type 
relationship, the equations of iCorr = 0.0147 + 
0.4458/√D and EBr = 0.1964 + 0.0695/√D were 
proposed for correlating the corrosion parameters 
to the average grain size.
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