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Abstract
[bookmark: _Hlk118492926]The stability of residual stress plays an important role in the fatigue performance of materials. In this work, the stability of surface residual stress in carburized alloy steel with different carburized layers is studied by axial fatigue tests. Different stress amplitudes are applied to the specimens over several cycles, and the resulting residual stress on the surface is measured by X-ray diffraction. It is found that residual stress relaxation occurs on the specimens when the applied stress amplitude is large, and that the relaxation rate depends on the magnitude of the stress amplitude. The stress relaxation is most obvious in the first cycle, and changes slowly in the subsequent cycles. A model of surface residual stress evolution is established which can accurately describe the relaxation process. The residual stress on the surface of the specimen is found to be in a stable state, if the stress amplitude is less than 30% of the material yield strength.
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Introduction
[bookmark: _Hlk120644218]Fatigue cracks usually occur on the surface of components in service [1], resulting in a fatigue life that is mainly controlled by surface behavior. When shot-peening process, ultrasonic rolling, laser shock processing, and carburizing heat treatment are applied, a metamorphic layer forms in the surface layer of the material, and residual compressive stress distribution layers with a certain gradient will be generated on the surface [2-6]. This eventually leads to the material having better fatigue resistance. In previous work [6-8], the mechanical properties and microstructure characterization of surface metamorphic layers of 18CrNiMo7-6 alloy steel after carburizing heat treatment have been studied. However, less attention has been paid to the stability of residual stress residual stress in fatigue tests. Residual compressive stress can retard the initiation and propagation of cracks and improve fatigue strength and life of the material [9, 10]. Nevertheless, because of thermal, quasistatic, and cyclic loading, the residual stress in the material does not remain constant all the time, and may be redistributed and relaxed [11-13].
Mattson and Coleman [14] observed the phenomenon of residual stress relaxation in its early stage and found that although the residual stress was partially relaxed, it still had a beneficial effect on fatigue life. Kodama [15] found that the main residual stress relaxation occurs in the first cyclic loading. Liu et al. [16] determined that the occurrence of plastic accommodation provoked by lattice expansion and the additional plastic deformation imposed during loading is decisive for stress relaxation when conducting a rotational bending fatigue test. Leguinagoicoa et al. [17] studied the residual stress relaxation behavior of shot-peened alloy steel DIN34CrNiMo6 under axial loading, the results showed that the residual stress relaxation increased with the magnitude of the applied stress, due to the increase of generated plastic strains, and compressive applied stress generates greater stress relaxation than the tensile applied stress. However, so far, studies failed to consider whether a critical value of the applied stress amplitude to ensure that the residual stress remains stable is applicable in fatigue tests. The residual stress relaxes when the applied stress amplitude is large. This implies that the ability of residual stress to inhibit crack initiation and propagation is weakened, which reduces the fatigue life of the material [18].
In this work, an axial fatigue test has been used to study the stability of residual stress on the surface of 18CrNiMo7-6 alloy steel with different carburized layers. The behavior and mechanism of residual stress relaxation are analyzed and discussed. Consequently, a residual stress relaxation model is modified to. Finally, the critical value for the applied stress amplitude, which stabilizes the surface residual stress is proposed.
Experimental procedure
Materials 
18CrNiMo7-6 carburized alloy steel with the chemical compositions (in wt.%): Cr 1.73, Ni 1.62, Mo 0.31, Mn 0.58, C 0.18, Si 0.28, P 0.009, S 0.003 and Fe balance has been used as a material in this work. The carburizing process was conducted as follows: The material was kept at a constant temperature of 920°C with 1.2%, 1.1%and 0.9% carbon potential for 17, 7 and 10 h, respectively, after which it was tempered at 650°C for 2 h. The material was then reheated to 820°C for 2 h and quenched in oil, whereupon it was deep cooled at -60°C for 2 h and finally tempered at 180°C for 10 h. The carburized layer was divided into 7 layers from the surface to the matrix by wire cutting. To improve the surface integrity of the specimen, the surface of the sample was ground using sandpaper. Finally, the size of each layer remained the same. The cutting diagram was shown in Fig.1 (a). The specimen geometry was shown in Fig.1 (b).
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Fig.1(a) Schematic diagram of specimen cutting along the depth of carburized layer (b) Specimen geometry 
Tensile test and fatigue test
At room temperature, the MTS test system (MTS 370.02, capacity 15kN, MTS Systems Corporation, Minnesota, USA) was used to carry out tensile tests on specimens with different carburized layers to obtain the yield strength of materials. The tensile test was repeated three times in each group and the displacement rate was 0.1mm/min. Subsequently, the axial fatigue test on the specimens was conducted using the MTS fatigue test system, as shown in Fig.2. The test parameters were as follows: stress ratio was R=0, waveform was sine wave, and loading frequency was 5 Hz. The machine was suspended when specimen reached a predetermined cycle number (1, 102, 103, …), and the specimen was taken out for characterization test.
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Fig.2 The MTS test system and axial fatigue test
Microhardness and residual stress characterization
The microhardness of the sample was determined using a Vickers microhardness tester (HV-1000, Beijing Times Mountain Peak Technology, Beijing, CN) with a loading of 0.98N and holding time of 10 s. Three points were measured on the surface of specimens with different carburized layers, and average values were taken.
The surface residual stress of the specimens was measured using an X-ray residual stress analyzer (LXRD, Proto, Ontario, Can) at 30 kV and 25 mA. The residual stress characterization test was conducted according to ASTM: E915–10 and determined using the sin2ψ method [19]. The  radiation was chosen and diffraction angle 2θ=156.41°. The spot diameter was 0.1mm. Here, mainly the longitudinal residual stress relaxation behavior was studied. Because the direction of the applied stress amplitude is longitudinal and the fatigue crack propagation of the specimen is controlled by longitudinal residual stress, the most significant stress is relaxed in the loading direction [20, 21].
Results
The yield strength of specimens with different carburized layers
The yield strength of specimens with different carburized layers is shown in Fig. 3. The yield strength of specimen with a carburized depth of 2.175mm is 1538MPa, With the increase of carburized depth, the yield strength of the specimen decreases. The essence of material strength is the resistance to dislocation movement inside the crystal. 
During carburizing heat treatment, carbon atoms penetrate into the surface metamorphic layer of specimen, and the carbon content in this area is high and the grain refinement is obvious. Simultaneously, phase transformation occurs in specimen during quenching [22] , and the dislocation density increases, so the yield strength in this region is high . With the increase of carburized layer depth, the carbon content decreases, the grain size is coarse, the resistance of dislocation motion decreases, the yield strength of the samples declines.
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Fig.3 Yield strength of specimen with different carburized layers
Microhardness of specimen with different carburized layers
Microhardness of specimen with different carburized layers is shown in Fig.4. The microhardness of the specimen decreases with the increase of the depth of the carburized layer. This is due to the different concentrations of carbon atoms in different carburized layers [23] . With the increase of carburized layer depth, the carbon content gradually decreases, and the microhardness of the material will also decrease accordingly.
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Fig.4 Microhardness of specimen with different carburized layers
Relaxation of residual stress with different carburized layers
Fig.5 shows the effect of applied stress amplitudes and cycles on the longitudinal residual stress stability of specimens with different carburized layers. As shown in Fig.5(a), the residual stress on the surface of the specimen mostly relaxed in the first cycle, and the relaxation degree is related to the applied stress amplitudes. In the subsequent cycle, the residual stress relaxation is not obvious, even in a stable state. A similar phenomenon also exists on the surface of specimens with other depth of carburized layer. Fig.5(b) shows that when the applied stress is large, the residual compressive stress transforms into residual tensile stress, and plastic deformation occurs on surface of the samples, which will deteriorate the fatigue properties of the material.
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Fig.5 Effects of applied stress amplitude and cycles on longitudinal residual stress stability of different carburized layers (a) 2.175mm (b) 4.075mm (c) 5.975mm
Discussions
Mechanism of residual stress relaxation
During the axial fatigue test, the relaxation process of surface residual stress can be divided into two stages:
The first stage: significant relaxation of residual stress occurs in the first cycle. The superposition value of residual compressive stress and applied stress amplitude exceeds the local yield strength of the material, resulting in plastic deformation of different degrees, residual stress redistribution and relaxation. Similar large relaxation in the first cycle has also been observed in other literature [24-26]. Furthermore, when the stress amplitude applied to the specimen is lower than the yield strength of the material, due to the existence of scratches on the specimen surface, causes a generation of stress concentration at the scratch, which also results the local stress exceeding the yield strength of the material. This leads to a gradual relaxation of elastic strain energy in the material through local plastic deformation, as shown in Fig.6(a).
The second stage: relaxation of residual stress after the first cycle. As the cycles increases, dislocation motion increases, resulting in the accumulation of plastic deformation. Then, in the process of dislocation slip, if it is at the grain boundary, it is easy to block. As the dislocation movement becomes more and more difficult, the yield strength of the material is significantly increased, resulting in the Bauschinger effect[1, 27], limiting the further development of plastic deformation. At this time, the stress superposition value is less than the cyclic yield strength of the material, and the residual stress relaxation is not obvious and is in a stable state, as shown in Fig.6(b).
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Fig.6 Schematic representation of residual stress relaxation, (a)The first stage, (b)The second stage
Mathematical description of residual stress relaxation 
To describe the relaxation process of the surface residual stress, Kodama [15] proposed that there is a linear proportional relationship between the residual stress and the logarithm of cycle numbers. Zhuang et al. [1] assumed that the relaxation behavior of residual stress is influenced by the amplitude of applied stress, the degree of cold work hardening the specimen surface, the cycles and yield strength of the material. Base on the experimental data obtained after the first cycle, Therefore, the surface residual stress relaxation model of 18CrNiMo7-6 carburized alloy steel with different carburized layers can be modified to：

Where represents the surface residual stress value of the specimens after  cycles, is the value of residual stress after the first cycle,  is the applied stress amplitude, is the degree of cold work hardening, is the yield strength of the specimens with different carburized layers, and  are fitting parameters.
The microhardness of 18CrNiMo7-6 steel in the matrix area is 375.46HV. The hardening degree of cold working for the aforementioned carburized layers is found to be 59%, 4.9% and 3.6%, respectively. The values of  are listed in Table 1.
Table 1 The values of Equation coefficients 
	Depth of carburized layer(mm)
	Equation coefficients

	
	
	
	

	2.175
	25.43
	-129.14
	178.78

	4.075
	-5.65
	38.10
	-38.41

	5.975
	-45.84
	155.41
	-120.03


Fig.7 shows the fitting curves of residual stress relaxation model and the experimental data of residual stress in the different cycles. As can be observed, the fitting curve is in good agreement with the test data, it means that the model can be used to describe the surface residual stress relaxation process of the carburized layers in the fatigue test.
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Fig.7 Fitting curve of residual stress relaxation model for specimens with different carburized layers (a) 2.175mm (b) 4.075mm (c) 5.975mm
Critical value of applied stress amplitude to stabilize residual stress
When the residual stress is relaxed, the beneficial effect of compressive residual stress on the fatigue life of materials is greatly reduced. Therefore, it is necessary to specify the critical value () of applied stress amplitude to ensure the stability of the residual stress. This critical value can be determined by conducting residual stress relaxation experiments on the specimens under different stress amplitudes. Table 2 shows the residual stress on the surface of the specimens after the first cycle and the 104 cycles are transformed into the ratio of the initial residual stress, the corresponding figure is shown in Fig.8 (a), (b) and (c).
Table 2 Surface residual stress relaxation data of specimens under different stress amplitudes
	Depth of carburized layer(mm)
	Stress amplitude
(MPa)
	Number of cycles (N)

	
	
	1 cycle
	104 cycles

	
	
	The ratio of the initial residual stress

	2.175
	384.5
	1.0
	1.0

	
	422.95
	0.92
	0.91

	
	461.2
	0.96
	0.95

	
	537.5
	0.84
	0.77

	
	615
	0.52
	0.50

	
	
	
	

	4.075
	244.3
	0.99
	1.0

	
	268.68
	1.0
	0.93

	
	293.1
	0.99
	0.94

	
	320
	0.90
	0.86

	
	342
	0.76
	0.64

	
	
	
	

	5.975
	271.92
	0.92
	0.90

	
	294.58
	0.96
	0.85

	
	317.5
	0.88
	0.83

	
	362.5
	0.76
	0.70


For the specimen with a carburized depth of 2.175mm, the residual stress relaxation is not obvious if the applied stress amplitude is less than 461.2MPa, and the residual stress value is found to be above 90% of the initial value after 104 cycles. Kim et al. [28] proposed a residual stress relaxation using a threshold concept: in the process of fatigue, material failure does not occur if the residual stress value is always greater than 80% of the initial residual stress value. So,  is defined as that the residual stress on the surface of the specimen remains above 90% of the initial residual stress value after 104 cycles. This ensures that the residual compressive stress remains in a stable state during fatigue, and its beneficial effect on fatigue performance remains unchanged.
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 Fig.8 Relationship between residual stress and applied stress amplitude on the specimens with a different carburized layer (a) 2.175mm (b) 4.075mm (c) 5.975mm
To make the critical value concept more practical, the applied stress amplitude is inserted into the ratio of the material yield strength as the independent variable. Residual stress after 104 cycles is inserted into the ratio of initial residual stress as the dependent variable. The relationship between the two variables is then explored, as shown in Fig.9. If the stress amplitude is less than 30% of the material yield strength (), the residual stress basically does not relax and remains in a stable state. Therefore, the critical value of the applied stress amplitude can be defined as 30% of the material yield strength.
[image: ]
Fig.9 The critical value of applied stress amplitude
Conclusions 
In the present study, it was concluded that the stability of residual stress on the specimen surface changes if a large stress amplitude is applied to 18CrNiMo7-6 carburized alloy steel with different depths of the carburized layer. Furthermore, it was found that the relaxation degree of the residual stress increases with an increase in stress amplitude and cycles. In addition, the residual stress relaxation model was modified, which can accurately describe the relaxation process of residual stress. Finally, it was observed that if the applied stress amplitude is less than 30% of the material yield strength, residual compressive stress remains in a stable state during fatigue and does not relax.
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