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Abstract

:

Shot peening is the primary method used to improve the fatigue life of springs. In this study, we aimed to quantify the reduction in residual stresses in the shot-peened layer by considering factors such as surface roughness, cyclic loading, and the helix angle, based on the spring’s periodic variation and curvature characteristics. We developed an equivalent replacement algorithm to address the challenge of characterizing the dynamic accumulation and attenuation of residual stresses under cyclic multiaxial stresses. This algorithm accurately modeled the dynamic attenuation of residual stresses and was incorporated into the spring life prediction model. Experimental validation demonstrated the high accuracy of the model for predicting fatigue life.
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1. Introduction


Helical compression springs are complex energy storage parts with spiral characteristics [1,2,3]. Most types of helical compression spring are subjected to a high number of cycles during high stroke and mean stresses; thus, spring fatigue failure typically results in notable losses or maintenance costs [4,5,6]. The inner coil of the spring consists of the stress concentration zone when subjected to the axial force. During the manufacturing of helical compression springs (cold coils), significant stresses and plastic strain are generated. Compressive residual stresses are generated on the surface of the outer coil, while tensile residual stresses are generated on the inner coil surface. Tensile residual stresses promote crack initiation and growth, which limits the fatigue life of the spring. Therefore, damaging stress generation must be prevented. The dual shot-peened process is typically performed during manufacturing to generate a residual compressive stress layer on the surface of the inner coil to improve fatigue performance [5].



Shot peening is an effective strategy for improving the surface integrity of various parts. Plastic deformation is generated by repeatedly impacting a surface using metal or ceramic pellets, producing a dense plastic deformation zone. The plastic deformation layer prevents elastic deformation recovery around it, thereby forming residual compressive stresses on the surface and subsurface layers [7,8,9,10]. As a result, this improves the fatigue resistance of metal components. The residual compressive stress zone depth is usually about ~200 to 300 μm, while maximum values range between 25 and 100 μm [11]. Currently, most studies have used experimental methods, qualitatively showing that owing to surface residual compressive stresses, the material performance after surface strengthening is higher. The effect of shot peening can also be characterized by the initial residual stresses, which affect the fatigue life of the material, in the constant form of mean stresses. However, quantifying the benefits of shot-peened life extension into a fatigue life prediction model is still difficult.



Shun Yang et al. [12] assessed the impact of shot peening on low-cycle fatigue performance, described the life transition behavior of shot-peened samples under high mechanical stresses, and proposed a life transition mechanism. When the stress levels reached a certain point, shot peening failed to improve the fatigue performance of the material. Therefore, residual stresses had no significant impact on lifespan gain, regardless of shot peening parameters. After the material underwent macroscopic plastic deformation, the residual stresses had an insignificant effect on life extension and may have even reduced the fatigue life due to the significant increase in roughness [8,13,14].



Many scholars have conducted experimental research using various mechanisms on the attenuation law of residual stresses for high-cycle fatigue. Shun Yang et al. [12] divided the total life of a material into two parts, the residual stress anti-fatigue life and the material fatigue life, and established a residual stress attenuation law model for the uniaxial stress cycle. Alexander Avilés et al. [15] carried out a rotating bending fatigue test on mirror-polished and shot-peened specimens and put forward a residual stress influence coefficient composed of surface roughness and mechanical properties (residual stress, cold work hardening, hardness, and grain size). Jong–Cheon Kim et al. [16] analyzed the relaxation and redistribution of compressive residual stresses (CRSs) during bending fatigue for 0.45% (annealed) carbon steel treated via shot peening under low-cycle fatigue (LCF) and high-cycle fatigue (HCF) testing. The researchers found that the critical threshold-residual stress relaxation boundary condition had a significant impact on the fatigue limit of shot-peened carbon steel. Ming Chen et al. [17] found that surface residual stress relaxation subjected to cyclic tensile loading consisted of a two-stage process, where the surface residual stresses relaxed sharply during the first cycle (N = 1) and then decreased linearly with the logarithm of the loading cycle (N > 1).



However, most research on the attenuation of residual stresses has focused on uniaxial cyclic stresses, while the effect of shot peening under multiaxial fatigue loading has rarely been studied. There are many components with complex structures, even under uniaxial loading, that are in a state of compound stress due to their structural characteristics [18,19,20]. Therefore, significant research has been conducted on modified multiaxial fatigue models for components with complex structures. Shen Xu et al. [21] proposed a new multiaxial fatigue damage parameter to characterize the influence of both shear/normal mean stresses and non-proportional hardening on fatigue life for turbine disc alloys. This approach combined the critical plane method with the virtual strain energy concept. In addition, L. Augustins et al. [22] developed an empirical criterion based on modifying one parameter in the Dang Van criterion regarding the biaxiality rate and the load ratio for automotive cylinder head design. R. Sepe et al. [23] assessed the reliability of particular multiaxial fatigue failure criteria implemented for a rolling stock seat system using experimental and numerical methods, where the structural behavior was considered under static and fatigue loading conditions in the finite element (FE) model. Li Huang et al. [24] also experimentally and numerically investigated the fatigue behavior of self-piercing riveted joints for aluminum alloy AA6111-T4 and steel HSLA340 sheets and derived new stress intensity factor equations for a semi-elliptical surface crack located in a finite plate near a rigid cylindrical inclusion with an axial shear force and bending moment.



Springs are typical representative components with complex structures, and when subjected to axial loading, the helical angle will change continuously during cycling, causing asynchronous changes in the shear stress and normal stress components, forming a non-proportional multiaxial fatigue state. B. Pyttel et al. [4] conducted a high-cycle fatigue test on a shot-peened helical compression spring and analyzed the fatigue fracture behavior and failure mechanism of the spring. In addition, B. Kaiser [5] processed VHCF characteristics for six types of shot-peened helical compression springs and explained the failure mechanism of the inner coil and the fatigue wear of the end coil. L. Del Llano–Vizcaya et al. [19] performed fatigue testing on a helical compression spring made of an AISI MB steel and compared the experimental fatigue lives with multiaxial fatigue criteria predictions using the Fatemi–Socie, Wang–Brown, and the Coffin–Manson methods, based on shear deformation. However, this approach did not consider the impact of residual stresses filed after shot peening on fatigue life. Owing to the unique structure of a spring, current studies do not simultaneously consider the quantitative analysis of residual stress relaxation and fatigue failure. The surface residual stress values of single-shot-peened and dual-shot-peened materials are similar, while the fatigue life of a dual-shot-peened material is several times higher than a single-shot-peened material for high-cycle fatigue springs. The curvature characteristics of a spring result in stress distribution differences between the inner and outer coils. Furthermore, the helical characteristics cause multiaxis non-proportional stress states, owing to the periodically changing helical angles under cyclic axial loading. Therefore, in this work, we proposed a high-cycle fatigue life prediction model for springs based on the residual stresses as a result of shot peening, according to the characteristics of the spring structure.



Therefore, this study aimed to investigate and analyze the relaxation behavior of residual stresses in springs with four different design parameters under various cyclic conditions while considering the helical characteristics of the spring. We developed a model to describe the relaxation of residual stresses, which considered the structural features of the spring. This model was then integrated into a high-cycle fatigue life prediction model. The integrated model considered the variation of the residual stress field in the spring under cyclic loading and the surface stress concentration effect induced via shot peening. Consequently, it effectively described the extension of fatigue life during the shot peening process.




2. Analysis of Spring Stress and Life Prediction


2.1. Analysis of Spring Stress under Axial Loading


The geometric properties of a spring are determined by parameters such as wire diameter (d), mean coil diameter (D), helix angle (α), and pitch (t). Among these parameters, the spring index (C), which is the ratio of the wire diameter to the mean coil diameter, plays a crucial role in determining the curvature effect of the spring. It significantly affects the stress distribution and performance of the spring’s cross-section. Specifically, when the pitch ratio of a spring is less than seven, the curvature effect becomes significant, resulting in a notable increase in shear stress in the internal coils compared with the external coils. In addition, during cyclic loading, the periodic variation of the helix angle causes asynchronous changes in stress components across the spring’s cross-section, leading to a non-proportional multiaxial stress state.



Figure 1 shows the variation of four stress components along diameter A–B when subjected to axial loading F. The helix angle α is a variable parameter that changes with the applied load. The weakest point is inner coil point A, which is often prone to fatigue failure. Point A is in a two-dimensional stress state when subjected to axial loading, and the shear stress and normal stress components can be determined using the following calculations.


   τ  x y   =  τ A  +  q A  =   F cos  α ′    S k    (   C  C − 1    )   [   (    4 C − k   7 − k    )   3 k  + 1  ]   



(1)






   σ x  =  σ w  +  σ A  =   F sin  α ′    S k    (   C  C − 1    )   (    4 C − k  k  − 1  )   



(2)






   σ y  = 0 ,  



(3)




where F is the axial compressive force loaded to the spring, S is the area of the cross-section of the spring wire, α′ is the helix angle subjected to a load F, C is the spring index, and k is the spring index coefficient. These parameters can be expressed by


  C = D / d  



(4)




and


  k = 2 C ( C −    C 2  − 1   ) .  



(5)







Because there is almost no deformation in the flattened support circle and because the stress and distribution of each effective circle are the same, the spring displacement is distributed equally to each effective circle after loading. Thus, the post-loading pitch value is calculated as follows:


   t ′  = t −  F   F ′  n   ,  



(6)




where t is the spring pitch, F′ is the stiffness of the entire spring, and n is the active coils of the spring. The helix angle after loading is as follows:


   α ′  = arctan   t ′   π D   = arctan   t − F /  F ′  n   π D   .  



(7)







The ratio of normal to shear stress will change periodically with load F, reflecting the asynchronous characteristics of the two stress components, according to the following:


  λ = Q / tan  α ′  =   π D Q   t − F / n  F ′    ,  



(8)




where Q is a constant related to the curvature. It can be obtained from the following:


  Q =    [   (    4 C − k   7 − k    )   3 k  + 1  ]      4 C − k  k  − 1   ,  



(9)




where n is the number of active coils. Therefore, the equivalent stress at inner coil point A for a spring subjected to axis loading F can be expressed as follows:


   σ  e q   =  F  A k    (   C  C − 1    )    3   cos  2   α ′     (   (    4 C − k   7 − k    )   3 k  + 1  )   2  +   sin  2   α ′     (    4 C − k  k  − 1  )   2     



(10)








2.2. A Fatigue Life Prediction Model for Shot-Peened Springs without Considering Residual Stress Decay


When a spring is subjected to cyclic axial loads approximately ranging from F1 to F2, the surface residual compressive stress generated via shot peening significantly enhances the fatigue resistance of the spring. This beneficial effect of shot peening on extending the fatigue life is represented by residual stress and is introduced in the fatigue life prediction model in the form of average compressive stress. As described in reference [25], the maximum normal stress on the critical interface under the action of F1 can be expressed mathematically as follows:


   σ   max , 1    =     σ 1   2   +     τ 1  2  +    (   σ 1  / 2  )   2    +  σ m r  ,  



(11)




where    σ 1    and    τ 1    are the normal and shear stresses, respectively, under the action of load F1, which can be calculated using Equations (1) and (2).    σ m r    is the residual compressive stress on the inner coil of the helical spring. Without considering the decay of residual stress, the initial residual stress of the shot-peened spring is introduced into the model as an average stress. Because the spring is always in a state of elastic deformation during service, the normal strain on the critical surface can be expressed as follows:


  Δ  ε  θ , max   =    σ  max , 1   −  σ  max , 2    E  .  



(12)







In addition, the fatigue damage parameter can be expressed as follows:


   χ  eq   =   Δ  ε  θ , max    σ   max , 1     2  .  



(13)







Thus, the relationship between fatigue life and fatigue damage of the steady-state residual stress life prediction model (SLP) model can be expressed as follows [26]:


   χ  eq   =    σ f ′   E    ( 2  N f  )   2 b   +  σ f ′   ε f ′    ( 2  N f  )   b + c   ,  



(14)




where the fatigue strength exponent b, the fatigue ductility exponent c, the strength fatigue coefficient, and the fatigue ductility coefficient can be calculated from the mechanical properties of a material, according to the Muralidharan method [19]. The specific calculation method follows:


  b =  1 6  lg     (  σ b  /  σ f  )   0.81     6.25  σ f  / E    



(15)






  c =    lg (     σ f  / E    ε f  −  σ f  / E   )   5  . 922 − 336   . 5   σ b  / E    + b   



(16)






   σ f ′  = 0.623   σ b   0.823    E  0.168    



(17)






   ε f ′   = 0   . 0196    ε f  0.155    (  σ b   / E )     − 0   . 53    ,  



(18)




where    σ f    is the fracture true stress, and    ε f    is the fracture true strain. These can be calculated using the following formulas:


   σ f  =  1  1 − 𝜙   [  1 − (  0.002 +   σ y  E   )  ]  σ y    and  



(19)









   ε f  = l n ( 1 / ( 1 − Φ ) ) ,  



(20)




where Φ is the reduction rate of the cross-sectional area.



The four fatigue constants mentioned above are key parameters that determine the fatigue performance of the material. To achieve better predictive accuracy, we conducted torsional fatigue tests on the same batch of steel wire as the tested spring products and obtained the fitting data. The specific fitting data are listed in Table 1.





3. Experiments


3.1. Materials and Specimens


The specimen material used was 55CrSi, which is a widely used material in engineering, and its specific composition is presented in Table 2. The mechanical properties of the spring steel wire were measured, as shown in Table 3. The spring index is the ratio of the diameter of the reed wire to the middle diameter of the spring. It characterizes the curvature coefficient of the spring product. The smaller the spring index, the greater the spring curvature. To investigate the relationship between the residual stress relaxation behavior and the spring structure, in this work, we used spring indexes of 4, 5, 6, and 7 for comparison.




3.2. Shot Peening Treatment and Surface Condition Testing


3.2.1. Sample Preparation


We used springs with two different surface treatment states: non-shot-peened (NSP) and double-shot-peened (DSP). The shot-peened process parameters are listed in Table 4. By modifying certain parameters, such as the air pressure and muzzle distance, we could use an arc height measuring instrument to confirm the saturation curve of the Almen test piece until the set shot peening intensity was reached. The intensity of the secondary shot peening was much smaller than the first shot peening for the DSP sample. Table 5 describes the manufacturing process of the spring specimens in detail. All specimens underwent strong pressure treatments and twice-tempering, resulting in better dimensional and performance stability.




3.2.2. Surface Condition Measurement


Surface integrity has a significant impact on material fatigue life [27] and parameters that characterize surface integrity include surface roughness, hardness, residual stress, and full width at half maxima (FWHM) [28,29,30,31]. Therefore, surface condition testing incorporates the above four aspects. In this type of test, the working section of the fatigue specimen surface was marked with a marker, ensuring that the same area was measured each time. In this experiment, the fourth coil of the spring was marked as the comparison section.



The microhardness can directly reflect the work hardening process of a sample surface and can be used to characterize the degree of surface cold work and the depth of plastic deformation [32,33,34]. A future-tech FM-800 microhardness tester (FUTURE-TECH, Tokyo, Japan) was used to measure the hardness at several points along the depth direction of the inner coil. At every 30 μm, we created a test point along the depth direction of the hardened layer and then obtained measurements 1 and 2 mm from the surface (core).



Surface roughness produced via shot peening was caused by the stress concentrations of the surface notch effect, which can greatly influence fatigue resistance under cyclic loading [28,35,36,37]. In this experiment, we used a laser scanning confocal microscope to measure the surface roughness of the inner coil of the spring after shot peening.



To determine the residual stress relaxation behavior of the spring throughout the entire fatigue life under cyclic loading, we used a residual stress tester (PROTO, Vancouver, BC, Canada) based on X-ray diffraction (XRD) to measure the residual stresses under specific cycling times, along with the FWHM value. The fatigue machine can examine 128 samples of the fatigue test at the same time. It was stopped at a predetermined cycle point and a dual stress test was then performed. Then, other samples were used for the fatigue test. We measured the residual stresses at cycle periods of 1, 10, 100, 1000, 1.0 × 104, and 1.0 × 105. The relaxation of residual stresses was mainly concentrated in the first 10 cycles [16], and the dividing point between low-cycle and high-cycle fatigue was approximately 1.0 × 104 [38]. The S–N curve slope from the high cycle to the infinite life fatigue limit was between 1.0 × 105 and 1.0 × 107 [5]. In the spring, the fatigue site during high-cycle fatigue is generally located in the direction of the maximum principal stress, which is located on the inner side of the coil, approximately 45° to the wire axis [5]. Thus, the residual stress measurement direction was 45° to the wire axis, using a lateral tilt fixed ψ method. The characteristic radiation for the chromium target was Kα, the diffraction crystal plane was αFe (211), and the scanning start and end angles were 151° and 163°, respectively. In addition, the stress constant K was −318 MPa/°. Owing to the small diameter (4 mm) of the steel wire spring specimens, the inner surface of the coil was difficult to detect. Therefore, the specimens were cut along the centerline using a wire cutter, and samples with different surface conditions were marked. A small magnet was used to hold the samples during testing to stabilize the required measurement angles. Because the X-rays had a limited ability to penetrate the specimens, they were only used to measure the residual stresses on the surface layer. Thus, electrolytic polishing was used to determine the residual stresses of the subsurface and deeper levels of the material. An XF-1 electrolytic polishing machine (POTECH, Ningbo, China) was used to strip the test pieces, and for every 30 μm thick layer, we performed electrolytic stripping, and the residual stresses of the 8 subsurface layers were measured between 30 to 210 μm.





3.3. Fatigue Performance Testing


Spring fatigue tests were performed using a DV8 spring fatigue testing machine (REICHERTER, Munich, Germany) at room temperature, as Figure 2 shows, with several constant stress amplitudes and a nominal frequency of 20 Hz. The machine stroke was variable from near 0 to 28 mm. This setup was performed before the start of the test and remained constant during testing [5]. Before the start of the test, the upper and bottom fixing plates pre-compressed the upper and lower rows of springs, respectively, averaging and fixing the stress positions. During the test, the loading plate cyclically compressed the two rows of springs. The minimum and maximum stress positions of the upper and lower rows of springs were alternately cycled, and the springs were placed in a compressed state during the entire process.



To obtain a relationship between residual stress relaxation behavior and cyclic loading and the spring structure parameters, we set the cyclic tests with different cyclic coefficients and different stress levels for different spring index samples. When the specimen fatigue fractured or the number of cycles exceeded 1 × 107, the fatigue test was terminated. The spring was not allowed to undergo plastic deformation. If plastic deformation occurred, the spring had failed and had no elastic function. In this study, the fatigue tests for all specimens followed high-cycle fatigue, and no plastic deformation occurred.





4. Results and Discussion


4.1. Shot-Peened Spring Surface Stress Relaxation Law


4.1.1. Residual Stress Relaxation Phenomenon


After undergoing shot peening treatment, the translated material experiences significant plastic deformation, resulting in the formation of a deformation layer. This process induces high levels of residual stress and generates many dislocations, leading to the accumulation of substantial strain energy within the deformation layer. Consequently, the material remains in an unstable state. The stored strain energy within the deformation layer is prone to release under conditions of high temperature or cyclic loading, causing the relaxation of residual stress and initiating microstructural changes.



Upon conducting a comparative analysis of the microstructures of the DSP sample in its initial state and after fatigue testing, as shown in Figure 3, it became evident that a distinct plastic strengthening layer existed on the surface of the sample in its initial state. This layer played a crucial role in enhancing the fatigue life of the spring. However, in the sample subjected to fatigue testing, the plastic strengthening layer was less prominent, suggesting a certain degree of relaxation within this layer due to cyclic fatigue loading. This relaxation phenomenon may have implications for improving fatigue performance.



To investigate the key parameters that influence the relaxation of the spring, we conducted a study on the residual stress gradient on the surface of the samples under various loading conditions, cycle numbers, and spring parameters. Throughout these investigations, the shot peening conditions were kept constant.




4.1.2. Analysis of Factors Influencing the Decay of Residual Stress in Shot Peening Strengthening


Figure 4 shows that the cycle coefficient remained constant, while the nominal stress dropped from 1200 to 1000 MPa, and the maximum compression residual stress increased from 522 to 688 MPa after 10 cycles. For other conditions, the cycle ratio increased from 0.2 to 0.6, and the maximum compression residual stress increased from −522 to −672 MPa after 10 cycles. As the cycle coefficient decreased, the stress amplitude increased, the fatigue damage parameter increased, and the residual stress field attenuation increased. Moreover, the residual stress attenuation law for different depth layers with the same number of cycles also differed. The residual stress within 90 μm of the surface layer and sub-surface layer attenuated sharply, whereas residual stresses within ~90–150 μm attenuated sharply during the first 10 cycles and then attenuated gradually. However, there was no sharp relaxation in residual stresses at depths of ~150–240 μm. Under a cyclic load of R = 0.2 and a nominal stress amplitude of 1200 MPa, the number of cycles increased from 10 to 1 × 103 and 1 × 105, and the hardened layer decreased by 20 and 35 μm, respectively. In addition, during the loading cycle, the hardened layer became shallow. Thus, the changing trend for the residual surface stress (within 90 μm) was the key factor that determined the effect of residual stress on extending lifespan. Furthermore, the maximum compressive residual stress along the depth direction of the shot-peened surface, which was subjected to fatigue cycling, was consistent with the law change. Therefore, attenuation was affected by the cycle coefficient, cyclic stress amplitude, and cycling times. As a result, in this study, we characterized the attenuation of residual stresses with the surface residual stress change law.



As shown in Figure 5, the residual stress relaxation values for the shot-peened samples were divided into two stages. The first stage consisted of a rapid decay in residual stresses (during the first 10 cycles), resulting in residual stress redistributions due to local plastic deformation with cycle loading in the stress-strengthening layer [39,40]. Thus, attenuation in this section accounted for approximately 40 to 60% of the attenuation throughout the entire life cycle. The second stage also consisted of a slow relaxation in residual stresses, and the evolution of mechanical properties caused by cyclic loading (cyclic softening or hardening of the affected layer) resulted in a release of residual stresses, which was similar to the logarithmic relationship of cycle time [17]. The decay rate of residual stresses under different cyclic conditions was significantly different despite the same initial residual stress. Thus, the cyclic coefficient and cyclic load were important factors that affected the decay rate. In fatigue with a high cycle count, as the number of cycles increases, even for the same specimen under different cycling conditions, the attenuation rate during the attenuation process will vary greatly. The residual stress will continue to be studied until fatigue failure of the specimen, and residual stress relaxation will transition from an unstable state to a stable state.



Figure 6 shows the significant differences in residual stress relaxation behavior between the different parts of the spring. After 10 cycles, the attenuation values of residual stresses on the inner coil, 1/4 circumference coil, and outer coil surfaces were 337, 288, and 248 MPa, respectively. The relaxation of the inner coil was significantly greater than the outer coil. The significant differences in residual stress attenuation reflected the differences in the stress cycle characteristics of the inner and outer coils. This also verified that the curvature effect of the spring was due to the helical structure, which affected the release of residual stresses. As the number of cycles increased, the gap between the attenuation of the inner and outer coil shrank. Residual stress values of the inner and outer coils were steady before fatigue fracture, and both reached a steady state. Figure 7 shows that the structural parameters of the spring were important factors that affected the residual stress relaxation behavior. When the spring index dropped from seven to four after 10 cycles, residual stress relaxation increased by 31% (from 257 to 337 MPa). As the spring index increased, the attenuation of residual stresses slowed down.




4.1.3. Residual Stress Relaxation Behavior Based on Spring Structure Characteristics


The fatigue lifespan extension effect produced via shot peening can be characterized by residual compressive stresses. It can also be related to the cycle coefficient, stress amplitude, surface roughness of the test piece, and structural parameters, where the attenuation changes with an increasing number of cycles. M. Benedetti et al. [25] proposed the use of stable residual stress as the average stress to introduce the high-cycle multiaxial fatigue criterion into Crossland and Findley. This approach was used to predict the high-cycle fatigue life of aluminum alloy sheets, and the prediction error did not exceed 15% through experimentation. Although its relaxation rate dropped significantly after 100 cycles, the relaxation effect of residual stresses accumulated after high cycling could not be ignored, according to the residual stress relaxation behavior under cyclic loading [41]. The residual stresses introduced in the form of a constant to create the multiaxis prediction model may have caused a large error in the prediction results. This could be especially pronounced for the smaller spring index (significant curvature effect), the higher mean stress, and the higher cyclic stress amplitude parameters. Therefore, in this work, we proposed a residual stress influencing factor to characterize the inhibitory effect of this attenuation on fatigue life.



Periodic mechanical loads will reduce residual compressive stresses after shot peening. Shun Yang et al. [12] summarized models that characterized the evolution of residual stress relaxation: the logarithmic criterion (LC) and the power criterion (PC).



The LC model describes the linear relationship between the attenuation of residual stresses and the logarithm of the number of cycles. This relationship is relatively simple and has been widely used to describe the evolution characteristics of residual stresses as a result of shot peening [42]. This expression is expressed via the following:


   σ N r  =  A 1  +  m 1  log N ,  



(21)




where    σ N r    is the cycle time of the thermal field, and is the residual stress on the inner coil after N cycles. A1 and m1 are the fitting constants. The residual stress decay process can also be divided into two stages: rapid release and steady-state release [16]. However, the LC model cannot characterize the residual stress rapid release phase.



The PC model considers the cyclic coefficient, cyclic stress amplitude, and the attenuation of residual stresses according to the number of cycles, which is more appropriate to describe residual stress relaxation behavior. It can be written as follows:


   σ N r  =  |     σ 0 r   |     (    A ′      (    2   σ a  2    ( 1 − r )   σ y  2     )   m     (  N − 1  )   B  − 1  )  ,  



(22)




where A′ is the material constant determined by the material stress-strain relationship, and m is the fitting constant determined by the material properties and cyclic loading conditions. The fitting constant B controls the degree of influence for the number of cycles. Shun Yang et al. [12] used a model to accurately predict the attenuation of residual stresses during a uniaxial tensile fatigue test of a shot-peened test bar when the cycle coefficient was −1. The helical structure of a spring causes it to experience a non-proportional stress state under cyclic axial loading. Figure 5 shows a significant difference in the attenuation of residual stress between the inner and outer coils of the spring, and Figure 6 demonstrates that springs with different spring indexes exhibit varying degrees of residual stress attenuation under identical cyclic loading conditions. However, the PC model fails to account for the influence of structural parameters and cannot determine the variations in residual stress attenuation among springs with different spring index values, especially under identical cyclic loading and initial residual stress conditions. For this, a residual stress attenuation factor  β  based on a spring structure was proposed.



Residual stress attenuation of the spring is unique because of the curvature coefficient and the cyclically changing helical angle, which are the two structural characteristics of springs. The periodically changing helical angle under cyclic loading causes the non-proportional factor of the stress component to increase. Thus, non-proportional loading has a strong effect on the dislocation substructure of the material. As a result, the angle of the critical plane will increase, leading to more slip systems and increased residual stress relaxation [43]. Therefore, the change in the critical surface angle during the cyclic period will affect the non-proportional factor under alternating cyclic loading (F1–F2). This can be expressed as follows:


  β ∝   Δ θ    θ 1    =   arctan  1  2 Q tan  α 2    − arctan  1  2 Q tan  α 1      arctan  1  2 Q tan  α 1      .  



(23)







Although the non-proportional effect is more significant in low-cycle fatigue where macroscopic plastic deformation occurs, the non-proportional effect of high-cycle fatigue should also be considered. As the stress levels increase, the non-proportional effect of maximum stress will be closer to the yield limit, and more microplastic deformation will accumulate, resulting in a more noticeable non-proportional effect [44]. Therefore, the ratio of maximum equivalent stress to the yield limit is also a component of the non-proportional factor. This can be expressed as follows:


  β ∝    σ  e q 2      σ y    .  



(24)







For proportional loading, there are no critical surface changes while the non-proportional factor is one, which does not affect the attenuation process of residual stresses. Therefore, the curvature effect as a result of the spring index will affect the attenuation of the residual stress. As shown in Figure 7, the residual stress of the inner coil that was released was significantly larger than that of the outer coil. The curvature coefficient proposed by Whale was introduced into the residual stress relaxation model [6] as follows:


  β ∝ K ,  



(25)




where K is the curvature coefficient. This is expressed as follows:


  K =   4 C − 1   4 C − 4   +   0.615  C  .  



(26)







The above formula reflects that as the spring index C decreases (the smaller diameter is not negligible relative to the larger diameter), this leads to an increased curvature coefficient K, resulting in a more significant spring curvature effect. As a result, this causes more severe residual stress relaxation behavior. The expression for the residual stress attenuation factor is as follows:


  β = (   Δ θ    θ 1    + 1 ) (    σ  e q 2      σ y    + 1 ) K ,  



(27)







Shot peening of elastoplastic metal materials introduces multiple micronotches on the shot-peened surface, which cause stress concentration under mechanical load. The stress concentration factor caused via shot peening can be expressed as follows [45,46]:


   K t  = 1  + 4     (     R t     D p     )    1.3   ,  



(28)




where Rt and Dp indicate the mean-to-peak valley heights and the spacing of the adjacent peaks in the roughness profile within an evaluation length of 2 mm, respectively.



The surface roughness of shot-peened springs increases the stress concentration factor, affecting the decay pattern of residual stresses. By incorporating the surface roughness Formula (28), the decay pattern of residual stresses based on the structural characteristics of the spring can be represented as follows:


   σ N r  =  σ 0 r   (   1 −  A ′      (    2  K t    σ a  2  β   ( 1 − r )   σ y  2     )   m     (  N − 1  )   B   )  .  



(29)







Compared with the PC model, which describes the relaxation of residual stresses under cyclic uniaxial stress, the improved model can describe the attenuation of residual stresses under cyclic multiaxial non-proportional stress. The curvature effect becomes more significant as the spring index decreases, resulting in more severe attenuation of residual stresses under the same conditions. This behavior was more consistent with the actual release of residual stresses in springs. Figure 8 shows the comparison between the predicted residual stress release values of the two models and the experimental attenuation values. The PC model cannot capture the influence of different spring indexes on the attenuation of residual stresses. When the spring index showed C = 7, both methods showed similar prediction errors and achieved good predictive performance. However, when C = 4, the improved model predicted values that were significantly closer to the measured values.





4.2. Prediction and Validation of the Fatigue Life for Shot-Peened Springs


4.2.1. Characterization Method for the Dynamic Attenuation of Residual Stress and Its Effect on Extending Fatigue Life


The life extension benefit, as a result of residual stress, remains throughout the entire cycle, whereas residual stresses continues to attenuate during cyclic loading. Spring fatigue life, which can be predicted based on static residual stress, considerably exceeds the actual life of the spring. Therefore, this parameter was not conducive to lifespan assessment. As a result, we proposed a life prediction model based on the dynamic attenuation of residual stresses. The integral of residual stress on cycling can be used to characterize the effects of decayed residual stress. Thus, the residual stresses that corresponded to each cycle acted once, and the overall effect was a compilation of residual stresses. Because residual stress decreases slowly after 1000 cycles, the residual stress values for the two adjacent cycles barely changes. Residual stress can be calculated as follows:


   σ N r  ≐  σ  N − 1  r    ( N > 1000 ) .  



(30)







   σ N r    is the residual stress according to N cycles. The effect of residual stress during the Nth cycle can be expressed by the differences between the residual stresses that act during n times and the residual stresses that act n−1 times. Therefore, according to Equation (16), we can replace    σ N r    as part of the    σ N r  × ( N − 1 )   as follows:


   σ N r  × 1 =  σ N r  × N −  σ N r  × ( N − 1 ) ≐  σ N r  × N −  σ  N − 1  r  × ( N − 1 ) .  



(31)







Thus, the cumulative effect of residual stresses during 1000 N cycles H can be expressed as follows:


  H =   ∑  n = 1000  N    σ N r    ≐  σ N r   × N −   σ  N − 1  r  × (  N − 1  ) +  σ  N − 1  r  × (  N − 1  ) −  σ  N − 2  r  × (  N − 2  ) + … −  σ 999 r  × ( 1000 − 1 ) ,  








and after offsetting the same items as follows:


  H =   ∑  n = 1000  N    σ n r    ≐  σ N r  × N −  σ 999 r  × ( 1000 − 1 )  



(32)







Therefore, the residual stress effect during the first 1000 cycles   H ′   can be expressed as follows:


   H ′  =   ∑  n = 0   999     σ N r    .  



(33)







The equivalent attenuation factor  ξ  of the residual stress can be expressed by the ratio of the attenuated residual stress effect under a cycle period N with the steady-state initial residual stress effect under N cycles. This can be expressed as follows:


  ξ =    H ′  + H    σ 0 r  N   =     ∑  n = 0   999     σ n r    +  σ N r  × N −  σ 999 r  × ( 1000 − 1 )    σ 0 r  N   .  



(34)








4.2.2. Prediction Model and Validation of Spring Life Based on Residual Stress Decay


The determination of the life gain caused by residual stresses depends on the accumulation of the residual stress variation throughout the entire cycle. The impact of residual stresses induced via shot peening on life extension can be incorporated into the prediction model by multiplying the equivalent attenuation factor with the initial residual stress for a specific cycle. Furthermore, the improved life prediction model also considers the inhibitory effect of increased surface roughness caused via shot peening on life extension. The stress concentration resulting from roughness was manifested in two aspects. The first factor was the intensification of cyclic loading, while the second factor accelerated the release of residual stresses. Therefore, the spring life prediction model based on the decay pattern of residual DLP stresses and the stress concentration effect induced via shot peening and the dynamic residual stress life prediction model can be expressed as follows:


     K t  Δ  ε  θ , max   (  σ   max , 1    + ξ  σ 0 r  )  2  =    σ f ′   E    ( 2  N f  )   2 b   +  σ f ′   ε f ′    ( 2  N f  )   b + c   .  



(35)







Spring fatigue data exhibit characteristics of data dispersion and stress sensitivity. Table 6 presents the mean fatigue life and standard deviation of samples with different conditions and specifications under specific cyclic loading conditions.



C = 4 specification spring samples were selected with a stress ratio set to 0.2. The fatigue life distributions of NSP and DSP specimens were compared at different stress levels, as depicted in Figure 9. The DSP specimens exhibited significantly enhanced average lifespans compared with the NSP specimens, especially at lower stress levels (σ = 1000 MPa), where the life increased by as much as 12.36 times, indicating a more pronounced life extension effect. In addition, shot peening significantly reduced the dispersion of the fatigue life distribution of the springs. Even in the low-stress region with a relatively dispersed life distribution (σ = 1000 MPa), the standard deviation was small (0.14939), effectively ensuring the high reliability of the product in service.



Figure 10 shows the mean fatigue life and scatter of fatigue data for springs with different spring indexes under stress conditions r = 0.2 and σ = 1200 MPa. The mean fatigue life of the springs tends to increase with a higher spring index. Under the same stress condition, the mean life of the spring with spring index C = 7 was 2.86 times that of the spring with spring index C = 4. Increasing the spring index also affected the scatter of fatigue life in shot-peened springs. Under the same conditions, the standard deviations for springs with spring indexes four, five, six, and seven were 0.1243, 0.10815, 0.08406, and 0.0606, respectively. A higher spring index reduced the scatter of fatigue data by more than half. The spring index represents the curvature effect of the spring. A smaller spring index results in more significant curvature effects, leading to a more intense release of residual stress and weakening the life extension effect of residual stress.



An error band test chart is plotted twice in Figure 11 to compare the predictions of two life prediction methods (SLP and DLP) with the experimental values. The SLP method consistently predicted longer life spans than the actual measured life spans (above the Iso lifeline). As the stress level increased, the release of residual stress intensified, leading to a weakening of the life extension effect. The SLP method, which neglected the dynamic decay of residual stress during cycles, resulted in more aggressive predictions due to the assumption of a stable life extension effect caused by residual stress. At a stress level of 1200 MPa, the predicted life spans mostly exceeded the two-time error life band. The DLP life prediction method demonstrated better accuracy. It remained within the two-time error band range for stress levels from 1000 to 1200 MPa. The data points were mainly below the Iso lifeline, particularly in the high-stress region (1000 MPa).






5. Conclusions


An experimental study was conducted to investigate the effects of shot peening on residual stress attenuation and fatigue behavior in springs with varying spring indexes. The study aimed to understand the relationship between residual stress attenuation and spring structural characteristics. The dynamic relaxation of residual stress during service cycles was quantified and integrated into a shot-peened spring life prediction model, leading to the following conclusions:




	
Shot peening is an effective method for enhancing the fatigue performance of springs. It significantly reduces the variability in spring fatigue life, thus improving the reliability of spring operation.



	
Under cyclic loading, shot-peened springs experience stress relaxation, with the most significant relaxation occurring at the inner coil of the spring. This relaxation is influenced not only by the number of cycles, maximum stress, and stress amplitude but also by the spring index of the spring. Smaller spring indexes (indicating a more pronounced curvature effect) result in more severe residual stress attenuation in the spring under the same conditions.



	
Observations indicated that the residual stress values of two adjacent cycles became nearly equal once the steady-state relaxation stage was reached. A quantified model capturing the dynamic relaxation of residual stress during the entire cycle accurately described the life extension effect induced via shot peening.



	
Residual stress relaxation was the primary limiting factor for improving the fatigue response via shot peening. When predicting the fatigue strength of springs using multiaxial fatigue criteria, it is crucial to consider the dynamic variation of residual stress rather than relying on the initial residual stress as the steady-state value.
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Nomenclature










	d
	wire diameter
	    σ 0 r    
	initial residual stress on the inner coil



	D
	mean coil diameter
	    σ N r    
	residual stress on the inner coil after N cycles



	n
	active coils
	    B 0    
	fitting constant for the PC model



	α
	helix angle
	    k 0    
	Boltzmann constant



	t
	spring pitch
	    t n    
	cycle time of the thermal field



	   α ′   
	helix angle after loading
	    m 0    
	exponential constant for the PC model



	   t ′   
	post-loading pitch
	   Δ H   
	activation enthalpy of the relaxation process



	C
	spring index
	  T  
	relaxation temperature



	K
	spring index coefficient
	    A 1    
	fitting constant for the LC model



	F′
	stiffness of the entire spring
	    m 1    
	fitting constant for the LC model



	S
	area for the cross-section of the spring wire
	    A ′    
	material constant for the PC model



	F
	axial compressive force
	m
	fitting exponential constant for the PC model



	  λ  
	ratio of normal to shear stress
	B
	fitting constant controls the degree of influence for the number of cycles



	Q
	constant related to the curvature
	  β  
	residual stress attenuation factor



	    σ  e q     
	equivalent stress at the inner coil
	    θ 1    
	the angle of the critical plane under F1



	    σ 1    
	normal stress under load F1
	   Δ θ   
	angle amplitude of the critical plane



	    τ 1    
	shear stress under load F1
	    R t    
	mean to peak valley heights of the roughness profile



	    σ   max , 1      
	maximum normal stress on the critical interface under F1
	Dp
	spacing of the adjacent peaks in the roughness profile



	    σ a    
	cyclic stress amplitude
	    K t    
	stress concentration factor



	    σ y    
	yield strength
	K
	curvature coefficient



	    σ m r    
	residual stress on the inner coil
	H
	cumulative effect of residual stresses during 1000~N cycles



	   Δ  ε  θ , max     
	critical interface normal strain amplitude
	   H ′   
	residual stress effect during the first 1000 cycles



	    χ  eq     
	fatigue damage parameter
	  ξ  
	equivalent attenuation factor for residual stress



	b
	fatigue strength exponent
	Subscripts
	



	c
	fatigue ductility exponent
	XRD
	X-ray diffraction



	    σ f ′    
	strength fatigue coefficient
	SWT
	Smith–Watson–Topper model



	    ε f ′    
	fatigue ductility coefficient
	DSP
	double sheet peened



	    σ f    
	fracture true stress
	LC
	logarithmic criterion



	    ε f    
	fracture true strain
	PC
	power criterion



	Φ
	reduction rate of the cross-sectional area
	DLP
	dynamic residual stress life prediction model



	
	
	SLP
	steady-state residual stress life prediction model
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Figure 1. Analysis of spring structural characteristics and cross-sectional stress. 
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Figure 2. Spring fatigue machine, indicating the loading and fixed sections. 
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Figure 3. DSP microstructure of the sample surface in the initial state and after fatigue testing (d = 4.0 mm, C = 7). 






Figure 3. DSP microstructure of the sample surface in the initial state and after fatigue testing (d = 4.0 mm, C = 7).



[image: Metals 14 00355 g003]







[image: Metals 14 00355 g004] 





Figure 4. DSP sample under different cyclic loading ratios, nominal stress amplitudes, cycle times (d = 4.0 mm, C = 7, DSP, inner coil), and distribution of residual stress along the depth direction. 
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Figure 5. Relaxation law of maximum residual stress on the surface of the inner coil under different cycle conditions (d = 4.0 mm, C = 4, DSP, inner coil). 
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Figure 6. Attenuation law for residual stress on the spring surface at different positions along the circumferential direction (d = 4.0 mm, C = 4, DSP, r = 0.2, 1200 MPa). 
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Figure 7. Residual stress attenuation with different spring indexes on the inner coil (d = 4.0 mm, DSP, r = 0.2, 1200 MPa). 
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Figure 8. Comparative analysis with actual test results on the residual stress relaxation behavior. 
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Figure 9. Comparison of mean life and life standard deviation between two surface conditions at different stress levels (C = 4). 
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Figure 10. Comparison of fatigue life differences in shot-peened springs with different spring indexes. 
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Figure 11. Two-time error band test chart for SLP and DLP. 
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Table 1. Fatigue constant values for 55SiCr spring wire.






Table 1. Fatigue constant values for 55SiCr spring wire.





	     ε f     
	    σ f ′    /MPa
	     ε f ′     
	b
	c





	−0.45
	2418
	0.24
	−0.87
	−0.45










 





Table 2. Chemical composition of 55CrSi (%).
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Elements (Mass%)




	
C

	
S

	
Si

	
Mn

	
P

	
Cr

	
Cu

	
P






	
0.57

	
0.005

	
1.47

	
0.73

	
0.018

	
0.70

	
0.010

	
0.018











 





Table 3. Mechanical properties of the spring wires.
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	Diameter (mm)
	Tensile Strength (MPa)
	Reduction in Area (%)
	Elastic Shear Modulus (MPa)
	Elastic Modulus

(MPa)





	4
	1910
	0.55
	78,500
	216,000










 





Table 4. Shot peening process parameters.
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	Shot Peening Condition
	Single/First
	Secondary





	Intensity (A)
	0.40
	0.28



	Speed (m/s)
	73
	60



	Time (min)
	25
	25



	Coverage
	98%
	100%



	Shot peening machine
	SNB30 (Shiliangshi, Shanghai, China)
	QS326 (DISA, Qingdao, China)










 





Table 5. Manufacturing processes of the spring specimens.
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	No.
	Surface Condition
	Manufacturing Process
	Shot Peening Parameters





	A
	Non-shot-peened
	Coiling, stress relief annealing (420 °C, 60 min), grinding the end coil, chamfering the outside corner, high-pressure treatment, paint marking, secondary tempering (220 °C, 35 min)
	None



	B
	Double-shot-peened
	Coiling, stress relief tempering (420 °C, 60 min), first shot peened, grinding the end coil, chamfering the outside corner, secondary shot peened, high-pressure treatment, paint marking, secondary tempering (220 °C, 35 min)
	First SP intensity 0.4 A, shot-peened SP intensity 0.28 A;

surface coverage 95%










 





Table 6. Fatigue performance of samples (with two different surface treatment states, NSP and DSP) under different cyclic loading conditions.






Table 6. Fatigue performance of samples (with two different surface treatment states, NSP and DSP) under different cyclic loading conditions.





	
Spring Index

	
Cyclic Ratio

	
Stress Level (MPa)

	
Mean Fatigue Life

	
Standard Deviation




	
NSP

	
DSP

	
NSP

	
DSP






	
4

	
0.2

	
1200

	
71,087

	
282,126

	
0.08948

	
0.10266




	
1150

	
94,344

	
447,608

	
0.1268

	
0.10875




	
1100

	
125,342

	
806,279

	
0.20713

	
0.12166




	
1050

	
178,793

	
1,571,910

	
0.22573

	
0.14874




	
1000

	
254,336

	
3,141,810

	
0.31169

	
0.14939




	
5

	
0.2

	
1200

	

	
255,148

	

	
0.1243




	
6

	
0.2

	
1200

	

	
374,491

	

	
0.10815




	
7

	
0.2

	
1200

	

	
527,710

	

	
0.08406
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