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Abstract: In the present study, the microstructure evolution and material properties variation mechanism of austenitic stainless steel under pre-strain were discussed. A bilinear relationship between material properties and pre-strain was established. Both yield strength and tensile strength of the austenitic stainless increase with the increase of pre-strain, but the increment of yield strength is obviously greater than that of the tensile strength. A critical pre-strain point was put forward. When the pre-strain is lower than critical value, there is only work hardening. And when it is higher than critical value, the material properties are affected by the combined effects of work hardening and martensitic transformation. The effect of critical pre-strain is also found in the study of fatigue limit. The inherent essence of fatigue limit improvement of pre-strained material lies in the comprehensive effect of material phase transformation and plastic deformation strengthening.
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1 Introduction
Austenitic stainless steel is a kind of material with excellent comprehensive mechanical properties. It has excellent plasticity and cold workability. The main disadvantage of the solid solution austenitic stainless steel is that the yield strength is low, which limits its application. However, its high tensile strength and low yield strength allow a large plastic extension zone and good plastic reserve capacity. Austenitic stainless steel is a material with typical phase-induced plasticity. In the process of plastic deformation, the strengthening is not only caused by cold work hardening, but also the martensitic transformation due to the metastability of its microstructure.
Many scholars in different fields, such as Okayasu et al. (2015), Strizak et al. (2005) and Susmel (2005), have carried out researches on the microstructure evolution and mechanical properties of plastic deformation process, and tried to reveal the mechanism of material mechanical properties change during plastic deformation process. Park et al. (2010), Hemmerich et al. (2011) and Das et al. (2019) explored the effects of pre-strain on mechanical properties of materials with a focus on tensile pre-strain. For stainless steels and various alloys, the yield strength of materials can be improved by tensile pre-strain at the cost of reducing ductility and consequently decreased service life. Miu (2012) studied the fatigue stress response, cyclic constitutive relation and strain-life relationship of strained austenitic stainless steel materials and containers by strain-strengthened room temperature fatigue test. An et al. (2016) studied the effects of torsional plastic deformation on the tensile mechanical properties of 6063 aluminum alloy by solid circular shaft torsion test and uniaxial tensile test of pre-twisted specimens. Xiong et al. (2002) used the microstructure characteristic parameters of titanium alloy during high temperature deformation as experimental data and established the microstructure prediction model of titanium alloy during high temperature deformation process by using fuzzy neural network technology.
Because of the metastable characteristics of the microstructure, the austenitic stainless steel will induce martensitic transformation during the plastic deformation process, which directly affects the mechanical properties of the material, which has been studied by Peng et al. (2019). There must be a certain relationship between the microstructure evolution and the mechanical properties of the material. And the relationship between the mechanical properties of austenitic stainless steel and the evolution of microstructure is the key to breaking the mechanism of mechanical properties. Chaparro et al. (2008) compared the effects of gradient-based numerical algorithms, evolutionary algorithms, and a combination of optimization algorithms on the inverse parameters. Wan et al. (2017) studied the effect of chemistry on martensitic phase transformation kinetics and resulting properties of additively manufactured stainless steel. De et al. (2006) found that the martensite phase will interact with plastic deformation and produce different phenomena. Both the hardness and strength of martensite are larger than those of the austenite, so the martensite transformation process will increase the overall strength and hardness of 304 stainless steel.

These studies carried out the changes of austenitic stainless steel in the plastic deformation process from the two aspects of material mechanical properties and microstructure evolution, but lack of systematic and reliable understanding of the relationship between the two methods.
The paper mainly studies the mechanical properties and microstructure evolution of austenitic stainless steel under pre-strain process, and established the laws of mechanical properties and microstructure evolution of materials, which we hope to provide reasonable and reliable technology support for the combination of macroscopic testing and finite element analysis.
2 Preparation of pre-strain specimens
The material of pre-strained specimens is 304 austenitic stainless steel. Geometric parameters of the pre-strained specimens are shown in Fig.1. The thickness of the specimen is 0.6mm. The length of clamped part is 50mm and parallel part is 100mm. The total length is 260mm. 
Six different pre-strain states of the specimens as shown in Fig.2 are considered in the present study, which contains the original state, 5% pre-strain, 12.5% pre-strain, 20% pre-strain, 27.5% pre-strain, and 35% pre-strain state. The extensometer with gauge length of 12.5mm and range of 50% is selected considering the measurement accuracy of large pre-strain. To avoid heating of the 304 stainless steel, the loading speed is set at 1.5mm/min in the preparation of pre-strain specimens. When the measured stain reaches pre-strain needed, we stop loading and measure the residual plastic strain. We also reprocess the side of the specimen and sanding the local side edges and corners by sandpaper to reduce local stress concentration. Thirty samples are prepared for each pre-strain specimen. Three specimens of them are used for microstructure analysis and ferrite content test. Five specimens of them are used for tensile mechanical properties testing. And the rest are used for material fatigue performance testing.
3 Tensile mechanical properties

The engineering stress-strain curves of the tensile loading process of different pre-strained specimens are shown in Fig. 3. The tensile mechanical properties are shown in Table 1. It is worth noting that the pre-strain described here is converted from the deformation test results in the pre-strained specimen tensile preparation, which includes elastic deformation and plastic deformation. It can be seen from Table 1 that there is a deviation (elastic deformation component) between the plastic strain tested after unloading and the pre-strain expected, but the deviation is relatively small (mainly within 1%). In order to maintain the consistency of the contents, we will not distinguish the difference between pre-strain tested and expected in the subsequent study.
It can be seen from Table 1 that he original 304 stainless steel has low yield strength, very high deformation hardening ability and elongation. Both yield strength and tensile strength increase linearly with the increase of pre-strain and the increase of yield strength is obviously greater than that of tensile strength, which leads to the decrease of the yield ratio of the material with the increase of pre-strain. Similar nature of stress-strain behavior was also reported by Ji et al. (2019) and Kim et al. (2012). When the pre-strain is 35%, the yield strength reaches about 1000MPa, which is 3.4 times stronger than that of the original state, while the tensile strength is nearly 2 times. The elongation shows a linear downward trend with the increase of pre-strain, but the specimens still exhibit an elongation of more than 30% when the pre-strain is 35%.
The total plastic strain in Table 1 represents the sum of the plastic strain corresponding to the pre-strain of the specimen and the elongation in the tensile test. It can be seen that as the pre-strain increases, the total plastic strain of the material decreases greatly. For example, the total plastic strain of the 5% pre-strained specimen decreases by about 7% compared with the original state. But when the initially pre-strain of the specimen reaches 12.5%, the initial pre-strain improvement will almost no longer affect the total plastic strain of the specimens. For example, the total plastic strain of 20% pre-strained specimen is 0.5% higher than that of 12.5% pre-strained specimen. 
304 austenitic stainless steel is a metastable stainless steel with a fairly high degree of plasticity. High plasticity comes from a combination of two different plastic mechanisms: sliding and martensitic transformation. Meanwhile, since the face-centered cubic structure is denser than the body-centered cubic structure, the martensitic transformation itself will cause volume expansion, which further leads to the plastic slip of the surrounding austenite matrix. Studies have shown that as long as the martensite transformation occurs slowly during the deformation process, not too early or too much, the martensite transformation process can significantly relax the internal stress, thereby reducing the local overstress and hindering the crack propagation. This phenomenon was firstly discovered by Bogachev et al. (1972). 304 stainless steel has not only high plasticity, but also high tensile strength. Although the microstructure after solid solution treatment of 304 stainless steel is softer austenite phase, whose yield strength is lower, the yield strength and tensile strength of the material are significantly improved by the pre-strain.
Corresponding to plastic deformation, the pre-strain strengthening mechanism of 304 stainless steel includes two parts: strain hardening and martensitic transformation strengthening. Strain strengthening comes from high-density dislocations caused by austenite lattice distortion. Since martensite is a hard phase, its degree of strengthening is proportional to the volume fraction of martensite transformation. When severe deformation occurs, the martensite lattice will distort which leads to higher dislocation enhancement. As the increase of pre-strain, total plastic strain decreases first and then gradually stabilizes. There are two main reasons for this phenomenon. Firstly, strain hardening reduces the elongation of the specimen pre-strained. Secondly, martensitic transformation improves the toughness during the stretching process. When strain hardening and martensitic transformation effect reach equilibrium state, total plastic strain maintains basically unchanged.
The yield strength, tensile strength and elongation of different pre-strained specimens were linearly fitted with the pre-strain relationship, which as shown in Fig.4. It can be seen that all yield strength, tensile strength and elongation nearly have linear relationships with the pre-strain. But it is noteworthy that there is a deviation between the original state and 5% pre-strained material properties compared to the fitted curve. This is also related to strain harding, martensitic phase transition effect.
4 Microstructure analysis

Metallographic analysis of the original state and different pre-strained specimens is carried out. The inlaid specimens are pre-polished, polished, and then partially stained with 1.5g copper chloride, 3ml hydrochloric acid, 33ml ethanol and 33ml water as corrosive agents. The martensitic is black and the austenite is white. The specific content of martensite is tested by FMP30 ferrite measuring instrument. Since the thickness of the test piece is thin, the measurement result is corrected according to the size of measuring instrument.
The metallographic structures of the original state and different pre-strained materials are shown in Fig. 5. As can be seen from Fig. 5(a), the basic structure of the original state 304 stainless steel is austenite grains with many annealing twins. There is also a very small amount of ferrite in some region. The average grain size of austenite is about 22μm. In the 5% pre-strained specimen, except for twins, there are also some plastic slip zones in some region of the metallographic which are shown as dark strip-like regions in Fig.5(b). The plasticity of the twins does not change during the deformation process. The plastic sliding bands are perpendicular to each other and 45° with the direction of tensile load. For martensite transformation induced by metastable austenite strain, the martensite tends to appear in the cross-sliding position. So, the transformed martensite and the slip zone are difficult to distinguish. When the pre-strain reaches 12.5%, more than half of the grains have plastic sliding zones and a dense dark-colored slip zone appears in some grains. When the pre-strain reaches 20%, almost all the grains have plastic sliding zones. Some of the grains have been shredded and a few grains are completely plastic deformed. When the pre-strain reaches 27.5%, the grains gradually turn to the same direction, and show a relatively obvious band-like structure accompanied by the increase content of martensite. When the pre-strain reaches 35%, nearly 80% of the grains are completely plastic deformed, while the content of martensite increases more.
The martensite transformation can be tested according to the ferrite content of different pre-strained specimens. Fig.6 shows relationships between the measured martensite transformation proportion and pre-strained statess. In the case of 5% pre-strained specimen, the amount of ferrite is very small. Neither magnet nor the ferrite measuring instrument can detect it. When the pre-strain exceeds 10%, martensite transformation begins and increases gradually, which is consistent with the analysis of the metallographic structure of the material. The content of martensite transformation increases with the increase of pre-strain. It is also worth noting that the relationship of the polynomial fitting in Fig.6 can not reflect the fact that martensite transformation does not occur under small pre-strain, which will be explained in detail in the subsequent analysis.
5 The effects of pre-strain on mechanical properties and microstructure

With the development of manufacturing technology and the increase of structural complexity, the structural mechanical analysis is more dependent on the mechanical performance test and finite element analysis. Post established a finite element model containing isothermal martensitic transformation, stress-induced phase transition, strain-induced phase transition, work hardening and its aging behavior. The Jhonson-Mehel criterion for martensite transformation under plastic conditions, introduced by Tourki et al. (2005), is generally recognized, and the relationship between martensite transformation and true strain is shown as Eq.(1).
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Fig.7 shows the relationship between the true strain and the martensitic transformation obtained by the experimental test compared with that based on the Jhonson-Mehel formula. It can be seen that the test results are significantly different from those obtained by the Jhonson-Mehel formula. The main reason for the difference is that the martensitic thermodynamics and transformation kinetics of the metastable 304 stainless steel material depend on factors such as chemical composition, heat treatment, temperature, cold working and stress state. In this case, the hardening behavior of 304 stainless steel in the pre-strain process has a large error with the assumption of the Hollomon-type hardening characteristics in the Jhonson-Mehel formula. Therefore, the relationship between the microstructure and pre-strain cannot be accurately established by the traditional formula.
From Fig.4 and Fig.7, it can be seen that there is a deviation between the tested value and that in the fitted curves in mechanical properties and martensitic transformation when the pre-strain is small. But when the pre-strain exceed a certain value, the mechanical properties and the amount of martensite transformation are relatively stable with pre-strain. 304 stainless steel is affected by the combination of material strain aging and martensitic transformation during pre-straining. There is a balance point between the effect of the mechanical properties and that of the martensite content. The balance point is directly determined by strain aging and martensitic transformation. Therefore, it is significant to determine the critical balance point of these two effects in order to study the relationship between mechanical properties and microstructure. Through the observation of metallographic structure, the amount of martensitic transformations is very small under small pre-strain conditions. When the pre-strain exceeds 10%, the martensite transformation gradually appears and increases. In order to establish a more accurate relationship between martensitic transformation and pre-strain, we refit the relationship in Fig.7 considering the difference between the initial small pre-strain and the large pre-strain. A new bilinear fitting method is adopted, which can be seen in Fig.8. The new bilinear fitting describes the phenomenon more accurately that martensite does not undergo phase transformation under small pre-strain. The intersection of two straight lines is the critical balance point of martensite phase transition, which is 10.7%. The result is consistent with that in the observation of metallographic structure. When the pre-strain exceeds the critical balance point, the martensite begins to have phase transition.
The mechanical properties of 304 stainless steel during pre-straining are affected by both strain aging and martensitic transformation. The effect of strain aging on the mechanical properties is relatively straightforward and the induced stress strengthening and elongation variation are relatively consistent. While the influences of the martensitic transformation on the critical pre-strain points are different due to different microstructure evolution in the small and large pre-strain materials. This leads to deviation in the relationship between the mechanical properties and pre-strain under small pre-strain conditions. Therefore, we refit the bilinear relationship and the results are shown in Fig.9. Different pre-strain states are taken into account during the fitting process, so that we can more accurately obtain the relationship between the mechanical properties and pre-strain with the correlation coefficient no less than 0.98. The intersection of the lines is located near 10% pre-strain, which is consistent with the critical pre-strain of the martensitic transformation. It also shows that the bilinear relationship is formed because the deformation of the small pre-strained martensite does not occur in small pre-strain.
6 Fatigue of different pre-strained specimens
6.1 Fatigue properties of different pre-strained specimens
The fatigue properties of the materials were studied for the pre-strain of original state, 5%, 12.5%, 20%, 27.5% and 35%. The specimen preparation process was the same as the material mechanical properties test. According to the processing of the sheet fatigue specimen, the side of the specimen is reprocessed. The local corners are polished for reducing the stress concentration and avoiding the early cracking. The thickness of specimen is only 0.6mm, so only a tensile fatigue test with stress ratio of 0.1 is performed. Five sets of fatigue stress tests were carried out for each set of specimens. When the number of loadings exceeded 1.2 million and the specimen was not cracked, the fatigue life of the material was recorded as 1.2 million times, which resulted in a relatively conservative material fatigue limit.
The Smax-2Nf curve of the specimen with different pre-strain is shown in Fig.10. The horizontal axis is the number of load reversals, the vertical ordinate is the maximum stress and the stress ratio is 0.1. The maximum stress and failure reversal times with different pre-strain are linearly related in the logarithmic coordinate system. But the dispersion of the fatigue curve increases with the decrease of the stress level. After reducing the stress, the dispersibility of the fatigue life is mainly affected by two factors as follows. Firstly, the proportion of local stress concentration factors increases with the decrease of the overall stress level. Secondly, in the experiment the initial thickness of the sample is 0.6 mm and the thickness of pre-strained specimen is even further thinned, thereby inevitably forming local thickness unevenness.

The fatigue life obtained from Smax-2Nf curve of different pre-strained specimen is shown in Table.2. As the pre-strain increasing, the fatigue limit increases. Compared with the original specimen, although the yield strength of the 5% pre-strained specimen is greatly improved, the fatigue limit’s increasing is very limited, and the increasing is similar to the increasing of the tensile strength. From the observation of the structure and the measurement of the ferrite, it is also shown that the 5% pre-strained specimen does not exhibit a martensitic transformation, which also indicates that the austenite is stable under a small plastic deformation condition. The lower strain strengthening can only increase the yield strength at low pre-strain, and the effect on tensile strength and fatigue performance is relatively little. When the pre-strain reaches 12.5%, about 2% or more of martensite transformation occurs which increasing the tensile strength and fatigue properties. Along with the pre-strain increasing, the fatigue performance increases gradually.

The relationship between fatigue limit and pre-strain is shown in Fig.11. The fatigue limit is also bilinear with the pre-strain, while the critical pre-strain point is also near 10%. From the fatigue limit, pre-strain level and its martensitic transformation, it can be seen that the fatigue limit is ostensibly determined by strength of the material, but its intrinsic mechanism still has the factor of phase transition. The austenitic structure of 304 stainless steel is metastable and martensite transformation is produced under certain plastic deformation conditions. Since martensite is discontinuous in the face-centered cubic lattice, and the development of martensite dislocations requires higher energy, martensite transformation makes martensite to be pinned at the interface of dislocations, suppressing dislocation motion. But with the increasing of martensite, the combination of plastic strengthening and martensitic transformation strengthening increases the dislocation density of the transition zone, the non-transition zone. This will hinder the further movement of dislocations under higher stress, reduce the occurrence of reversible plastic damage, thereby improve the fatigue properties of the material.

6.2 Analysis of fatigue fracture
The fracture of the fatigue test was observed by scanning electron microscopy. The characteristics of the low-fold shape of the fracture and the scanning electron microscopy of the crack initiation zone are shown in Fig.12. All the fractures have the typical radiation pattern and quasi-cleavage characteristics of the fatigue fracture at the location of the crack initiation zone. The location of the radiation pattern convergence is the crack initiation position of the fatigue crack. The crack initiation zone mainly occurs at the angular stress concentration position (Fig.12(a)), the defective position on the sheet width (Fig.12(b)), and the scratch or foreign matter influence position (Fig.12(c)). The angular position of the arc has a small transition radius. Although it is sanded by sandpaper, it is still a serious area of stress concentration. 304 stainless steel is soft under solid solution treatment, especially easy to cause scratches during operation. These factors lead to shortening of crack initiation life of fatigue crack, and the fatigue life curve is conservative.
The fatigue crack growth zone morphology is shown in Fig.13. Fatigue striation is the most typical feature of fracture under fatigue load. Especially for face-centered cubic materials, fatigue fringe is remarkable. The fracture extension area of specimens below 12.5% pre-strain is very similar. The fracture is relatively flat at high magnification, while plastic deformation of the surface is obvious. But the fatigue fissure is unclear in some local regions. As the pre-strain increases, the plastic deformation layer is more obvious, while the fatigue striation is gradually clearer. When the pre-strain reaches 35%, in addition to the clear fatigue fringes, there are many secondary cracks between the striations. The specimens begin to brittle, but still show ductile tough fatigue fracture. In the fatigue crack process, the plastic cumulative damage is not only reflected in the fracture characteristics, but also promotes the transformation of austenite to martensite. Both the initial state and pre-strained specimens showed higher magnetic properties at the fracture position than the positions far away from the fracture, which indicates that a significant martensitic transformation occurred near the fracture.

The shape of the final fracture zone is shown in Fig.14. The fatigue crack propagates until the remaining area cannot withstand the maximum load. Since the initial specimen thickness is 0.6mm and the material has excellent toughness characteristics, the damage is mainly shear fracture. The shear width on both sides exceeds half of the thickness, and the principal stress is 45°. And the broken fiber region is reduced as the thickness is reduced. The dimples in the shear lip region are 45° obliquely elongated shear dimples, and the plastic deformation is significant. The broken fiber regions are equiaxed dimples, and the bottom of some dimples has small inclusions. It showed that the material has good smelting quality and an important reason for the original sample to have an elongation of more than 70%.

7 Conclusions

In this paper, the mechanical properties and microstructure evolution of 304 stainless steel under pre-strain process are studied. Combined with the analysis and testing of different pre-strained specimens, the mechanism of mechanical properties changes is revealed. Some useful conclusions can be drawn.
1) The yield strength and tensile strength of the austentic stainless steel increase with the increase of pre-strain. The increment of yield strength is obviously greater than that of tensile strength. The elongation of material decreases with the increase of pre-strain. But even at 35% pre-strain, the initial pre-strained sample still has a good elongation.
2) A bilinear relationship between tensile properties, microstructure evolution and pre-strain is established. The critical pre-strain is the turning point of tensile properties and microstructure change. When it is lower than the critical pre-strain point, there is only work hardening. And when it is higher than critical value, the tensile properties of the material at the pre-strain point are affected by the combined effects of work hardening and martensitic transformation.
3) There is also a bilinear relationship between material fatigue limit and pre-strain. The inherent essence of fatigue limit improvement of pre-strained material lies in the comprehensive effect of material phase transformation and plastic deformation strengthening. The combination of plastic deformation strengthening and martensitic transformation strengthening makes the transformation. The dislocation density of both the zone and the non-transition zone is significantly increased, which hinders the further movement of the dislocation and reduces the occurrence of reversible plastic damage, thereby improving the fatigue performance of the material.
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