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In this study, SUS 304 stainless steel was cold rolled with various degrees of rolling reduction. The 

microstructure and stress corrosion cracking behavior before and after cold rolling were investigated. 

Electrochemical noise measurements coupled with slow strain rate testing were performed in a 3.5% 

NaCl solution. The results indicated that the microstructure of SUS 304 stainless steel transformed 

from a single austenite phase into a compound with both the martensite phase and original austenite 

phase after cold rolling. The martensite phase increased with an increase in the degree of rolling 

reduction. During the slow strain rate test process, mechanical properties such as the breaking 

elongation and tension strength, corrosion resistance and stress corrosion cracking resistance 

significantly decreased after cold rolling. All the rolled specimens, the mechanical properties were 

highest for the specimen when the degree of rolling reduction was 14%. The stress corrosion cracking 

susceptibility depended on the crack initiation time during the slow strain rate test process. 
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1. INTRODUCTION 

Steel has been one of the most important structural materials due to its excellent mechanical 

properties and corrosion resistance[1-13]. Under corrosive environments and applied loads, stress 

corrosion cracking is a performance deterioration process and a serious problem for steel, especially 

stainless steel, which has been widely investigated all over the world[14-20]. For instance, Johns 

investigated 304 stainless steel nuts with an applied torque of approximately 80% of the yield strength 

value, and when immersed in a 3% NaCl solution at 35 ℃, transgranular stress corrosion cracking 

occurred in one nut after 12 months and in the other two nuts after 21 months[21]. Okada reported that 

the fracture mode of solid solution-treated 304 stainless steel was transgranular in a 42% MgCl2 
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solution at a temperature of 143 ℃, and almost intergranular when the solution concentration was 25% 

at a temperature of 115 ℃[22]. Szklarska-Snialowska summarized the minimum oxygen content for 

stress corrosion cracking of sensitized 304 stainless steel in high-temperature water at different 

temperatures using slow strain rate testing[23]. Singh indicated that the fracture mode of cold-rolled 

and sensitized 304 stainless steel in polythionic acid showed dimples when the degree of rolling 

reduction values were 60% and 80%, and when the degree of rolling reduction values were 20% and 

40%, the fracture mode was intergranular[24]. Cragnolino found that intergranular stress corrosion 

cracking occurred for sensitized 304 stainless steel in a H2SO4 solution at a concentration of more than 

3%; however, cracking did not occur at a concentration less than 3% after 60 days[25]. Li observed the 

intergranular stress corrosion cracking behavior for type I and type III WOL specimens of sensitized 

304 stainless steel in a Na2S2O3 solution at a concentration of 7×10
-4

 mol/L and a temperature of 50 ℃, 

and found that the KISCC was 20 MPa/m
1/2

 and the da/dt values for type I and type III WOL specimens 

were 4×10
-6

/s and 4×10
-6

/s, respectively[26]. 

With the development and application of 304 stainless steel, cold rolling has been extensively 

used and is considered to be beneficial to the mechanical properties of steel due to work hardening but 

harmful to the corrosion resistance due to the martensite phase formed during the rolling process[27-

29]. Nevertheless, according to the author’s knowledge, the effect of cold rolling on the stress 

corrosion cracking behavior of 304 stainless steel has not been fully elucidated, so the related research 

has great practical significance. Therefore, we focued on the influence of cold rolling, and the results 

in the present study could be very useful for studying stress corrosion cracking prevention technology 

of the cold worked 304 stainless steel. 

 

 

 

2. EXPERIMENTAL 

2.1 Materials 

A commercially available SUS 304 stainless steel sheet at a thickness of 3 mm was used in this 

work. The chemical composition is shown in Table 1. 

 

Table 1. Chemical compositions (wt.%) of SUS 304 stainless steel sheets. 

 

Element Fe C Si Cr Mn Ni P S 

Content Balance ≤0.08 ≤1.00 18.00~20.00 ≤2.00 8.00~11.00 ≤0.045 ≤0.03 

 

2.2. Heat treatment and cold rolling 

To obtain a single austenite phase and chemical homogeneity, a solution treatment was applied 

to the SUS 304 stainless steel sheets using the following process: the as-received sheets were heated to 

1050 ℃, maintained for 30 min, and then quenched in water. 
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After solution treatment, the stainless steel sheets were cold rolled to various degrees of rolling 

reduction (8%, 14% and 23%) through plastic deformation by unidirectional rolling in a laboratory 

rolling mill. The content of the martensite phase induced by cold rolling in the specimen was 

determined by a ferrite content detector. 

 

2.3. Slow strain rate test 

The stress corrosion cracking behavior of SUS 304 stainless steel was measured by LETRY 

WDL-1000 slow strain rate tester at a strain rate of 10
-6

/s in a 3.5% NaCl solution at room temperature. 

The dimensions of the tension specimen are shown in Figure 1.The tension specimens were covered 

with silicone rubber, and only the middle section with an area of 1 cm
2
 was exposed to the test 

solution. 

 

 
 

Figure 1. Dimensions of the tension specimen, mm. 

 

2.4. Electrochemical noise measurements 

The stress corrosion cracking behavior of SUS 304 stainless steel was investigated by 

employing electrochemical noise using a Gamry Reference 3000 electrochemical measurement system 

coupled with slow strain rate testing. The modified electrochemical noise technology called 

electrochemical emission spectroscopy (EES) was employed in this study. The reference electrode was 

a saturated calomel electrode (SCE); the working electrode was the tension specimen; and a platinum 

wire tip called the microcathode was used as the counter electrode[30-32]. Electrochemical noise 

measurements without a bias voltage or current were performed every 5 h during the entire slow strain 

rate test process; the sampling time was 512 s, and the sampling frequency was 2 Hz for the data 

collection. The electrochemical noise data were analyzed using ESA 410 Analysis software. 

 

2.5. Microstructure and fracture surface analysis 

The specimens were treated according to the standard metallographic preparation (cut, ground, 

polish and etch), and the microstructures were analyzed by an Olympus PMG2 light microscope. 

The fracture analyses of the tension specimens were performed by SEM (Hitachi S-3000N) 
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3. RESULTS AND DISCUSSION 

3.1 Microstructures of SUS 304 stainless steel before and after cold rolling 

The microstructures of SUS 304 stainless steel before and after cold rolling are shown in Figure 

2. As shown in Figure 2a, the solution-treated specimen before cold rolling was composed of a single 

austenite phase. After cold rolling, a martensite phase (dark area) was distributed in the original 

austenite phase (bright area) boundaries. This effect was induced by plastic deformation during the 

cold rolling process, as shown in Figure 2b, Figure 2c and Figure 2d. When the degrees of rolling 

reduction were 8%, 14% and 23%, the contents of the martensite phase were 6%, 12% and 20%, 

respectively, which obviously increases with an increasing degree of rolling reduction and implies a 

decreasing content of the original austenite phase. For stainless steel, the formation of cold rolling-

induced martensite was uncovered by other similar studies[33,34]. Wasnik found the apparent 

subdivision of the grains during the cold rolling process and that the split grain boundaries existed as 

packs. In comparison with specimens with lower degrees of rolling reduction, the grain subdivision 

was more extensive in the specimen with a higher degree of rolling reduction, and the strain-induced 

martensite increased monotonically with an increase in the degree of rolling reduction[35]. Mubarok 

indicated that the deformation caused a morphological change. The rolled free specimen consisted of 

equiaxed austenite grains that were randomly oriented, and the austenite phase underwent a shape 

change from an equiaxed structure to a needle-like structure. The change became increasingly apparent 

with an increase in the degree of rolling reduction, and the XRD results confirmed the deformation, 

which was introduced to the specimen that was transformed from the austenite phase into the 

martensite phase during the cold rolling process. As the degree of rolling reduction applied to the 

specimen increased, the more austenite grains changed to martensite grains, which showed a dual-

phase structure in the rolled specimens[36]. Palit Sagar found that a non-rolled specimen showed 

essentially a single austenite phase, and the grain boundaries were faintly visible. Additionally, most of 

the coarse grains exceeded 50 μm; the martensite phase was observed in the rolled specimens; and the 

volume percentage of the martensite phase increased with an increasing degree of rolling reduction. It 

was quite clear that the slip lines and the twins had a bearing on the nucleation and growth of the 

martensite phase, and the phase nucleated at the intersections of the shear bands[37]. Wang revealed 

that a uniform matrix grain size and typical equiaxed austenitic grains with annealing twins were 

observed in the rolled free specimen, and a certain amount of board strip martensite could also be 

found in the austenitic substrate. Additionally, the martensite phase may result from the fabrication and 

manufacturing processes, and the rolled specimens showed a homogeneous distribution of martensite 

with a few residual primary ferrite islets in the matrix. The deformation-induced martensite phase 

content in the austenitic matrix monotonously increased with an increase in cold deformation (degree 

of rolling reduction) at room temperature, and the austenitic phase grains were compressed and 

elongated in the rolling direction[38]. 
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Figure 2. Microstructures of SUS 304 stainless steel before and after cold rolling: (a) specimen before 

cold rolling; (b) specimen when the degree of rolling reduction was 8%; (c) specimen when the 

degree of rolling reduction was 14%; and (d) specimen when the degree of rolling reduction 

was of 23%. 

 

3.2. Slow strain rate test 

The slow strain rate test was employed to investigate the susceptibility of SUS 304 stainless 

steel to stress corrosion cracking. The stress-strain curves of the specimens before and after cold 

rolling during the slow strain rate test process are displayed in Figure 3. The results from stress-strain 

curves showed that the breaking elongation and tension strength of the specimen before cold rolling 

were 42% and 1123 MPa, respectively. There was an obvious degeneration in the mechanical 

properties of the specimens after cold rolling in comparison with the non-rolled specimen; the breaking 

elongation and tension strength of the specimen decreased by 81% and 42%, respectively, when the 

degree of rolling reduction was 23%. Note that the mechanical properties did not monotonously 

change with an increasing degree of rolling reduction. The specimen showed the highest breaking 

elongation and tension strength among all the rolled specimens when the degree of rolling reduction 

was 14%, which implied that this the specimen had the longest fracture time during the slow strain rate 
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test and lowest susceptibility to stress corrosion cracking. Figure 4 represents the fractograph 

morphologies of the specimens before and after cold rolling during the slow strain rate test process. 

There were no significant differences among the specimens, which all showed numerous dimples on 

the fracture surfaces and indicated that the fracture mode of all the specimens was dominated by 

ductile fractures. Compare with the rolled specimens, the fractograph of the non-rolled specimen 

displayed the biggest and deepest dimples on the fracture surface, which revealed the best plastic 

deformation capacity (plasticity) for the non-rolled specimen and was consistent with the conclusion 

obtained from the stress-strain curves in Figure 3. Similar studies were published by other authors[39-

41]. Muraleedharan investigated the influence of cold work (degree in the range from 2.3% to 56%) on 

the stress corrosion cracking properties of AISI type stainless steel in a boiling MgCl2 solution at 154 

℃. The results showed that at an applied stress of 112 MPa, the total time to fracture decreased with 

an increasing cold work level, reached a minimum value when the degree of cold work was 15% and 

then increased at higher cold work levels. Moreover, the total time to fraction decreased with an 

increase in the cold work level up to a certain degree (26%), and there was no significant change 

thereafter when the applied stress was 40% of the yield strength of the specimen. The stress corrosion 

cracking that was initiated from the transgranular mode transitioned to the intergranular mode as the 

crack proceeded and finally fractured in ductile mode. The ratio of the intergranular area to the 

transgranular area increased with an increase in cold work level, and the increase in the initial applied 

stress facilitated the transition in crack morphology to the intergranular mode. In addition, the cold 

work did not affect the intergranular morphology, whereas the transgranular morphology was 

significantly affected, and there was typical fan-shaped area on the initial transgranular fracture 

surfaces of the annealed and mildly cold work specimens. The number of fans increased with the 

degree of cold work, but the fan pattern became less clear due to extensive dislocation tangling. The 

results indicate that the divergent direction of fans coincided with the direction of crack 

propagation[42]. Zheng investigated the stress corrosion cracking behavior of cold-worked (carried out 

at degrees of 20% and 40%) AISI-type stainless steel in a concentrated lithium salt solution (10 g 

LiOH and 100 cm
3
 H2O) with a controlled electrochemical potential. The stress corrosion cracking 

behavior of the cold-worked specimen was essentially different from that of the solution annealed 

specimen. The ductile fracturing of cold-worked specimens occurred under open-circuit conditions (-

280 mVSCE) and at 200 mV. Slight intergranular corrosion was found in the region near the surface of 

cold-worked specimens when the electrochemical potential was controlled at -120 mVSCE. 

Additionally, stress corrosion cracking was observed when the electrochemical potential was 

conducted at +100 mVSCE, and the intergranular mode in the stress corrosion cracking of the solution 

annealed specimen transformed into a mixed mode or a dominant transgranular mode with an increase 

in the degree of cold work to 20% and 40%. The cold work significantly improved the resistance to 

intergranular stress corrosion cracking compared to that of the solution annealing specimen, and the 

susceptibility to transgranular stress corrosion of cold-worked specimen increased with an increase in 

the degree of cold work[43]. Tiedra assessed the effect of cold work on the stress corrosion cracking 

behaviors of welded and non-welded AISI type stainless steel in a corrosive environment (1 N H2SO4 

and 0.5 N NaCl). The results showed that for the non-welded specimens, the tension strength increased 

and the failure time (ductility) decreased with increasing the cold work level due to the strain 
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hardening. However, for the welded specimens, the failure time (ductility) depended on several 

phenomena (recrystallization, the recrystallized grain growth and thermal transformation of strain-

induced martensite) that occurred in the heat affected zone. These phenomena decreased with an 

increase in the degree of cold work until a level of 20% was reached and then increased. Furthermore, 

the tension strength did not represent the significant variations in the cold work level, and the failure 

time was more sensitive to the corrosive environment than was the tension strength for any cold work 

level. The cold-worked and welded specimens showed a ductile fracture mode in corrosive 

environment, which was not characteristic of stress corrosion cracking[44]. 

 

 

 
 

Figure 3. Stress-strain curves of SUS 304 stainless steel before and after cold rolling during the slow 

strain rate test process. 
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Figure 4. Fractographs of SUS 304 stainless steel before and after cold rolling during the slow strain 

rate test process: (a) specimen before cold rolling; (b) specimen when the degree of rolling 

reduction was 8%; (c) specimen when the degree of rolling reduction was 14%; and (d) 

specimen when the degree of rolling reduction was of 23%. 

 

3.3 Electrochemical noise analysis with slow strain rate testing 

All of the electrochemical noise data were treated to remove direct the current components 

before data analysis to obtain accurate analysis results[45,46]. There were several methods for 

removing the direct current trends such as the moving average removal, and linear and polynomial 

fitting methods. The polynomial fitting method with 5 orders,  considered to be the best way to remove 

the direct current drift, suppress the low-frequency information and retain the high-frequency 

information, was employed in this study[47-49]. For instance, Figure 5 displays noise data (obtained 

from the segment from 0~512 s) of the non-rolled specimen before and after removing the direct 

current component during the slow strain rate test process. The results indicate that there was an 

obvious difference between the noise data before and after removal. 
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Figure 5. Noise data (obtained from the segment from 0~512 s) of the non-rolled specimen before and 

after removing the direct current component during the slow strain rate test process: (a) before 

removal; and (b) after removal. 

 

 
Figure 6. Noise resistance Rn of SUS 304 stainless steel before and after cold rolling during the slow 

strain rate test process. 

 

Figure 6 exhibits the noise resistance Rn of the specimens before and after cold rolling during 

the slow strain rate test process, which is defined as the ratio of the potential standard deviation to the 

current standard deviation and is proportional to corrosion resistance[50-53]. As shown, the noise 

resistance continuously decreased with or without rolling, which indicated that the corrosion resistance 

of all the specimens presented a continuous deterioration during the slow strain rate test process. The 

decreasing corrosion resistance could be explained by Gutman′s theory of mechanical-electrochemical 



Int. J. Electrochem. Sci., Vol. 13, 2018 

  

1623 

interactions[54], which states that the applied stress could enhance the electrochemical activity of the 

specimen and a higher applied stress could induce a stronger corrosion tendency; thus, the corrosion 

resistance was gradually reduced with increasing applied stress during a slow strain rate test process. 

The noise resistance decreased after cold rolling, which demonstrated that the cold rolling led to a 

decline in the corrosion resistance of the rolled specimen compared with that of the non-rolled 

specimen. It should be noted that when the degree of rolling reduction was 14%, the specimen 

presented the highest corrosion resistance among all the rolled specimens, which agreed with the 

conclusion obtained from the stress-strain curves in Figure 3. 

A frequency domain analysis can estimate the corrosion type through transforming the noise 

data to a power spectral density (PSD) with a fast Fourier transform (FFT) method[32,55-65].  

 

 

 
 

Figure 7. PSD (obtained from the segment from 0~512 s) of current noise of the non-rolled specimen 

before and after smoothing with a Hanning window during the slow strain rate test process: (a) 

before smoothing; and (b) after smoothing. 
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For instance, Figure 7 shows the PSD (obtained from the segment from 0~512 s) of current 

noise of the non-rolled specimen before and after smoothing with a Hanning window during the slow 

strain rate test process. All of the PSD were smoothed before the frequency domain analysis. 

Figure 8 reveals the roll-off slop of the PSD of the current noise of the specimens before and 

after cold rolling during the slow strain rate test process.  

 

 
Figure 8. Roll-off slop of the PSD of the current noise of SUS 304 stainless steel before and after cold 

rolling during the slow strain rate test process. 

 

As shown in the figure, for the non-rolled and rolled specimens, when the degree of rolling 

reduction was 8%, 14% and 23%, the roll-off slop of the PSD was lower than -20 dB/dec in the 0~100 

h, 0~25 h, 0~60 h and 0~15 h segments, but higher than -20 dB/dec in the 105~115 h, 30 h, 65~70 h 

and 20 h segments. Uruchurtu found that the material was in a passivation state when the roll-off slop 

was lower than -20 dB/dec, and the roll-off slop that was higher than -20 dB/dec represented localized 

corrosion such as pitting corrosion of the material[66]. Therefore, it could be concluded that there were 

obvious differences in the occurrence time for the pitting corrosion between the non-rolled and rolled 

specimens during the slow strain rate test process. 

From the above, it was suggested that cold rolling could affect the stress corrosion cracking 

behavior of SUS 304 stainless steel. The slow strain rate test and electrochemical noise showed that the 

mechanical properties such as breaking elongation, tension strength and corrosion resistance of the 

specimen deteriorated after cold rolling. For all of the rolled specimens, when the degree of rolling 

reduction was 14%, the specimen presented the longest fracture time and highest corrosion resistance 

during the slow strain rate test process, which means the lowest stress corrosion cracking 

susceptibility. For the stress corrosion cracking behavior of steel, there is a widely accepted 

mechanism model that indicates two stages during the slow strain rate test process. In the first stage, 

the specimen surface can be destroyed and corroded as a result of the synergistic effect of 
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accumulating tension stress and a corrosive medium during the tension process. The pitting corrosion 

is considered as the induced source of the crack; thus, the stage is called the crack initiation stage. In 

the second stage, there is a high level of stress concentration at the crack tip after the crack initiation. 

The tension stress and a corrosive medium led to dissolution and propagation at the crack tip until the 

specimen fractures; therefore, the stage is called the crack propagation stage. During the slow strain 

rate test process, the stress corrosion cracking susceptibility depends on the crack initiation time, 

which takes up a large part of the total fracture time[67-71]. From the frequency domain analysis 

results of the current noise of the non-rolled and rolled specimens during the slow strain rate test 

process, it was quite clear that the non-rolled specimen showed the latest occurrence time of pitting 

corrosion, which means the longest crack initiation time due to the highest corrosion resistance; 

therefore, the non-rolled specimen exhibited the lowest susceptibility to stress corrosion cracking. For 

the rolled specimens during the slow strain rate test process, the pitting corrosion occurred earlier than 

the non-rolled specimen due to the lower corrosion resistance and was considered to be symbols of the 

shorter crack initiation time and the higher stress corrosion cracking susceptibility. When the degree of 

rolling reduction was 14%, the specimen showed the highest corrosion resistance among the rolled 

specimens; hence, the lowest stress corrosion cracking susceptibility was exhibited because of the late 

occurrence time of pitting corrosion and the long crack initiation time. In summary, cold rolling played 

a role as a promoter of SUS 304 stainless steel during the stress corrosion cracking process. However, 

in this study, by choosing the appropriate degree of rolling reduction (such as 14%), an effective 

approach to slightly reduce the stress corrosion cracking resistance and significantly enhance the 

strength at the same time was demonstrated. 

 

 

 

4. CONCLUSIONS 

In this study, the effect of cold rolling on the stress corrosion cracking behavior of SUS 304 

stainless steel was investigated by employing electrochemical noise measurements coupled with slow 

strain rate testing. The results are summarized as follows: 

(1) The microstructure of SUS 304 stainless steel transformed from a single austenite phase 

to a compound of the martensite phase and original austenite phase after cold rolling with various 

degrees of rolling reduction. An increase in the degree of rolling reduction caused the content of the 

martensite phase to increase in the SUS 304 stainless steel specimen. 

(2) The mechanical properties and stress corrosion cracking susceptibility of SUS 304 

stainless steel obviously deteriorated after cold rolling. Compared with the non-rolled specimen, when 

the degree of rolling reduction was 23%, the breaking elongation and tension strength of the specimen 

decreased by 81% and 42%, respectively, after cold rolling. Additionally, when the degree of rolling 

reduction was 14%, the specimen showed the highest mechanical properties and lowest stress 

corrosion cracking susceptibility among the rolled specimens. 

(3) The noise resistance represented a continuous reduction for all the non-rolled and rolled 

specimens, which implies a decreasing corrosion resistance. The cold rolling process significantly 

reduced the noise resistance and corrosion resistance, which were highest for the specimen among the 
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rolled specimens when the degree of rolling reduction was 14%. 

(4) The stress corrosion cracking susceptibility depended on the crack initiation time which 

was determined by occurrence time of pitting corrosion and accounted for a large part of the total 

fracture time during the slow strain rate test process. Compared with the non-rolled specimen, the 

pitting corrosion for the rolled specimens occurred much earlier, which means a shorter crack initiation 

time and a higher stress corrosion cracking susceptibility. Among all the rolled specimens, the 

specimen exhibited the lowest stress corrosion cracking susceptibility when the degree of rolling 

reduction was 14% because of the latest occurrence time of pitting corrosion and the longest crack 

initiation time.  
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