Analysis and Recommendation for the Minimization of Material Failures
Abstract Based on finite element software and experimental data, the Johnson-Cook constitutive parameters of the applied materials were determined, and the stress distribution of output shaft of small generator reducer was analyzed by using the model, and the possible damage location and damage form were predicted.
1 Introduction of Component
In a small industrial emergency power generation system, reducer connects the rotating part of the high-speed internal combustion engine with the rotor of the low speed motor, so as to form a mechanical connection between the two. In the process of designing and checking the reducer, the strength checking of the shaft is a step that cannot be ignored. However, the traditional checking method can only judge whether the section of the shaft meets the requirements of use, yet local stress analysis is unavailable, so the use of finite element analysis software to analyze the shaft is necessary.
1.1 Load Analysis
Taking the 75kW industrial power generation system as an example, the output shaft of the reducer is required to be able to withstand 350kN·m of torque, as well as the concentrated stress at the gear connection and the radial force from the gear. Figure 1 shows the parts used in the finite element analysis. The reducer shaft is key-connected with the gear and generator input shaft. Concentrated stress may occur at the transition point between the key connection and the shaft radius.
The gear pressure Angle is α=20°, the radius of the pitch circle is D =100mm, and the radial force of the gear is Fr=2(T·Tan20 °)/ D =2547.8N. Since the output end of the shaft is connected to the input shaft of the generator, there is no radial force at the output end.
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Figure 1. Reducer shaft
The stress area of the key is 60mm×8mm=480mm2, the radius of the input end of the shaft is 30mm, and the radius of the output end is 25mm. It can be obtained that the stress on the stress surface of the key at the input end is 56.09MPa, and the stress on the stress surface of the key at the output end is 69.44MPa.
1.2 Material Selection
The carbon content in 0.45% of the carbon structural steel, referred to as 45# steel, belongs to the medium carbon steel, has considerable strength. Its Hardness is not high and easy to cut. The following are some of the parameters of 45# steel:
Table 1 Physical Properties of 45# steel
	Young's modulus:
	206GPa
	Poisson's ratio:
	0.26

	Density:
	7.8 x 103 kg/m3
	Tensile strength:
	≥600 (MPa)

	Yield strength:
	≥355 (MPa)
	Lengthening rate:
	≥16%

	Section reduction rate:
	≥40%
	Brinell hardness:
	≤197 (HB)

	C (mass fraction):
	0.45%
	Si (mass fraction):
	0.17 ~ 0.37%

	Mn (mass fraction):
	0.50~0.80%
	Cr (mass fraction):
	0.25%

	Ni (mass fraction):
	≤0.30%
	Normalizing:
	850℃ recommended


1.3 Processing Procedure
[bookmark: _Hlk61387709]The processing procedure of reducer shaft is divided into 7 steps, shown as follows:
Table 2 Processing Procedure of Reducer Shaft
	Step
	Procedure

	1
	The two end faces are turned

	2
	Rough turned outer circle of each section

	3
	The whole shaft is treated by thermal refining

	4
	Semi-extractive turn outer circle of each section

	5
	Chamfer the end face

	6
	Milling keyways

	7
	Finished work(grinding)


2 Constitutive Model of Material
In finite element analysis, the failure parameter of ductile material is an important aspect of material behavior description. The strength of metal materials depends on strain, strain rate and temperature, and many experimental studies have shown that the failure parameters of materials also obviously depend on the triaxiality of stress state [1][2][3]. In order to get the required material constitutive model parameters of finite element analysis, Chen Gang et al. [4] carried out experiments on 45 steel under different stress states, temperatures and strain rates, and obtained data of material properties and failure parameters under corresponding loading conditions. Combined with Johnson-Cook(J-C) damage failure criterion provided by dynamic finite element program DYNA, the failure parameters of the material were analyzed. The parameters obtained are further discussed by Taylor impact test and numerical simulation.     
2.1 Failure Criterion for Finite Element Analysis
The failure of materials is a kind of phenomenon with complex physical and mechanical mechanism. In the ABAQUS finite element, the concept of erosion is introduced to the simulation of failure. When the characteristic parameters of a certain element (stress, strain or other parameters) reach the specified critical value, the element is considered to be completely destroyed and lose its bearing capacity, and the element is deleted.
The model of J-C damage is a special failure criterion which is widely used. Based on the void growth equation proposed by J.R. Rice et al. [5], G. R. Johnson et al. [6] proposed a J-C failure model considering stress triaxiality, strain rate and temperature effects. The damage of unit defined by J-C model is as follows:

Where, D is the damage parameter, D=0~1, initial D=0, when D=1, material failure; Δεp for a time step of plastic strain increment; εf is the stress state, strain rate and failure strain at temperature of the current time step. The failure strain εf is expressed as:

Where, D1, D2, D3, D4 and D5 are material parameters; σ*= p/σeff = -σkk/σeff = -Rσ, p for pressure, σeff as the equivalent stress, Rσ to triaxial stress degree; ε*=ε/ε0 is the dimensionless plastic strain rate and ε0 is the reference plastic strain rate. T*= (T-Tr)/(Tm-Tr) is the dimensionless temperature, Tr is the reference temperature (room temperature), Tm is the melting temperature of the material.
The first part of the equation reflects that the failure strain of the material decreases with the increase of stress triaxiality Rσ; the second part reflects the effect of strain rate on the failure strain; and the third part reflects the effect of thermal softening effect of temperature on the toughness of the material. In Equation (2), the stress triaxiality, strain rate and temperature of the three factors affecting the failure strain of material εf are expressed as a product relationship, which are not coupled to each other. Therefore, the material parameters can be determined by changing a single factor alone. Under the same stress state and strain rate, the failure strain of the material has a linear relationship with temperature, and its slope is D5 through linear fitting of the experimental data. Under the reference temperature and the same stress state, the failure strain of the material has a linear relationship with the logarithm of the strain rate, and its slope is D4. At the reference temperature, D1, D2 and D3 can be obtained by least square nonlinear fitting after D4 is determined. J-C failure model takes into account the influence factors such as stress state, strain rate and temperature, and has a wider range of adaptability.
J-C damage model has been widely used in commercial finite element programs because of its comprehensive consideration of factors and easy access to parameters.
2.2 Experimental Results of Mechanical Properties of Materials 
Tensile tests were carried out on MTS and tensile SHB devices with identical size, and experimental data of 45 steel at different strain rates were obtained, as shown in Fig. 2. The failure strain at high strain rate is slightly larger than that at quasi-static strain rate. D4= 0.005 is obtained by fitting the second part of Equation (2), and the fitting curve is also shown in Figure 2. Among them, due to the neck instability of the specimen in the tensile test, the strain is not uniformly distributed in the specimen, and the maximum strain of the material failure is at the fracture. Based on the constant plastic volume and the assumption that the strain at the fracture section is uniform, the following equation [3][6] is used for the failure strain of the material：

Where, d0 and d are the initial diameter and final diameter of the specimen respectively.
In order to investigate the effect of stress state on failure strain of 45 steel, quasi-static compression and torsion tests of 45 steel at room temperature, as well as tensile tests of standard 
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Fig.2 Variety failure strain with strain rate               Fig.3 Notched specimen
(smooth) and notched specimens (as shown in Fig. 3) were carried out using MTS810 material testing machine, Instron1196 material testing machine and NDS-1 torsion testing machine.
The σ* in tensile test, torsion test and compression test of smooth specimen corresponds to -1/3, 0 and 1/3 respectively. Results of other stress states can be obtained through notch tensile test [5-6]:

Where: a is the radius of the specimen; R is the notch radius.
The size of the compression specimen was 5mm×5mm. Instron1196 was used to compress the specimen to the maximum load close to the testing machine, reaching about 240 kN. The thickness of the specimen was about 1.2mm. The maximum strain in the experiment is still taken as the failure strain of the material under the state of compressive stress.
Fig. 4 shows the failure strain data of 45 steel under different stress states. The failure strain of 45 steel in the quasi-static test decreases with the increase of stress triaxiality. According to the data in Fig. 4, the parameters in the first part of Equation (2) are fitted and combined with the results of strain rate effect, D1= 0.10, D2= 0.76, and D3= 1.57 are obtained. The corresponding fitting curves are shown in Fig. 4.
The variation of failure strain of 45 steel with temperature was investigated by tensile tests at different temperatures. Experimental data are shown in Figure 5. The failure strain of 45 steel ranges from room temperature to 450℃ and decreases slightly with temperature. According to the fitting of the third part of Equation (2), D5= -0.84.
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Fig.4 Failure strain of 45 steel vs stress state
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Fig.5 Tension failure strain of 45 steel vs temperature
2.3 Taylor Impact Test of 45 Steel
G.I. Taylor [7] developed a method for measuring the dynamic yield strength of materials by using the basic concept of one-dimensional wave propagation theory and measuring the deformation of a cylindrical specimen by vertical impact on a rigid target. After Taylor's theory was established, many scholars modified the method from different perspectives, so that the calculation results were closer to the actual situation. It should be noted that the Taylor cylinder impact experiment involves a complex two-dimensional axisymmetric wave propagation process. Although the one-dimensional analysis has provided a simple method for obtaining material property data, the experiment itself requires more detailed analysis and more complete equipment for studying instantaneous deformation. At the same time, the softening effect of plastic temperature rise on the specimen material can not be ignored when plastic deformation occurs. Moreover, in this kind of experiment, the strain rate is not constant, and the strain rate is difficult to be determined by simple analysis. Since the 1980s,Taylor experiment, combined with numerical simulation, has mainly been used to test the dynamic constitutive relations and parameters of materials measured by other methods [6][8].
Chen Gang et al. [4] carried out Taylor cylinder impact experiment on 45 steel with 25 mm musket gun. The experimental system is composed of gun, electromagnetic velocity measuring system, digital high-speed camera and target plate. The indoor gun device used is 25 mm smoothbore gun, the muzzle projectile velocity can be adjusted in the range of 100 ~ 1200m/s, and the adjustment of projectile velocity is controlled according to the charge amount. The electromagnetic velocity measurement system uses the on-off signal of the net target to test the speed of the specimen. The highest amplitude and frequency of the high-speed digital camera is 4.05× 104 s-1. The initial velocity and rebound velocity of the specimen can be measured, and the impact attitude of the specimen can be detected. The shooting results can be directly transmitted to the computer. The target was a 150 mm× 150 mm× 150 mm cubic steel target. After the experiment, the target did not show obvious deformation, so it could be considered that the target remained elastic during the impact.
The main body of the specimen is cylindrical, with a pressure groove and chamfer designed for launching device at the tail. The diameter is 25 mm. A total of seven Taylor impact tests were carried out on 45 steel with a length of 100 mm. High-speed photography and recovered specimens showed that the impact state was maintained as a vertical impact, and the results showed good symmetry. The rebound velocity of 45 steel specimen is about 19 m/s. The experimental data are listed in Table 3, where V0 is the initial speed, L is the final length, and dmax is the maximum diameter. In the experiment, three charges of 5, 10 and 15g were used to control the initial impact velocity. From the recovered specimens, the deformation of the specimen with 5g charge was small, while the specimen with 15g charge showed obvious local deformation at the impact end and produced cracks at the edge.
Table 3 Taylor impact results
	v0/(m/s)  L/mm  dmax/mm

	154
	91.2
	32.1

	164
	90.9
	32.1

	205
	87.0
	35.5

	217
	85.7
	38.1

	227
	84.3
	38.2

	290
	77.9
	47.5

	319
	76.3
	50.6


Fig. 6 shows the photos of the original test specimen and the residual specimens at three impact velocities. The impact end of the specimen shows the mushroom shaped pier thickness, and the higher the velocity, the more obvious it is. Fig. 7 shows the photos of the impact of 45 steel specimen on the end face at three speeds. At the speed of 217 m/s, small cracks began to appear at the edge of the end face and local failure occurred. At 290 m/s, there are many cracks on the end face, and part of the material is broken off. When it is increased to 319 m/s, the diameter of the end expands larger and the crack is longer. Fig. 8 shows the side photo of the specimen end. When the impact velocity was 290 m/s and 319 m/s, the failure of the specimen side appeared in the direction of 45°, and it can be seen from Fig. 7 that the failure of the specimen end developed in the radial direction.
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Fig.6 Photo of specimens            Fig.7 The impact end failure of specimens
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Fig.8 Lateral failure of a specimen
2.4 Taylor Impact Numerical Simulation and Theoretical Verification
Chen Gang et al. [4] selected 217, 290 and 319 m/s three speeds to carry out three-dimensional numerical simulation of Taylor impact experiment of 45 steel by LS-DYNA, and modeled the model according to the actual situation of the experiment. The target was taken as elastic, the specimen material model was described by J-C model, and the material parameters were D1= 0.10, D2= 0.76, D3= 1.57, D4= 0.005, D5= -0.84, and the reference strain rate was ε0= 1 s-1. The strength part is expressed as follows:

Where: εp，eff are equivalent plastic strains; The strength parameters are as follows: A= 507 MPa, B=320 MPa, C= 0.28, N = 0.064, M = 1.06.
Fig. 9 shows the deformation image and damage distribution of the numerical simulation after impact at three velocities. At 217 m/s impact velocity, the maximum damage number of 
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Fig.9 Final shape and damage value of specimens from FEM
the specimen is 0.6, and there is no failure, but the maximum damage appears at the edge of the impact end. At the impact velocity of 290 m/s, the impact edge of the specimen fails, which is consistent with the experimental phenomenon, but the degree of failure is not as great as the experimental phenomenon. At the impact velocity of 319 m/s, the failure of the specimen is further aggravated, and the lateral failure of 45° can be observed in accordance with the experimental results.
The experimental results and the finite element analysis results show that the obtained constitutive model parameters can well describe the mechanical properties of materials under high-speed deformation when the deformation is much larger than the material property experiment.
3 Finite Element Analysis of Component
The simulation tool is finite element analysis software ABAQUS, and the solver is Dynamic Explicit. The material failure model was Johnson-Cook, and a series of parameters determined above were imported into the constitutive model.
A boundary condition is set on each of the two surfaces that contact with bearings to limit the translation of the entire shaft in all directions and only allow it to rotate around the axis. A boundary condition is set on the end face on the output end of the shaft, which only restricts the rotation of the end face around the axis. The corresponding uniform pressure is applied to the contact surfaces of the two keyways, and a single-orientation plane stress is applied to the bearing connection section at the input end. The total load generated by the stress is Fr=2(T· TAN20 °)/ D =2547.8N.
As shown in the figure below, two different sized edge seeds were used in the meshing. A series of 2mm seeds is used to increase the accuracy of the detailed parts such as the keyway. For the less detailed parts, a series of 5mm seeds is used to reduce the amount of computation.
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Fig.10 Meshing of the shaft
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Fig.11 Locally finer meshing
The schematic diagram of the finite element simulation results is shown in Figure 11. We can see that the stress is mainly concentrated on the contact surface and its vicinity of the keyway, and the maximum stress appears at the bottom corner of the keyway.
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Fig.12 Simulation results
Make a path along the surface of the part, perpendicular to the axis, near the bottom corner of the keyway, to obtain the stress curve along the surface path (as shown in Fig.13). The maximum stress (and also the maximum stress on the part) on this path is 275.973MPa. After a
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Fig.13 Stress along a specified path
long period of loading, it is easy to crack due to the creep of metal materials. This is because the geometrical shape of the corner section has a great change and the stress concentration is high. In the actual service process of parts, this point is the most likely to occur material failure point.
[image: ][image: ]
Fig.14 Stress distribution at diameter transition
Because there is no fillet at the outer circle transition of each section, the stress is more concentrated. The maximum stress is located at the inflection point and is 142.9MPa. In order to prevent fatigue fracture of this point during actual use, the fillet can be machined at the diameter transition.
4 Conclusion
The force analysis of the shaft is carried out to determine the form and size of the load borne by the shaft.
The effects of stress state, strain rate and temperature on the failure of 45 steel were studied by tensile tests at different temperatures, quasi-static tensile tests at room temperature, compression and torsion tests, and tensile SHB tests. Combined with the J-C failure criterion provided by the dynamic finite element program DYNA, the failure parameters of 45 steel are analyzed.
Taylor cylinder impact experiments on 45 steel were carried out with a small indoor musket gun, and the deformation and failure data of the specimen at different initial impact velocities were obtained. Using the parameters obtained from the material experiment data, the Taylor impact experiment was simulated in three dimensions. The results show that the trend reflected by the parameters is consistent with the Taylor impact experiment.
The finite element analysis results of the reducer shaft show that the stress is mainly concentrated on the contact surface and its vicinity of the keyway, and the maximum stress appears at the bottom corner of the keyway. Because there is no fillet at the outer circle transition of each section, the stress is more concentrated. The bottom of the keyway will be the first place to crack when the part is in service.
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