Surface-dependent mechanical behavior of ultra-thin 304L stainless steel
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Abstract
Size effect occurs when sample dimension approaches the characteristic microstructure size. Such size effects on mechanical properties and microstructural evolution were investigated for an ultra-thin 304L stainless steel sheet with only less than 20 grains through thickness. It is found that the surface grains exhibit a weaker strain hardening than interior counterparts due to promoted annihilation of statistically-stored dislocations. Finite element analysis demonstrates good agreement with experiments.
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Driven by the developments of micro-system technology and micro-electro-mechanical systems, the demand for metallic micro-parts has rapidly increased in recent years. Among various micro-processing techniques, micro-forming is the most reliable and economical for the mass production of metallic micro-parts [1]. During micro-forming, the deformation of a processed sample depends on its internal microstructure, such as grain size and grain orientation, and additionally on its external sample dimensions [2]. Such size effect on deformation generally occurs when the sample dimensions reduce to be comparable to the characteristic size of microstructure [3, 4]. The precise prediction and control of the micro-forming of metallic parts remain significant challenges due to the complexity caused by the size effect [5].
Recently, extensive efforts have been made to explore the size effect on the flow stress [6], plastic anisotropy [7] and deformation mechanisms [8] of metallic crystals. In most cases, the small samples are considered to exhibit uniform mechanical properties and microstructures, particularly for modeling and numerical studies [5-11]. The size effect is generally evaluated as the overall changes in mechanical properties and microstructures with external dimensions. Nevertheless, considering the general effects of free surface on microstructural evolution, e.g., dislocation multiplication [12], the grains in the surface layer are expected to undertake different microstructural evolution compared to the interior counterparts with only grain boundaries, and therefore exhibit different strain hardening behavior during deformation. In particular, as the sample dimensions decrease, the volume fraction of surface grains can become sufficiently large that they should be treated as a different material compared to the interior counterparts for modeling and simulation. In other words, small samples can be considered as composites of surface material and interior portion with different mechanical properties.
In the present investigation, we explored such composite behavior in an ultra-thin 304L stainless steel sheet that possesses less than 20 grains along the thickness direction. The respective evolutions of local mechanical properties and microstructures of surface and interior grains were characterized using nanoindentation and electron backscatter diffraction. Besides, finite element analysis was conducted using a model with the respective mechanical properties for surface and interior grains as constitutive input. Current experimental and numerical results demonstrate the necessity of treating surface and internal materials separately when their external dimensions approach the characteristic microstructure size.
A commercial ultra-thin 304L stainless steel was used in this investigation. The as-received annealed and un-stamped sheet with a nominal thickness of 75 μm (designated as US) was used for tensile tests. Dog-bone shaped tensile samples with a gauge length of 10 mm and width of 3 mm were machined by electrical discharge machining. Uniaxial tensile tests were performed using a universal tensile machine at a nominal strain rate of 10-3 s-1 at room temperature. Digital image correction (DIC) was used for strain measurement. The same stainless steel with a slightly different nominal thickness of 100 μm subjected to micro-stamping at room temperature (designated as MS) was also investigated. Samples for microstructural characterization and nano-hardness tests were first mounted in phenolic resin. Then the cross-section of sheets was subjected to mechanical grinding and polishing for a smooth surface. Electron backscattered diffraction (EBSD) was carried out in a Zeiss Sigma300 scanning electron microscope (SEM) operated at 20 kV. The nano-hardness tests were conducted in a G200 Agilent nano-indenter equipped with a Berkovich tip under displacement mode and an indentation depth of 300 nm.
The finite element analysis (FEA) model is based on the meso-approach. The element size is the average grain size of the MS sample to capture the details of the strain gradient along the thickness. The grain orientation for each element is assigned based on a random distribution since no strong texture is found before and after micro-stamping. The material properties such as yield stress (YS) and ultimate tensile strength (UTS) are determined using the nanoindentation measurements data as a reference and additional adjustments based on the correlation between forming failure strain measurements and FEA predictions.
Fig. 1(a) displays the engineering stress-strain curves of eight US samples, which were interrupted at different strain levels. Each interrupted sample follows the same stress-strain relation, demonstrating good repeatability. US samples have a YS (Rp0.2) of 294±3 MPa, with a good strain hardening rate leading to a UTS of 620 MPa and a total elongation of 56%. 
To study the deformation behavior, EBSD is performed on interrupted US samples. The maps showing the distribution of phases and densities of geometrically-necessary dislocations (GNDs) at different strain levels are displayed in Fig. 1(b, c), respectively. Full austenitic microstructure with an average grain size of 6.5 μm is observed before the tensile test as shown by the phase maps in Fig. 1(b). The grain size is quite large compared to the sample thickness. Therefore, it is reasonable to divide these grains into two categories: surface grains with free surfaces and interior grains with only grain boundaries. Notable martensitic transformation initiates at the strain of 20%, indicating martensitic transformation is activated when the true stress reaches 646 MPa (engineering stress of 536 MPa). The area fraction of martensite increases gradually with strain as summarized in Fig. 1(d) and finally to around 26% after fracture. Obviously, martensitic transformation in US samples is rather random and homogeneous and there is no preference in either surface or interior grains, demonstrating that martensitic transformation may have similar contributions of strain hardening on surface and interior. 
In addition to martensitic transformation, dislocation multiplication in austenite throughout plastic deformation is another important deformation mechanism and a key factor for strain hardening [13]. Based on the EBSD results, the GND density was calculated by:  [14, 15], where b is the Burgers vector and S is the scanning step size (0.5 μm) and θKAM (kernel average misorientation) is quantified by the nearest neighbors method [16]. The distribution of GND density at different strain levels is displayed in Fig. 1(c), which is quite homogeneous across the section. Further quantitative analysis was carried out in three selected layers in the cross-section, representing the top surface layer, interior layer and bottom surface layer as delineated in the inset of Fig. 1(e). For each layer, the GND density of austenite within the layer was calculated and the distribution function is summarized in Fig. 1(e). Again, the distribution function demonstrates that the GND densities are similar among layers regardless of strains. 
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Fig. 1 Mechanical property and microstructure of US sheets. (a) Engineering stress-strain curves interrupted at different engineering strains. (b) phase maps and (c) GND maps of interrupted samples. (d) Martensite fraction evolution with engineering strain. (e) GND density distribution of top, middle and bottom layers at different strains.
Nanoindentation mapping was conducted on the cross-section of interrupted US samples with one typical example shown by an SEM image in Fig. 2(a). After nanoindentation, EBSD was carried out to determine the grain structure in the same region as shown in Fig. 2(b). The indents near grain boundaries are disregarded since grain boundaries can cause softening effect [17] and an underestimation of the hardness of the microstructure. The softening effect of grain boundary is also proved by the hardness values of the center line with/without grain boundaries as shown in Fig. 2(c). Besides, the data points obtained at martensite are not considered either since the hardness in this condition is dominated by martensite instead of dislocation density [18]. Based on this, the nanoindentation points are selected to evaluate the hardness of surface and interior grains as marked by the orange and blue circles, respectively, in Fig. 2(b) and the results were summarized in Fig. 2(d). 
The fluctuation of hardness is relatively large, yet it is common for nanoindentation measurement because of the influence of various factors, such as grain orientations, which should not affect the general trend. The hardness of austenite in both surface and interior grains increases with strain. Interestingly, the austenite grains in the surface layer always exhibit a lower hardness than that in the interior, demonstrating a weaker strain hardening. This could be due to less dislocation multiplication, such as enhanced dislocation annihilation via free surface [12]. The map of GND density in Fig. 1(e) does not show a noticeable difference between surface and interior, which seems to contradict the results of nano-hardness. Nevertheless, it is noted that statistically-stored dislocations (SSDs), which is a main contributor to strain hardening [19, 20], cannot be captured by EBSD. The difference in nano-hardness between surface and interior could be due to their different SSD densities which cannot be shown in the EBSD GND density maps.
For the austenite grains in US samples, the strain hardening should be controlled by dislocation multiplication during plastic deformation [13]. According to the literature, the stress-strain relation of a metallic material, of which the strain hardening is dominated by dislocation multiplication, can be generally described by the Hollomon equation [21, 22]:
                                                                          (3)
where k is a material’s constant and n is the exponent representing the strain hardening ability of the material, i.e. a larger n indicates a stronger strain hardening ability. Considering the small thickness of samples, it is impractical to conduct either tensile or compression tests to determine the n of the surface and interior grains. Instead, considering the general linear relation between hardness and flow stress [23], it is a reasonable approach to obtain n via probing local hardness using nanoindentation. Equation (3) thus becomes:
                                                                          (4)
The evolution of hardness of austenite grains with strain is fitted with Equation (4) for surface and interior grains as shown in Fig. 2(d). The strain hardening exponent (n) of austenite grains in the surface layer is (0.129±0.010), smaller than that (0.145±0.025) in interior, which further demonstrates that the surface grains exhibit weaker strain hardening compared to that of interior grains. It is noted that deformation induced phase transformation from austenite to martensite and the second phase effect play an essential role in the tensile specimen’s overall strain-hardening behavior. The present study focuses on surface and internal austenite hardening behavior only. It is hence understandable that the above n-value from nano-indentation on austenite is smaller than that from the tensile test strain-stress curve (around 0.4 in the present case).
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Fig. 2 Nano-hardness of US sheets. (a) SEM image of matrix nanoindentation. (b) Grain boundary overlapped with band contrast map to distinguish interior grains and surface grains with free surfaces. (c) Average nano-hardness at center line with/without grain boundary indents. (d) Respective evolution of nano-hardness with true strain of interior grains and surface grains, and power law fitting according to Hollomon equation.
The results of simulation and microstructure characterization of the micro-stamped samples are shown in Fig. 3. Different positions of the MS sample underwent different plastic deformation, two of which were selected for further microstructural characterization, marked by dashed rectangles as displayed in Fig. 3(a). The corresponding rectangles in the SEM image in Fig. 3(b) show the locations for EBSD measurement. In Fig. 3(c), a noticeable strain gradient is captured by the GND map, indicating enormous strains at the left part and the right edge while a low strained area shows up in between. In addition, most austenite grains remain stable while the martensite phase indicated by red arrows is observed in the highly strained areas with strain predicted to be higher than 0.16. This correlates with the tensile sample characterization in Fig. 1(b) where the martensitic phase starts to show up at around 0.2 strain. Another characteristic position is shown in Fig. 3(d). Similarly, an increased GND density is observed from the left side to the right side of the cross-section, and martensite is also observed in the highly strained area. For both positions, the surface experiences tension and exhibits higher strain, more GND accumulation and more martensitic transformation.
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Fig. 3 Comparison between FEA simulation and EBSD of MS sheets. (a) FEA simulation result with two selected positions indicated by dashed rectangles. (b) SEM image. (c1) GND map and (c2) phase map of c position. (d1) GND map and (d2) phase map of d position.
Nano-hardness can be a supplementary evaluation in addition to EBSD as aforementioned. Nanoindentation mapping was conducted on the selected positions and the results are shown in Fig. 4. For the un-deformed segment of the MS sample, the nano-hardness is quite homogeneous with an average value of 5.8 GPa as demonstrated in Fig. 4(a). Fig. 4(b) corresponds to the c position in Fig. 3(a). A strain gradient from bottom-left to top-right is predicted from the optical image overlapped with the simulation. As presented in the nano-hardness contour map, high values of around 13 GPa are observed at the bottom-left area. On the other hand, due to the softening effect of grain boundaries and less hardening of surface grains, low hardness values of 5-6 GPa can also be found at both the section interior and surfaces. The FEA simulation shows a good correlation with the nano-hardness at this position. The matrix nanoindentation done on the d position is shown in Fig. 4(c). The result confirms again the validity of the respective-hardening-based FEA simulation since higher nano-hardness values are primarily at the top-right area of the cross-section as expected.
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Fig. 4 Comparison between FEA simulation and nano-hardness of MS sheets. (a1-a3) undeformed position. (b1-b3) c position and (c1-c3) d position in Fig. 3(a). (a1, b1, c1) Optical image indicates the nanoindentation position, (a2, b2, c2) SEM image presents good indentation obtained, and (a3, b3, c3) nano-hardness contour map visualizes the hardness distribution through cross-section.
In summary, the microstructure and mechanical behavior of ultra-thin 304L stainless steel sheets were investigated with a particular focus on the difference between surface and interior austenite grains. It is found that the surface austenite, i.e. grains with free surfaces, exhibit a weaker strain hardening ability than the counterpart interior grains. The martensitic transformation and the GND density evolution in the surface and the interior follow the same trend during deformation, while other types of dislocations, such as SSD, could be a potential reason causing the difference in hardening. Based on nano-hardness, the Hollomon hardening exponents of surface grains and interior grains can be calculated. The respective hardening behavior has been successfully adopted in the FEA simulation of micro-stamped sheets, which shows a reasonable correlation with the microstructure evolution and the nano-hardness distribution, indicating the importance of treating surface microstructure and mechanical properties differently from internal material in miniaturized product design.
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