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Abstract:



High-frequency impacting and rolling was applied on AZ31B magnesium alloy to obtain a gradient nano-structured surface. Surface characteristics were experimentally investigated, and the nanocrystallization mechanism is discussed in detail. Results showed that the gradient nano-structure with the characteristics of work hardening, compressive residual stress and a smooth surface was induced on the treated surface. Grains on the top surface were generally refined to around 20 nm. Twins, dislocations and dynamic recrystallization dominated the grain refinement process. Fatigue strength of the treated specimens corresponding to 107 cycles was increased by 28.6% compared to that of the as-received specimens. The work hardened layer induced by high-frequency impacting and rolling is the major reason to improve fatigue life.
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1. Introduction


Magnesium alloys are extensively used in aerospace, electronics, military and other industry fields for weight reduction effectiveness [1,2,3]. However, the application of magnesium alloy has been limited by its low absolute strength and poor fatigue performance. The above problems will hopefully be resolved with the rapid development of surface strengthening technology [4,5,6]. Surface nanocrystallization induced by severe plastic deformation (SPD) has been drawing more and more attention in recent years [7,8,9]. Current surface strengthening methods generally include shot peening (SP), ultrasonic shot peening (USP), surface mechanical attrition treatment (SMAT), cryogenic burnishing, etc. The past studies showed that SPD on the material surface can effectively improve the fatigue performance of structural components. For example, Gao [10,11] investigated the influence of SP on the tension-tension fatigue properties of two kinds of high strength Ti alloys and found that fatigue strength for 1 × 107 cycles can be increased by 27%–29%. Arakawa et al. [12] studied the effect of USP on the fatigue characteristics of high strength structural materials of hydroelectric facilities, and the results showed that the fatigue limit of the treated material was approximately increased by 60%. For the high strength materials, the higher compressive residual stress can be formed and maintained after surface strengthening treatment, and the fatigue properties can be better improved [13,14]. As to low strength materials (magnesium or aluminum alloy), the lower compressive residual stress induced by surface strengthening treatment is easily relaxed at the moment a random or occasional high load appears, which will result in a limited improvement of fatigue properties. Therefore, it is unusual to improve the fatigue properties of low strength materials by surface strengthening treatment. For example, Lu et al. only studied the surface nanocrystallization mechanism of magnesium alloy based on SMAT technology [6]. Tsai et al. [15] also only analyzed the relationship between the microstructure and properties for different processing parameters of SMAT. Jordan Moering et al. studied the microstructural and textural development along the depth under the effect of SMAT by electron backscattered diffraction (EBSD) [16]. Pu et al. [17] proposed a new method called cryogenic burnishing. For the Mg-Al-Zn alloy treated by cryogenic burnishing, a large increase in microhardness from 0.86–1.35 GPa was obtained, and grains were refined from 12 μm down to 263 nm. However, the fatigue performance of Mg-Al-Zn alloy based on cryogenic burnishing treatment still has not been studied.



Generally, SPD methods are easy to result in the increase of surface roughness, cause a large stress concentration and deteriorate the improvement of fatigue life. High-frequency impacting and rolling (HFIR) as a kind of newly-developed surface nanocrystallization technology has been attracting more and more attention in recent years. HFIR treatment can generate a gradient nano-structured surface, as well as significantly reduce surface roughness. In this study, HFIR was used to treat AZ31B magnesium alloy to obtain a gradient nano-structured surface. Then, the nanocrystallization mechanism was discussed in detail, and the effect of surface nanocrystallization on the fatigue fracture mechanism of magnesium alloy was analyzed.




2. Material and Experiments


2.1. Material


The material used was AZ31B magnesium alloy, and the microstructure is shown in Figure 1, which consists of unevenly-equiaxed grains and a small amount of second β-Mg17Al12 phase precipitating along grain boundaries. The yield strength and the ultimate tensile strength through experimental measurement are about 174 MPa and 246 MPa, respectively.


Figure 1. The microstructure of AZ31B magnesium alloy.
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2.2. Fatigue Specimen and HFIR Treatment


The basic principle of HFIR treatment is similar to the ultrasonic surface rolling process proposed by Wang [18,19,20]. However, HFIR has a higher frequency, which can ensure the uniformity of grain refinement. Before fatigue tests, the hour glass specimen shown in Figure 2 was treated by HFIR.


Figure 2. The hour glass fatigue specimen and high-frequency impacting and rolling (HFIR) schematic diagram.
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The detailed processing parameters include impacting frequency of ~27 kHz, an amplitude of ~7.0 μm, a rotating speed of 110 r/min, a feed quantity of 0.1 mm/r and a suitable static force. The tension-tension axial fatigue tests of as-received and HFIR specimens were performed on a 20 kN high-frequency fatigue testing machine (CIMACH, Changchun, China) under constant amplitude load with the stress ratio R = 0.5 at room temperature to evaluate the effect of the applied treatments on the fatigue strength.




2.3. Microstructure Observation


The overall appearance of the deformed layer was observed by an Axio Imager A1m type of optical microscope (OM, ZEISS, Oberkochen, Germany). The microstructures of the top surface, 80 μm and 160 μm from the treated surface were examined by a JEM-2100F type of transmission electron microscopy (TEM, JEOL, Tokyo, Japan). For TEM examination, flat specimen instead of round bar specimen was used to get the thin slices of different depths. HFIR parameters for the flat specimen are the same as those for the round bar specimen. Only rotating feed of the round bar specimen was replaced by the linear feed of the flat specimen. Fatigue fractures were investigated through a VEGA3 type of scanning electron microscope (SEM, TESCAN, Brno, Czech Republic).




2.4. Surface Roughness, Microhardness and Residual Stress Measurements


Surface roughness was detected using a 2201 type of surface roughness tester (Harbin Measuring and Cutting Tool Group Co., LTD, Harbin, China). Surface roughness (Ra) after HFIR was decreased from 1.38 down to 0.121. Such low surface roughness is hardly realized by other SPD methods. Microhardness variation from the top surface to the interior was determined by an MH-3 Vickers microhardness tester (Shanghai Hengqi Precision Machinery Plant, Shanghai, China) with a load of 100 g and loading time of 10 s. The X-ray scattering technique was used to test residual stress profiles [19].





3. Results and Discussion


3.1. Microstructure and Microhardness Distribution of the Work-Hardened Layer


Figure 3 presents the cross-sectional microstructure of HFIR specimen. Clearly, due to the effect of high-frequency impacting, the microstructure of material surface is distinctly smaller and denser compared with that of matrix. Meanwhile, the constant rolling pressure also caused the plastic slip of the surface material, which is marked by the yellow arrows.


Figure 3. The cross-sectional microstructure of the HFIR specimen.
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The thickness of work hardened layer is around 210 μm, which can be clearly distinguished from the matrix (see the red line in Figure 3). The thickness of the work-hardened layer was also estimated through the variation of microhardness along depth direction, as shown in Figure 4.


Figure 4. The cross-sectional microhardness of as-received and HFIR specimen.
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The measurement results indicated that the highest microhardness was obtained on the top surface and then decreases gradually as going into the matrix. This microhardness variation was caused by the gradient nanostructure from the top surface to the matrix.




3.2. Discussion of Surface Strengthening Mechanism


With the increase of plastic deformation, twins, dislocations and dynamic recrystallization (DRX) gradually dominate the surface nanocrystallization process, which has been studied by Lu et al. [6] based on AZ91D alloy treated by SMAT. Here, the surface strengthening process of AZ31B alloy treated by HFIR was further investigated through TEM.



3.2.1. The 160-μm Deformed Layer from the Top Surface


The TEM bright field image at about 160 μm below the top surface of the treated AZ31B alloy is shown in Figure 5. As can be observed, the deformed twins or lath-like substructures with a width of 300–500 nm have been produced in some original grains. A large amount of dislocations and dislocation tangles can be observed in these twins or lath-like substructures in Figure 5a. In addition, dislocation cells were also found in this deformed layer (see Figure 5b). There is still a regional deformed feature under the condition of relatively homogeneous plastic deformation in the same deformed layer.


Figure 5. TEM image of the 160-μm deformed layer from the top surface. (a) Twins and (b) dislocation cells.
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3.2.2. The 80-μm Deformed Layer from the Top Surface


The TEM bright field image at about 80 μm below the top surface is shown in Figure 6. Some clear boundaries of sub-grains have been formed in this layer, and the size of sub-grains has reached around 200 nm. Meanwhile, there is a high density of dislocations and dislocation tangles around black precipitated phases in part of the sub-grains. These sub-grains will be further separated by the above high density of dislocations at the next stage. For example, the smaller Sub-grains A and B in Figure 6 have been nearly formed under the effect of dislocations activities.


Figure 6. TEM image of the 80-μm deformed layer from the top surface.
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3.2.3. The Top Surface after HFIR Treatment


Figure 7 showed the TEM bright field image and corresponding selected area diffraction (SAD) pattern obtained at the top surface of HFIR specimen. The bright field image indicates that the vast majority of sub-grains have been turned into equiaxed nanocrystals with clear boundaries, and the average size is measured to be around 20 nm. As shown in Figure 7b, the SAD pattern is composed of partially continuous diffraction rings, which further confirms that as-received large crystalline grains have been broken down to nanograins at this layer.


Figure 7. The TEM image of the top surface after HFIR treatment. (a) Nanocrystals and (b) SAD pattern corresponding to (a).
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From the above TEM images, it can be concluded that the plastic deformation was governed by twinning at the early stage, and then, the non-basal dislocation slip systems were activated. With the increase of dislocation movement, sub-grains were gradually formed, and finally, nanocrystals were generated. In addition, Tan et al. [21], Myshlyaev et al. [22], Eddahbi et al. [23] and Galiyev et al. [24] reported that the DRX as an important grain refinement mechanism was observed in Mg alloys when grain size was refined to the micrometer range. Lu et al. [6] reported the effect of DRX on grain refinement of Mg alloy in the nanometer scale. HFIR has a higher impacting frequency, which can generate a higher strain rate and decrease the DRX temperature. Therefore, DRX is also an important grain refinement mechanism for the AZ31B magnesium alloy treated by HFIR technology. Figure 8 is a typical example of the newly-formed grains (A and B) in the severely deformed twin platelet near the twin interface.


Figure 8. The TEM bright field image of the newly-generated grains through DRX.
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3.3. S-N Curves


Fatigue data (nominal stress vs. cycles) of as-received and HFIR specimens were done in a linear fit in the double logarithm coordinate (confidence level of 95%). Fatigue S-N curves of as-received and HFIR specimens are shown in Figure 9. The run-out tests are marked by arrows. The fatigue strength of HFIR and as-received specimens corresponding to 107 cycles is about 180 MPa and 140 MPa, respectively. The former shows an improvement of almost 28.6% with respect to that of the latter. Although the improvement of 28.6% is not very high compared to the results of high strength steel treated by shot peening [10,12], such improvement is still considerable because of the low absolute strength of magnesium alloy.


Figure 9. S-N curves of as-received and HFIR specimens.
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3.4. Discussion of Fatigue Life Improvement


It is known that the fatigue fracture contains three stages, which are crack initiation, crack propagation and instantaneous fracture. The previous study had shown that the crack initiation stage could account for ~90% of the total fatigue life [25], and if the crack initiation point starts from the specimen interior, the fatigue properties will be significantly improved. Therefore, it is necessary to investigate the positions of fatigue crack sources of as-received and HFIR specimens. By comparing fracture surfaces of as-received and HFIR specimens, it is found that the positions of crack sources were different. All crack sources of as-received specimens initiated from the top surface (Figure 10a), while part of the crack sources of HFIR specimens initiated at the subsurface. For example, Figure 10b showed that one crack source of the HFIR specimen was found in the subsurface.


Figure 10. Fracture surfaces of as-received and HFIR specimen. (a) as-received specimens and (b) HFIR specimens.



[image: Metals 07 00062 g010]






First, the relatively higher surface roughness or worse surface smoothness of the as-received specimen generated by machining marks can easily cause stress concentration, and the crack source was prone to form at the top surface. After HFIR, the surface roughness of the specimen was decreased to Ra = 0.121. Generally, the decrease of surface roughness will effectively reduce surface stress concentration and delay crack initiation.



Second, except for the smooth surface, which can prolong the time of crack initiation, the in-depth residual stress also plays an important role. Figure 11 shows the residual stress distribution of the HFIR specimen. The results indicate that the top surface and subsurface of HFIR specimen are covered by the compressive residual stress, which can effectively hinder crack initiation and promote crack stopping; this viewpoint has been widely demonstrated [26,27]. Therefore, the compressive residual stress in the surface layer is a factor to change the position of the crack source and improve fatigue life.


Figure 11. Residual stress distribution of the HFIR specimen.
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In addition, McDowell Tanaka [28] illustrated that a high volume fraction of grain boundaries can stop dislocation sliding and restrain crack initiation. From Figure 6 and Figure 7, it can be seen that grain refinement is quite obvious. Therefore, the grain refinement is also a factor to improve fatigue life by stopping dislocation sliding and restraining crack initiation. As the grain refinement process continues, the work hardened layer is formed (see Figure 4). The characteristics of high dense dislocation walls, dislocation tangles and sub-grains in the hardened layer can result in a lower crack propagation rate, which has been proven by Suresh and Li [25,26]. Thus, the work hardening is also a factor to influence fatigue life.



As we know, there are many methods related to fatigue life prediction and assessment [29,30]. However, in order to predict and evaluate the main factors that improve fatigue life after HFIR treatment, the correction formula of Baghrifard and Guagliano [31,32] based on the Eichlseder approach [30] by considering the ratio of the Cs coefficient and the ratio of FWHM for shot-peened specimen was referenced and described in Equation (1) [31].


[image: there is no content]



(1)




where [image: there is no content] is the fatigue limit; [image: there is no content] is the fatigue limit in tension; [image: there is no content] is the fatigue limit in bending; [image: there is no content] is the relative stress gradient (RSG); [image: there is no content] is the material parameter; b is the size parameter of the specimen; [image: there is no content] is the full width at half maximum of the peening specimen; [image: there is no content] is the full width at half maximum of the non-peening specimen; [image: there is no content] is the surface roughness of the peening specimen; [image: there is no content] is the surface roughness of the non-peening specimen.



High-frequency impacting and rolling, the same as shot peening, also belongs to the surface strengthening method. Equation (1) is the fatigue criteria corresponding to the notched specimen. The ratio of the Cs coefficient and the ratio of FWHM are irrelevant to the stress gradient. Therefore, the effect rule of the ratio of Cs coefficient and the ratio of FWHM on fatigue life are also fit for the non-notched specimen.



The surface strain hardening index of FWHM was obtained from XRD analysis. In this study, the FWHM value of the HFIR specimen was improved by 20.1% compared to that of the as-received specimen. From Figure 9, we can know that HFIR specimens showed a fatigue strength improvement of almost 28.6% with respect to that of as-received specimens. Therefore, the work hardening is the most important factor to improve the fatigue properties of the HFIR specimen in this study.



As for the Cs coefficient, the surface of the as-received specimen before fatigue tests was polished by fine sandpaper along the axial direction of the specimen. Although the value of surface roughness is still larger, the micro-marks are parallel to the axial direction. For the tensile-tensile axial fatigue test, micro-marks in the axial direction will not produce a greater effect on the fatigue crack initiation.



For the residual stress, the value of compressive residual stress on the top surface of the magnesium alloy specimen treated by HFIR is lower than that of the high strength steel specimen treated by HFIR, and the compressive residual stress is easily relaxed when a random or occasional high load appears during fatigue tests.



To be sure, the smooth surface and compressive residual stress generated by HFIR played a positive role to improve fatigue life, but their effects are not the most important. The work hardening caused by HFIR is the key factor to influence the fatigue properties of magnesium alloy in this study.




3.5. Fatigue Fracture Process


The effect of the fatigue crack initiation stage on fatigue life has been systematically discussed in the previous section. As for the crack propagation and instantaneous fracture stages, the images corresponding to Figure 10 are shown in Figure 12. For the as-received specimen, fatigue cracks propagated in terms of the transcrystalline and crack propagation region presented fine striations. The orientation of fatigue striations is consistent and perpendicular to the direction of the crack propagation (Figure 12II). However, for the HFIR specimen, the orientation of the fatigue striations is relatively random due to the complex stress state in the subsurface (Figure 12V). The instantaneous fracture stages of the as-received and the HFIR specimen are characterized by transcrystalline ductile fracture with an equiaxed (Figure 12III) and tearing (Figure 12VI) type of dimple morphology, respectively.


Figure 12. The high magnification images of as-received and HFIR specimens corresponding to Figure 10. (II) Crack propagation region of as-received specimen and (III) Instantaneous fracture region of as-received specimen. (V) Crack propagation region of HFIR specimen and (VI) Instantaneous fracture region of HFIR specimens.
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4. Conclusions


The present work investigates the surface nano-enhanced mechanism and fatigue properties of AZ31B magnesium alloy subjected to HFIR treatment. After HFIR, grain refinement, work hardening, compressive residual stress and a smooth surface were induced on the surface of specimen. Grains were refined to equiaxed nanocrystals with an average size of 20 nm. The fatigue strength of HFIR specimens corresponding to 107 cycles was increased by 28.6% compared to that of as-received specimens. All crack sources of the as-received specimen initiated from the top surface, while part of the crack sources of the HFIR specimen initiated at the subsurface. The work hardening caused by HFIR is the most important factor to influence fatigue properties.



This study proved that the surface nano-enhanced method based on HFIR technology will have a good industrial application value in the prolonging life field.
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