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Abstract

      In this paper, 316 stainless steel was treated by laser shock peening (LSP) technology, and the micro-hardness, residual stress and rolling contact fatigue (RCF) performance were investigated. The result suggests that LSP can effectively improve the RCF performance of 316 stainless steel. The main factor is that LSP can induce high amplitude compressive residual stress on the surface layer. With the increase of residual compressive stress, the worn mechanism of RCF surface changes from delamination to micro-plastic deformation. It is also found that the RCF of 316 stainless steel treated by LSP was sensitive to the contact stress.
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Introduction

Stainless steel bearing was widely used as its advantages of low noise and great corrosion resistance. However, due to the low strength of stainless steel, the phenomenon of contact fatigue was especially serious [1-4]. Many efforts were taken to improve the contact fatigue properties of stainless steel. Meng et al. studied the contact fatigue of 316L stainless steel ratchet under high cycle load. They found that the orientation and the post-treatments of annealing and hot isostatic pressing had a remarkable influence on fatigue fracture behavior [5]. Xu et al. researched the contact fatigue of 316L stainless steel parts in the axles of wheel set, the result showed that the size and the depth of crack initiation zone become larger with the contact compressive stress of material being higher and the location of crack initiation being more near to the sample surface [6].

Compressive residual stress played an important role in improving contact fatigue life. Rego et al. found that residual tensile stress relates intensively to the contact fatigue life and induce an increase of fatigue cracks so that the decrease of residual tensile stress can improve contact fatigue properties [7]; Cheng. showed that mechanical shot peening could induce plastic deformation to the surface of metal material, leading to grain refinement and the appearance of compressive residual stress on the surface layer, which could reduce the maximum tensile stress to some extent, limit the generation of fatigue cracks and improve the fatigue life [8]; Li et al. proposed that compressive residual stress layer was formed on the surface of gear by shot peening to reduce the maximum tensile stress during gear contact operation, and thus increased the RCF resistance of gear [9].

Laser Shock Peening (LSP), different with traditional shot peening, is a novel surface strengthening technique. Compressive residual stress layer with high amplitude and deep depth can be generated in metal material by LSP [10,11], and then the mechanical properties [12,13], fatigue properties [14,15] and corrosion resistance properties [16] of the sample can be improved effectively. Sheng et al. presented that micro-fatigue-steps and secondary cracks could be generated by LSP, which could inhibit the crack propagation effectively[17]. Agyenim-Boateng et al. studied the hydrogen embrittlement behavior of 316L stainless steel treated by laser peening and found that compressive residual stress induced by laser peening could reduce the grain size decreasing the hydrogen embrittlement susceptibility of the material, and the increase of dislocation density induced by laser peening decrease the affection of hydrogen atoms to material[18]. Zhou et al. investigated the fatigue properties of 2024-T351 aluminum alloy treated by cryogenic treatment and laser peening. They concluded that both cryogenic treatment and laser peening could improve the fatigue properties of 2024-T351 aluminum alloy and the compound process of cryogenic treatment prior to laser peening can generate finer grains, higher reisdual stress and dislocation density as compared with single process[19].In addition,a new treatment-cryogenic laser peening was indentified by Li et al. to provide more excellent mechanical properties, higher micro-hardness and finer grains[20]. Therefore, it can be predicted that LSP can improve the contact fatigue performance of metal material.

316 stainless steel is widely used in the manufacturing of stainless steel bearing. In this paper, 316 stainless steel was treated by LSP. The purpose is to investigate the effect of LSP to the contact fatigue performance of 316 stainless steel.
Experiment

2.1 Sample preparation

Table 1 Chemical composition percentage of 316 stainless steel

	Element
	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Mo

	Content
	0.08
	1
	2
	0.045
	0.030
	10.0-18.0
	16.0- 18.0
	2.00-3.00


     The chemical elements of 316 stainless steel are listed in Table 1. The sample was machined into a certain shape like Fig.1, where the main sample diameter was 54 mm, and the diameter and breadth of experimental zone were 60 mm and 5 mm, respectively. The outer diameter of secondary sample was 60 mm, as shown in Fig.2.

2.2 LSP experiment

     The LSP parameters were as follows：The pulse width was 10 ns and the spatial distribution of laser pulse was flat-top. A black polyester tape with the thickness of 100 μm was used as absorbing layer. Running deionized water film with a thickness up to 1mm was used as constraining layer, and the flow velocity was 1.5 cm/s. Fig.3 is a schematic of 316 stainless steel sample treated by LSP. The four LSP zones are placed homogeneously in each main sample with the pulse energy of 3 J, 4 J, 5 J and 6 J, respectively, and each size of LSP zones is 12 mm×5 mm. The picture of main sample is given in Fig.3(b). Fig.3(c) shows the treating strategy of LSP, of which the spot diameter is 3 mm, the axial overlap rate of LSP route is 50% and the tangential overlap rate is 25%. The movement of LSP route base on the S-shape, and the number of light spots is alternately 4 and 3 in sequence, with 5 columns in total. Fig 3(d) gives the picture after LSP.
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Fig. 1 Specification of sample: (a) Specification of main sample (b) Specification of secondary sample

[image: image2.png]



Fig.2 Specimen: (a) Main sample (b) Secondary sample

2.3 Mechanical performance test

2.3.1 Micro-hardness test
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Fig.3 Strategy of LSP: (a)Schematic of LSP, (b)sample before LSP, (c)to be treated area and(d)sample after LSP
     The micro-hardness of sample surface was tested by a HXD-1000TMSC/LCD Vickers micro-hardness tester. The applied load is 200 g and the holding time is 15 s. For comparing conveniently, the location of testing micro-hardness was in a circle about 0.2 mm away from the center of spot. Firstly, surface micro-hardness of a point was measured, and then it was tested again after rotating the sample 90°. The above process was repeated for three times and the average value was adopted. 

2.3.2 Residual stress test

      The residual stress of sample surface was measured by an X-350A X-ray stress analyzer. Oblique fixed Ψ method was used to measure residual stress, and the Ψ angles were 0°, 25°, 35°and 45°. The scanning original angle and terminated angle of 2θ were 135° and 125°, respectively（scanning interval＝0.1°, counting time＝1 s and collimator diameter＝1 mm）. To make the results more accurate, six points along the black line were chosen to be measured and final average value of them was taken, as shown in Fig.3(d). Due to the 30 μm penetration depth of X-ray to metal, the residual stress measured was 30 μm deep from the surface of the material.
2.4 Contact fatigue experiment

A MJP-40 rolling contact fatigue tester was used to test RCF performance of the samples. The experimental equipment is shown in Fig.4. The conditions of experiment were as follows: Dry friction, slip rate of 5%, radical loading, revolving speed of 1500 r/min. The whole device was run under the control system. When the fatigue cycle number attained to the preset value of 100000, the main sample was away from the secondary sample. Different loading forces of 1300 N，1150 N and 1065 N were set, and the corresponding contact stress was 790 MPa, 742 MPa and 715 MPa, respectively.
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Fig. 4 Schematic of rolling contact fatigue (RCF) test equipment
Results and discussion

Micro-hardness test
Fig.5 shows the micro-hardness of sample surface with and without LSP. It can be seen that LSP can improve the micro-hardness of 316 stainless steel whose value increases with the increase of pulse energy. The improvement of the micro-hardness in sample surface under the laser power of 3 J is the most obvious. With the increase of laser power up to 6 J gradually, the increment of micro-hardness became weak.
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Fig. 5 Surface micro-hardness distribution with/without LSP

      Fig.6 shows the micro-hardness distribution along the depth direction of samples. It suggests that there is not a distinct change about micro-hardness values distribution in sample without LSP along the depth direction, which is basically the same, about 179.34 HV. However, the micro-hardness of all samples with LSP in depth direction shows a gradient decrease. With the increase of depth, the micro-hardness gradually decreases, and eventually agrees with the substrate. The thicknesses of affected layer treated by 6 J LSP is the maximum, which is about 0.9 mm. As the pulse energy decreases, the depth of affected layer decreases gradually. The depths of affected layer in the laser pulse energy of 5 J, 4 J and 3J is 0.8 mm, 0.6 mm and 0.5 mm, respectively.
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Fig. 6 Surface micro-hardness along the depth direction with/without LSP

3.2 Residual stress test

Table 2 reveals the residual stress values in axial and tangential directions of six points chosen randomly in different impact zones, in which tangential measured values are in left side and axial measured values are in right side, and the average error bar is 14.28MPa. The gaps of residual stress in axial and tangential directions between the sample surface without LSP and the sample surface after LSP are very small. The residual stress values of the sample surface without LSP are positive, which suggests that original sample surface is filled with tensile residual stress. The residual stress values are transformed into negative after LSP treatment, which illustrates that LSP generates compressive residual stress on the sample surface. The higher the pulse energy is, the greater the value of compressive residual stress is. According to the average values of residual stress in Table.4, the residual stress distribution is shown in Fig.7. It can be seen that the compressive residual stress is basically proportional to the pulse energy as it increases from 3 J to 6 J.

Table 2 Measurement of Residual Stress after/without LSP(MPa)
	Point
	As-machined
	LSP-3J
	LSP-4J
	LSP-5J
	LSP-6J

	1
	111.1
	113.3
	-221.3
	-222.2
	-247.2
	-246
	-265.4
	-267.3
	-283.8
	-280.6

	2
	114.2
	108.6
	-226.9
	-226.7
	-243.7
	-247.1
	-264.1
	-261.5
	-279.5
	-279

	3
	112.7
	107.1
	-222.2
	-224.8
	-248.6
	-242.9
	-266.6
	-264.1
	-282.9
	-279.6

	4
	113
	106.6
	-223.3
	-222.7
	-245.3
	-242.5
	-262.8
	-267.6
	-281.5
	-279.5

	5
	114.4
	107.9
	-221.5
	-226.9
	-244.3
	-244.6
	-266
	-261.4
	-285.5
	-281.6

	6
	107.2
	114.3
	-226.7
	-220.4
	-248.1
	-248.8
	-263.2
	-261.3
	-280.8
	-283.3
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Fig.7. Average surface residual stress after LSP

3.3 Worn surface analysis

Fig.8 presents the worn surfaces after RCF experiments. Figure 8(a) is the failure surface when the contact stress is 790 MPa. Due to the severe contact stress, the extent of fatigue damage is the most serious. Many fatigue pits with large size and depths are appeared in that surface. After LSP treatment with pulse energy of 3 J, the worn surface does not have an apparent improvement as compared with that in untreated sample, but the diameter and the number of corrosion pits reduced slightly. When the laser power attains to 6 J, the damage degree of contact fatigue is the slightest. From Figure 8(a), it can be concluded that the improvement of contact fatigue performance of 316 stainless steel in this stress level is not obviously when subjected to LSP treatment.

Fig.8(b) and Fig.8(c) present the worn surfaces under the contact stress of 742 MPa and 715 MPa, respectively. The damage tendencies of the worn surfaces under these two kinds of stress levels are the same with that of 790 MPa(the damage degree of sample surface decreases with the increase of laser pulse energy). However, it must be noticed that when pulse energy is 6 J and the contact stress is 715 MPa, the damage degree in worn surface is very slight. This result suggests that LSP have a great influence to the improvement of contact fatigue property in sample when the contact stress lies at a low level, but not suitable for high contact stress.
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Fig. 8. Worn surface after RCE test under different contact stress: (a) Worn surface at contact stress of 790 MPa, (b) worn surface at contact stress of 742 MPa and(c) worn surface at contact stress of 715 MPa
Fig.9 presents an enlarged picture of worn surface when the contact stress is 715 MPa(Fig.8(c)). It can be seen that under the influence of high contact stress, the extensive exfoliations are generated on the sample surface without LSP(Fig.9(a)), where the maximum radial length of exfoliation area is more than 500μm. Moreover, a large amount of debris is left inside the exfoliation area. After 3 J LSP treatment, many biggish exfoliation areas can still be found and plenty of micro-cracks are appeared in worn surface. However, compared with the samples without LSP, the sizes of exfoliation areas on 3 J LSP treated sample are reduced dramatically, where the maximum radial length is less than 250μm. When the laser power attains to 4 J and 5 J, many micro-cracks are still found in the worn surface but the size of exfoliation areas reduces further with the increase of laser pulse energy. Meanwhile, much flake debris whose size is tens of micrometers is found on the worn surface. When the laser pulse energy increases to 6 J, only a few micro-plastic deformation areas can be seen on the worn surface with negligible zones of micro-crack and exfoliation.
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Fig.9 Enlarged worn surface when the contact stress is 715MPa: (a) Sample without LSP, (b) sample treated by 3J LSP, (c) sample treated by 4J LSP, (d) sample treated by 5J LSP and (e) sample treated by 6J LSP

According to the above analysis, it can be concluded that the damage mechanism of surface in 316 stainless steel is mainly delamination when the contact stress is 715 MPa(Fig.9(a)). When surface is strengthened by 3J LSP, the damage mechanisms is delamination and spalling with slight cracks, as shown in Fig.9(b). When the laser pulse energy increases to 4 J and 5 J, the main damage mechanism is changed to spalling, accompanying some cracks, micro-plastic deformations and much flake debris as shown in Fig.9(c) and Fig.9(d)). When the pulse energy increases to 6J, only micro-plastic deformation appears on the worn surface, and the spalling and delamination can hardly be found.

After LSP treatment, the difference of strain hardening effect is not obvious when the laser pulse energy increases from 3 J to 6 J(micro-hardness increases from 200HV to 220 HV). As a result, it can be concluded that the material hardening had a very limited improvement in the contact fatigue performance. Apparently, the existence of compressive residual stress is the main reason to improve the RCF resistance of 316 stainless steel. With the increase of laser pulse energy, the amplitude of compressive residual stress in surface becomes higher, therefore improving RCF resistance in material surface. In addition, the strengthening effect of LSP is sensitive to contact stress. The less the contact stress is, the more obvious the improvement of RCF resistance is when 316 stainless steel is treated by LSP.

The main factor about the improvement of RCF resistance in 316 stainless steel is the compressive residual stress layer with high amplitude and deep depth induced by LSP. When the RCF happens, material surface is damaged by the radial alternating tensile stress. However, the radial compressive stress generated by LSP can counteract the radial alternating tensile stress of material surface to a great extent so that the RCF endurance in the surface is improved greatly. In addition, the work hardening induced by LSP in material surface also can enhance a little to the RCF property of 316 stainless steel.

Conclusion

316 stainless steel is treated by LSP and RCF test are carried out in this paper. The micro-hardness and residual stress of 316 stainless steel are measured, and the worn surface under rolling contact fatigue property is analyzed. The following conclusion can be drawn：

LSP can efficiently improve the contact fatigue performance of 316 stainless steel. Under the same contact stress level, the RCF resistance of LSP treated samples can be improved with the increase of laser pulse energy. However, the strengthening effect of LSP is sensitive to the contact stress level. When the contact stress declines 790 MPa to 715 MPa, the damage degree of the failure surface is greatly reduced.

When the contact stress is 715MPa, the main damage mechanism of sample surface without LSP is delamination. After a 3J LSP treatment, some parts of the failure surface are turned to the spalling and the rest area is still delamination. When the laser power is increased to 4J and 5J, the failure mechanism becomes spalling. However, when laser pulse energy is increased to 6J, there is almost no spalling to appear, only a little micro-plastic deformation comes out.

When the RCF is going through, material surface is damaged by the radial alternating tensile stress due to the enlargement of areas in material surface. However, the radial alternating tensile stress in material surface can be counteracted by the high radial compressive stress induced by LSP treatment so that RCF resistance in the surface can be improved greatly. Furthermore, the slight rise of surface micro-hardness caused by LSP is also one of the factors for the improvement of RCF resistance.

Reference

Nelson TG, Herder JL. Developable compliant-aided rolling-contact mechanisms. Mechanism and Machine Theory . 2018;126:225-242. 
Rycerz P, Olver A, Kadiric A. Propagation of surface initiated rolling contact fatigue cracks in bearing steel. International Journal of Fatigue. 2017;97:29-38. 
[3] Spangenberg U, Fröhling RD, Els PS. The effect of rolling contact fatigue mitigation measures on wheel wear and rail fatigue. Wear. 2018;398-399:59-68. 
[4] Stewart S, Ahmed R. Rolling Contact Fatigue of Surface Coatings-a review. Wear. 2002;253:1132-1443. 
[5] Zhang M, Sun CN, Zhang X, Wei J, Hardacre D. Li H, High cycle fatigue and ratcheting interaction of laser powder bed fusion stainless steel 316L:Fracture behaviour and stress-based modeling. International Journal of Fatigue. 2019;121:252-264.
[6] Xu ZB, Peng JF, Liu JH, Cai ZB, Zhu MH. Effect of contact pressure on torsional fretting fatigue damage of 316L austenitic stainless steel. Wear. 2017;376-377:680-689. 
[7] Rego R, Lopenhaus C, Gomes J, Fritz J. Residual Stress Interaction on Gear Manufacturing. Journal of Materials Processing Technology. 2017;252:249-258.
[8] Wang C, Wang C, Wang XG, Xu YJ. Numerical study of grain refinement induced by severe shot peening. International Journal of Mechanical Sciences. 2018;146–147:280-294.
[9] Li W, Liu B. Experimental investigation on the effect of shot peening on contact fatigue strength for carburized and quenched gears. International Journal of Fatigue 2017;106:103-110. 
[10] Pant BK, Pavan AHV, Prakash RV, Kamaraj M. Effect of laser peening and shot peening on fatigue striations during FCGR study of Ti6Al4V. International Journal of Fatigue. 2016;93:38-50.
[11] Huang S, Sheng J, Zhou JZ, Lu JZ, Meng XK, Xu SQ, Zhang HF. On the influence of laser peening with different coverage areas on fatigue response and fracture behavior of Ti-6Al-4V alloy. Eng Fract Mech. 2015;147:72-82. 
[12] Zhang QL, Zhao B, Zhang BX, Li XC, Liu H. The effect of multiple laser shock peening to residual stress in ЭП866 martensitic stainless steel. Chinese Journal of Lasers. 2016;11:127-134. 
[13] Luo KY, Zhou KY, Lu JZ, Liu B. The effect of laser shock peening to microstructure and properties in 316L stainless steel cladding. Chinese Journal of Lasers. 2017;4:67-74. 
[14] Zhou JZ, Huang JZ, Zuo LD, Meng XK, Sheng J, Tian J, Han YH, Zhu WL. The effects of laser peening on residual stresses and fatigue crack growth properties of Ti–6Al–4V titanium alloy. Optics and Lasers in Engineering. 2014;52(1):189-194. 
[15] Zhang L, Lu JZ, Zhang YK, Luo KY, Zhong JW, Cui CY, Kong DJ, Guan HB, Qian XM. The effects of different shocked paths on fatigue property of 7050-T7451 aluminum alloy during two-sided laser shock processing. Materials and Design. 2011;32(2):480-486. 
[16] Sun YJ, Zhou JZ, Huang S, Sheng J, Fan YJ, Chen SL. The research on bio-corrosion resistance of medical Ti6Al4V alloy treated by laser shock peening. Chinese Journal of Lasers. 2017;7:295-301. 
[17] Sheng J, Huang J, Zhou J, Lu J, Xu S, Zhang H. Effect of laser peening with different energies on fatigue fracture evolution of 6061-T6 aluminum alloy. Opt & Laser Technol. 2016;77:169-176. 
[18] Agyenim-Boateng E, Huang S, Sheng J, Yuan G, Wang ZW, Zhou JZ, Feng AX, Influence of laser peening on the hydrogen embrittlement resistance of 316L stainless steel. Surf Coat Technol. 2017;328:44-53.
[19] Zhou JZ, Li J, Xu SQ, Huang S, Meng XK, Sheng J, Zhang HF, Sun YH, Feng AX. Improvement in fatigue properties of 2024-T351 aluminum alloy subjected to cryogenic treatment and laser peening. Surf Coat Technol. 2018;345:31-39. 
[20] Li J, Zhou JZ, Feng AX, Huang S, Meng XK, Sun XK, Sun YJ, Tian YJ, Huang Y. Investigation on mechanical properties and microstructural evolution of TC6 titanium alloy subjected to laser peening at cryogenic temperature. Mater Sci Eng A. 2018;734:291-298. 
(Corresponding author.


Email address: dfz@ujs.edu.cn (Fengze Dai)





