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Abstract

:

The working device of an excavator in construction machinery is prone to damage and wear under ordinary working conditions. Based on a model of an excavator under typical working conditions, the dynamic load-bearing situation of the three main joint friction subsets of the working device is simulated by using the virtual prototype technology; the location of the functional device with high stress is identified based on finite element analysis, and the correctness of the simulation results is verified by designing strain gauges. Based on this, the dynamic contact stress variation law of the contact surface of the end-face friction subsets was explored, and the end-face wear depth was calculated by combining Archard wear theory and finite element wear simulation technology; the specimens were worn on the end-face wear tester, and the surface wear was observed under the scanning electron microscope to summarize the wear mechanism and analyze the element content changes of the worn surface. The results show that the three main joints of the working device produce large dynamic fluctuations and are prone to wear, and the destructive degree is more prominent; the wear process is accompanied by higher temperatures, fatigue wear, and abrasive wear on the wear surface, and the wear depth value of the right end face is significantly larger than that of the left end face. This method has a significant reference value for reliability analysis and optimization improvement when using construction machinery’s main joint friction pairs.
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1. Introduction


Excavators are widely used in infrastructure construction, and due to the long-term harsh operating environment, impact vibration, and alternating load, the work device joints are prone to fatigue fracture, surface material loss, severe wear at the end friction sub-place, and other undesirable phenomena, which have a substantial impact on the regular operation and use of the mechanical machine system [1]. At the same time, the work device joint frictional sub-division of the operation process does irregular contact collision movement, resulting in higher temperatures that quickly lead to the failure of surface lubrication devices, thereby increasing the contact surface friction and reducing the service life.



Many scholars have investigated destructive work devices of joint friction pairs in recent years, mainly focusing on dynamics analysis and friction and wear. The main research contents of dynamics are analyzing positions with large force and easy deformation in the working device under certain operating conditions and proposing the corresponding solution. JY Park et al. [2] adopted rigid–flexible coupling technology to assess the dynamics of the excavator under working conditions and verified the correctness of the model through experiments. They proposed corresponding solutions for the position with high stress in the working device. T Smolnicki et al. [3] established the virtual prototype model of the excavator and combined it with FEM to obtain the load spectrum data of the hinge points at each joint. They found the reasons for dynamic fluctuations generated during the operation process. WangYun-chao et al. [4] utilized ADAMS to set up the virtual prototype model of the excavator. The load of seven positions of the boom cylinder within the working range was analyzed, and the actual maximum working force was obtained. They provided improved methods for the excavator structure by analyzing the change in the excavating power.



Regarding friction and wear of joint friction subsets, relevant research was conducted mainly on the friction mechanism on the radial surface of joints and how to reduce friction and wear. In contrast, relatively little research was conducted on the wear of joint end surfaces. Qiuhong Meng [5] discussed the wear loss process of different joint friction subsets at three excavator working devices and proposed other tribological optimization design solutions. Yang Hui [6] proposed measures to improve the pin wear by analyzing the problem of wear or fracture of the connecting shaft pin between the large and small arms of the excavator work unit and the bucket in use.



In summary, although the scholars have made some progress in the study of the frictional joint of the working device, they mainly highlighted how to optimize the design and did not analyze the specific operating conditions nor the characteristics of the wear process and the mechanism of wear action of the frictional joint of the end face, and thus, cannot fundamentally propose solutions. The joint friction of the working device is subjected to enormous forces and high temperatures, which cause damage and severe frictional wear in many places, mainly at the hinge of the bucket and bucket bar, the hinge of the bucket bar and the movable arm, and the root of the hinge of the movable arm and the rotary platform of the base [7].



Therefore, in this paper, taking a model of a small utility excavator as an example, the virtual prototype model of the physical prototype and its corresponding work device is used to select the ordinary typical bucket digging rotary unloading working conditions, and the dynamic load data at the main joints are obtained through virtual prototype dynamics simulation. Strength and stress analysis is carried out to further analyze the wear change process and the mechanism of wear action by taking the more obvious bucket joint end friction pair as an example to explore the leading causes of wear at the joint friction subsets and to provide theoretical guidance for engineering designers to improve the structure of joint friction subsets.




2. Dynamic Force Simulation Analysis of the Joint Friction Subsets of the Working Device


2.1. Virtual Prototype Model Establishment and Excavation Working Conditions Introduction


According to the physical prototype of a certain type of excavator, as shown in Figure 1a, a three-dimensional solid model of the excavator working device was established, and the virtual prototype model was obtained by importing it into ADAMS, as shown in Figure 1b, and the model was applied with motion pairs and driven loading [8,9].



During the operation, the working unit mainly relies on three sets of hydraulic cylinders to output power to perform a variety of complex excavation tasks. The specific working parameters of these three sets of hydraulic cylinders are detailed in Table 1.



In this paper, a typical bucket digging condition of an excavator is selected for study, and the digging operation process is set up according to the actual engineering experience, as shown in Table 2.




2.2. Work Device Virtual Prototype Dynamics Simulation Analysis


After the simulation, the dynamic load data at the three main joint friction subsets of the work unit were exported in ADAMS post-processing, as shown in Figure 2.



As can be seen from the Figure 2, 0–2 s for the preparation of digging stage, three joints friction force are small, mainly considering the impact of gravity of the working device itself; 3–8 s for the bucket digging stage, due to the tip of the teeth by the resistance to digging, the bucket joints force and torque increased dramatically, at this time, the friction of the joints end face collision effect is obvious; 8–10 s for the excavation of the full load of bucket rod lifting stage, the bucket rod joints force and moment In the obvious fluctuation, mainly considering the bucket full of material and the mechanical arm of its own gravity to bring the impact; 10–17 s for the base slewing and unloading stage, lifting to a certain height, the base slewing platform instantly start, due to the role of inertial force, will produce a large acceleration, at this time, the dynamic arm joints force changes are obvious, the bucket joints due to the bearing of gravity, the force is still increasing; with the completion of the unloading of buckets, the bucket with the completion of bucket unloading, the force on the bucket joint is decreasing, and only the effect brought by the weight of the robot arm itself is considered at this time.





3. Experimental Verification of the Dynamic Force of the Joint Friction Subsets of the Working Device


3.1. Experimental Principle and Equipment


In this experiment, the dynamic stress test was carried out at the specified position of the excavator working device by using a DH3818Y static strain tester (see Figure 3). The selected stress measurement sensor is a 120-3CA right-angle strain gauge rosette, the schematic diagram of which can be seen in Figure 4 [10], and the main instrument parameters of the experiment are shown in Table 3.



The experimental strain gauge measurement is based on the principle of the Wheatstone bridge, in which G is a tiny current meter. At the same time, there are four resistors, also called the four arms of the bridge, in which Rx resistors are connected to the strain gauge, as shown in Figure 5a. The resistance strain gauges are attached to the surface of the specimen, and the strain gauges are connected to the strain gauge in the 1/4 bridge way, as shown in Figure 5b. When no strain is generated, the Rx resistance does not change, the circuit bridge is balanced, and the current meter indicates 0. With the deformation of the strain gauge, the mechanical quantity is transformed into an electrical abundance by using the resistance effect, i.e., the resistance value of the wire changes after the deformation is generated by force along its axis direction, and the stress–strain can be measured by using this principle [11,12].



In this experiment, the working device was subjected to three major joint friction contact articulation areas: the bucket and bucket rod articulation friction, the bucket rod and moving arm articulation friction, and the moving arm and base rotation platform articulation friction. The three measurement areas were polished to a smooth metal surface to reduce the experimental error. After adjusting the experimental excavator to the working attitude, strain gauges were attached to the three main joint friction subassemblies. After the strain gauges were connected to the strain gauge and the program was adjusted, the experiment was started, as shown in Figure 6.




3.2. Comparison of Experimental Results and Simulation Results


The data measured from the three sets of strain gauges were averaged to reduce the experimental error. The corresponding equivalent force was calculated according to the fourth strength theory. In contrast, the dynamic load data from the dynamics simulation was imported into ABAQUS 2022 for analysis to obtain the equivalent force data corresponding to the dynamics simulation, as shown in Figure 7 [13].



As can be seen from Figure 7, through the software joint simulation and dynamic stress test experiments, the experimental value and simulation value are basically consistent; there is a small error range, and the main consideration of the actual excavation conditions is in the presence of machine operation errors, the occurrence of slight vibration, to verify the correctness of the idea of dynamic analysis. In order to further analyze the wear change process and wear mechanism of joint friction vice on the basis of dynamic load, this paper takes the three main joint friction vice of bucket joint end face friction vice, which is directly in contact with the excavated object as an example and analyzes the change of joint end face wear.





4. Analysis of Dynamic Wear Characteristics of the Endface Friction Pair


4.1. Bucket Joint Main Pin Model Establishment and Dynamic Wear Theory Analysis


The mesh quality of the finite element model adopts hexahedral mesh, and the boundary condition is that the force of the friction pair of the bucket joint of the working device is consistent, and the overall structure of the excavator working device is relatively complex, so the friction pair of the bucket joint is intercepted in a ratio of 1:1 on the whole machine of the excavator working device, and the finite element model of the kingpin of the bucket joint is established, and the finite element software ABAQUS is imported into the finite element software ABAQUS for analysis after appropriate mold repair, as shown in Figure 8.



The central pin of the bucket joint is mainly composed of a sleeve, a hook, and left and right trunnions. The material properties of the simulation process are shown in Table 4, and face-to-face contact is set for the mutual communication of the model; a rotation constraint is charged at the center of the pin, which rotates together with the bucket as a whole.



Excavator work device operation process, bucket joint end friction sub-contract, contact collision instant momentum conservation, before and after the collision system kinetic energy is not conserved, the collision process by the average contact pressure and tangential friction, by the momentum theorem and the law of conservation of energy is obtained:


   m 1   v 1  +  m 2   v 2  =  m 1   v 1 ′  +  m 2   v 2 ′   



(1)






   m 1   v 1  +  m 2   v 2  =  1 2   m 1   v 1  ′ 2   +  1 2   m 2   v 2  ′ 2   + ∆  E K   



(2)






  ∆  E K  =  F M  ⋅ L  



(3)




where    m 1  ,  m 2    are the mass of the sleeve and the ear plate.    v 1  ,  v 2  ,  v 1 ′  ,  v 2 ′    are velocity of the sleeve and ear plate before and after collision, respectively.    F M    is the normal contact force.  L  is the relative sliding distance of contact surfaces.



The tangential friction converts into internal energy in emotional conflict, reflected in the material wear process and temperature change of the contact end-face. The tangential friction force is given by the following:


  ∆ p =  m 1     v 1 ′  −  v 1    =  F L  ∆ t  



(4)






  ∆ p =  m 2     v 2 ′  −  v 2    =  F L  ∆ t  



(5)




where    F L    is the tangential friction force.



Where    m 1  ,  m 2   ,    v 1  ,  v 2  ,  v 1 ′  ,  v 2 ′   ,   Δ t  ,  L  can be measured by relevant experimental data. The average contact pressure and tangential friction of the joint friction pair in the working device under active wear are obtained through the theoretical calculation of the momentum theorem and the law of conservation of energy, which provides the theoretical foundation for further analysis of contact wear in the joint friction pairs.




4.2. End-Face Friction Pair Dynamic Contact Stress Analysis


The dynamic load data at the bucket joint friction pair are imported as boundary conditions, and the dynamic contact stress peak cloud diagrams of the left and right end surfaces of the sleeve during excavation operation are obtained, as shown in Figure 9 and Figure 10.



A critical moment is taken for analysis in each of the three processes of the work device: the preparation digging stage, the digging material stage, and the unloading stage after the entire load. As can be seen from the cloud diagram, the work device starts to prepare for excavation from t = 6.8 s at rest; due to the influence of its gravity and the external environment, the operation process will produce a slight angle of tilt, resulting in the contact between the sleeve and the end face of the ear plate extrusion collision contact stress. At this time, the sleeve left and right end contact stress value is small. The working device is digging resistance to start the excavation process, and the bucket tooth tip and the excavated object are entirely in contact; at this time, the bucket on both sides of the load material gravity is not the same; the difference is more prominent. When t = 10.2 s, the base is in the uniform rotation stage, and the acceleration process has been completed; due to the instantaneous acceleration of the acceleration process to produce a significant acceleration brought about by the contact friction surface collision impact, the sleeve left and right end surfaces created the maximum contact stress value, the maximum contact stress on the left end surface of the sleeve is 37.35 MPa, and the maximum contact stress on the suitable end surface is 64.29 MPa. The contact stress values on both the left and right ends of the sleeve showed an increasing trend, and the area as a whole showed a circular distribution. When t = 14.45 s, the base decelerated to stop and finished discharging, the contact stress value on the left and right ends of the sleeve became smaller, and the overall contact stress value on the left and proper ends of the sleeve showed a trend of first increasing and then decreasing. The joint force curve corresponding to the top node of the contact stress value on the left and right ends of the collective bucket sleeve is derived, i.e., the standard contact pressure curve is shown in Figure 11.



Under this condition, the frictional contact of the bucket joint end face has significantly collided, and long-term exposure to this alternating load will lead to severe wear at one end face. In addition, the wear is not caused by a single operation but by high circumferential fatigue of the end face caused by long-term exposure to alternating loads. Therefore, the problem of end face wear needs to be further explored based on the dynamic standard contact stress–time curve combined with the relevant theory.




4.3. The Friction Pair Surface and Wear Simulation Analysis


The theoretical basis of the contact collision wear analysis of the excavator’s joints is based on the classical Archard wear model. The traditional Archard wear model considers that the material wear is related to the average load on the contact end-face, the relative slip, and the hardness of the material [14]. The Archard wear model is also being modified and improved with the continuous progress of research work.



The general expression of the Archard wear model is as follows:


  V = K   W L  H   



(6)




where V is the wear volume. K is the wear coefficient of the material, W is the average load of the end-face, H is the hardness of the material.



Equation (6) divided by the contact area of Aa:


  h = K   P L  H   



(7)




where Aa is the face-to-face contact area at the gap of the friction pair on the bucket joint end face, h is the value of wear depth, P is the contact pressure value for the method of two end faces.



The Archard wear model is used to discretize the time based on Equation (7), and the expression of the discretized wear depth is as follows:


  h =   ∑  i = 1  n    h i    =   ∑  i = 1  n   K    P i  L  H    =   ∑  i = 1  n   k   (  p 1  +  p 2  + ⋯ +  p n  ) L  H     



(8)







Assume the total of m nodes on the end-face:


   h total  =   ∑  j = 1  m    h j    =  h 1  +  h 2  + ⋯  h m   



(9)







Finite element simulation of the contact wear of the bucket joint end face friction pair was carried out using the subroutine UMESHMOTION in the ABAQUS/Standard module, which is a subroutine for simulating the wear of a material using computer simulation techniques and predicts the wear of a material by simulating the interaction between the surfaces of the material and their mutual motions. The corresponding wear depth value [15,16] was solved through the ALE adaptive grid constraint subprogram UMESHMOTION, imported by the user-defined FORTRAN program. Wherein the ALE adaptive grid allows the independent movement of the grid when the material is severely deformed under stress and ensures the high quality of the grid at all times. Moreover, the ALE adaptive grid maintains the topological shape of the grid and ensures the quality of the grid.



The wear simulation requires high grid quality, especially in the complex model that needs the complex subprogram. Wear starts at the corner of the node unit, and ALE meshes need to be re-divided in a particular interval order by writing the FORTRAN program. Aiming at the characteristics of the main pin end face contact friction vice of the bucket joint of this model excavator, combined with the requirements of experimental analysis, the joint friction vice wear model with simplified mesh division is established as shown in Figure 12.



The quality of the mesh must meet high standards when performing wear simulations. In addition, as the complexity of the model increases, the writing of subroutines becomes more complex. Wear usually starts at the corners of nodes or cells, so when writing the program using the FORTRAN language, it is necessary to make sure that the cells and nodes in the ALE adaptive mesh redraw region are in order at certain intervals. By introducing the dynamic standard contact pressure curves of the left and right end faces in the above excavation conditions, the wear profile of the left and right end face lugs in one wear cycle is shown in Figure 13.



As seen from the Figure, in one wear cycle, the wear depth value of the right-end face trunnion is significantly larger than that of the left-end face. The wear area shows a more apparent ring-shaped area, and the wear depth value is more prominent in the room with a considerable contact stress value. The numerical simulation results show that the wear depth value of the right end face is significantly larger than that of the left front. With the increase in the wear cycle, the accumulation of the end face wear depth value will undoubtedly produce more severe wear. In addition, the end face wear is not caused by one operating condition. Still, it is caused by the long-term effect of the alternating load, so the increasing operation condition and operation time will undoubtedly lead to severe wear of the end face.





5. Friction Pair and Wear Experiments


Experimental verification of the wear change process of the left and right end surfaces at the friction subsets of the bucket joint end of the excavator work unit was carried out on an end face friction and wear tester. A square block specimen with a side length of 38 mm × 38 mm and material of 45 steel was machined by wire-cutting. The software that comes with the wear tester was used to derive the load change, relative sliding speed, friction coefficient, and temperature change during the wear process, and the experimental setup is shown in Figure 14. The upper specimen is 35 steel with Poisson’s ratio of 0.31 and modulus of elasticity of 212 GPa; the lower illustration is 45 steel with Poisson’s ratio of 0.3 and modulus of elasticity of 210 GPa; the experiments were carried out in a room temperature environment and under the condition of submerging the specimens in No. 46 hydraulic oil.



Before starting the experiment, the specimens were polished to prevent surface scratches and raised parts. The load of the wear tester was zeroed, and after installing the upper and lower representatives, the dynamic contact stress value curve at the left and right end surfaces of the bucket joint was set on the software that came with the wear tester and set to a loading load of 64.29 MPa. The wear time was 60 min, and the surface wear profile of the square block specimen was shown in Figure 15 after the end of wear.



It can be seen from Figure 15 that under normal contact pressure in 60 min, the end-face of the left and right ear plates wear seriously and present scratches, pits, and ripples. Additionally, the wear area presents annularly, and the wear depth of the right end-face is more significant than that of the left. It is found that the high wear depth is high contact stress located in the top area of the right end-face and the below site of the right end-face compared with the contact stress figure. The variation curve of friction coefficient during wear is derived as shown in Figure 16.



As can be seen from Figure 16, the friction coefficient of the left and right end surfaces at the beginning of the wear moment is a sharp increase in the phenomenon; the wear tester started from a standstill, by the surface roughness and the external environment, etc., at this time for the run-in wear stage; with the wear process continues, the friction coefficient gradually decreases, the wear becomes slow and progressively tends to stabilize 35 min later, and the wear rate is maintained in a stable range. In this process, the surface of the contacting friction pair produces a higher temperature during the wear process, and the temperature fluctuates wildly, which will accelerate the failure of the lubrication device on the surface of the specimen, making the wear faster and intensifying the degree of surface wear damage [17,18,19,20,21].



The left and right end face specimens were cut into circular specimens at the same position for the observation of wear morphology under the scanning electron microscope, and the surface morphology after the observation of wear under the scanning electron microscope is shown in Figure 17 and Figure 18.



The wear mechanism is mainly fatiguing wear under the action of dynamic contact pressure. As the wearing process continues, the surface scratches intensify. At the same time, due to the generation of a more significant number of granular particles, the wear mechanism is fatigue wear to abrasive wear. There are many deep plow grooves distributed parallel to the sliding direction on the wear surface, as well as tearing cracks caused by plastic deformation, and gradually abrasive wear is the main form of wear.



The metal material on the surface of area C of the right end face is also peeling off and generating large craters; at this time, the wear mechanism is manifested as fatigue wear under the action of stress cycles, the surface of the friction sub-produces tiny cracks and further expands in each cycle, eventually leading to fatigue fracture of the material; at the same time, as the wear continues, the surface of area D produces more obvious scratches and furrows. At this time, the wear mechanism is manifested as abrasive wear and constantly transformed from fatigue wear to the mechanism dominated by abrasive wear.



The metal material on the surface of area C of the right end face is also peeling off and generating large craters; at this time, the wear mechanism is manifested as fatigue wear under the action of stress cycles; the surface of the friction sub-produces tiny cracks and further expands in each process, eventually leading to fatigue fracture of the material; at the same time, as the wear continues, the surface of area D produces more obvious scratches and furrows, at this time the wear mechanism is manifested as abrasive wear, wear and constantly transformed from fatigue wear to the agency dominated by abrasive wear.



The material used at the friction side of the bucket joint end of the excavator work unit is 45 steel. EDS analysis was per formed on the elemental content changes generated on the wear surface of the specimen, and the essential distribution of the four wear surfaces in the areas of A, B, C, and D was analyzed by EDS Mapping. The central elemental distribution diagram is shown in Figure 19, and the main fundamental content is shown in Table 5.



After taking the specimens mentioned earlier for EDS elemental content analysis, it was found that the entire content of Fe decreased more compared with other areas, and the surface wear was more serious; the wear mechanism of area D was mainly abrasive wear. In area C, due to the production of large craters, the content of Fe and Mn elements decreased more during the transformation from fatigue wear to abrasive wear, and P elements gradually disappeared. In area A and area B, due to the surface material shedding less compared with other areas, the main elemental content of the worn specimens was relatively average.



In fact, the content of the C element in the specimens after wear is relatively high. C element can form the matrix organization and form a solid solution with Fe and Mn, etc., which increases the strength of the matrix and improves the wear resistance of alloying elements; Si element acts as a deoxidizer in the material and improves the wear resistance of alloying elements at the same time. Analysis of the effect of different element content in the specimen after wear on the friction wear effect of the material can provide a basis for the material composition in improving the design. Mainly, the addition of friction-reducing elements can refine the grain, make the material form a new hard phase inside, and make the friction surface generate a chemical reaction film to improve the friction reduction effect. At the same time, some friction-reducing alloy elements can penetrate into the mutual friction sub-surface and sub-surface, thus improving the grain boundary structure of the material surface, which has a good effect on surface friction reduction and wear resistance.




6. Conclusions


This paper takes a model of an excavator working device as an example, obtains dynamic load data at the three main joint friction subsets by selecting typical excavation working conditions, and verifies the rationality of kinetic analysis through strain gauge experiments. Then, it takes the typical bucket end contact friction subsets as an example, analyzes the wear changes on the left and right end surfaces under this working condition, and derives the mechanism of wear action and surface element content changes through experimental verification. The following conclusions are drawn:



	(1)

	
Under this working condition, the three main joint friction contacts of the working device are subjected to more obvious dynamic fluctuations, resulting in obvious contact and collision; at the same time, the experimental test data of the strain gauges are basically consistent with the simulation results, proving the rationality of the dynamics analysis.




	(2)

	
The left and right end surfaces of the bucket joint end friction pair are subjected to dynamic contact stresses of different sizes and scattered effects; the wear area on the surface of the trunnion plate shows a circular area as a whole, and the wear is greater in the area with large contact stress values, and the wear depth value on the right end surface is greater than that on the left end surface, and the experimental test results are consistent with the simulation results.




	(3)

	
The microscopic morphology of the wear surface of the left and right end surfaces was observed under SEM, and combined with EDS analysis, the wear mechanism of the specimen surface after wear was mainly based on fatigue wear and abrasive wear, and the transition from fatigue wear to abrasive wear was carried out continuously, after which abrasive wear was the dominant form of wear.




	(4)

	
This paper uses software simulation method and experimental test data comparison, and through the modified Archard wear model using discrete analysis thinking method to solve the contact surface wear depth value method, etc., can provide theoretical guidance for the analysis of other construction machinery joint friction vice wear process and how to optimize the design of joint friction vice in the wear process.
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Figure 1. Excavator research model. (a) The prototype model of the excavator. (b) The working device of a virtual prototype model. 
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Figure 2. Three main joints under the dynamic load diagram. (a) By trying to three main joints. (b) Three central joint moment diagram. 
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Figure 3. DH3181Y static strain tester. Non-English words in the image are Manufacturer Name: Jinan Jiuwang Instrument Co., Equipment purchasing, Jinan, China. 
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Figure 4. Selection of strain gauge rosette and arrangement. Non-English words in picture: Resistance Strain Gauge, Yiyang Qingshan District Electronics Co., Yiyang, China. 
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Figure 5. Measuring principle and connection mode. (a) Measurement circuit. (b) Quarter bridge circuit connection. 
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Figure 6. Experimental preparation process. (a) The strain gauge paste method. (b) The experiment preparation process. 
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Figure 7. Three points experimental value and simulation value comparison results. (a) To measure strain gauge paste way. (b) The bucket rod and the movable arm hinged points. (c) Movable arm slewing platform and base hinged points. 
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Figure 8. The bucket king pin joints and joint collision model of friction pair. 1—Hinge pin. 2—Sleeve end. 3—Ear plate. 
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Figure 9. Cloud diagram of dynamic contact stress of left end-face sleeve. (Unit: MPa). (a) t = 6.8 s. (b) t = 10.2 s. (c) t = 14.45 s. 
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Figure 10. Cloud diagram of dynamic contact stress of right end-face sleeve. (Unit: MPa). (a) t = 6.8 s. (b) t = 10.2 s. (c) t = 14.45 s. 
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Figure 11. The resultant force curve generated by the maximum stress node. (a) Left end-face. (b) Right end-face. 
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Figure 12. The wear model of bucket joint friction pair end-face. 
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Figure 13. The depth values of the end-face in the ear plate time within a wear cycle. (Unit: mm). (a) The depth values of left end-face. (b) The depth values of right end-face. 
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Figure 14. The HDM-20 end-face wear test machine. 
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Figure 15. The square block sample of wear surface topography. (a) The left end-face. (b) The right end-face. 
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Figure 16. Coefficient of friction–time vs. temperature–time curves for wear processes. (a) The friction coefficient of the ear plate end face changes with time. (b) The temperature of the ear plate end face changes with time. 
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Figure 17. The wear surface morphology of left end-face. (a) Area A. (b) Area B. 
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Figure 18. The wear surface morphology of the right end-face. (a) Area C. (b) Area D. 
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Figure 19. The elements distribution of different regions. (a) Area A. (b) Area B. (c) Area C. (d) Area D. 
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Table 1. Working dimensions of three groups of hydraulic cylinders (unit: mm).






Table 1. Working dimensions of three groups of hydraulic cylinders (unit: mm).











	
	Bucket Cylinder
	Stick Cylinder
	Boom Cylinder





	Model length
	1659
	2784
	1881



	Maximum elongation length
	2263
	2875
	2490



	Maximum shrinkage length
	1378
	1700
	1500










 





Table 2. Settings of the excavating process.
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	Time
	Set Up the Excavating Process





	0–2 s
	Work device of the bucket cylinder complete shrinkage, in its most prominent mining radius position, ready to start mining.



	3–8 s
	Bucket rod oil cylinder and a movable arm oil cylinder lock, bucket cylinder power drive digging bucket process, after reaching full stop digging.



	8–10 s
	The working device of the end of the bucket digging began to end up at a certain height.



	10–14 s
	Base rotary platform by static start turning 90°, bucket digging bucket and discharge.



	14–17 s
	Rotary bucket digging bucket after discharge, base platform according to the end of the original road return 90° mining process.










 





Table 3. Main instrument experiment.






Table 3. Main instrument experiment.





	
The Instrument

	
Project

	
The Numerical






	
The experiment machine

	
The quality of the machine/t

	
1.2




	
Movable arm length/m

	
1.67




	
The bucket rod/m

	
1.15




	
Bucket capacity/m3

	
0.045




	
Triaxial strain rosette 120-3CA

	
Resistance value/Ω

	
120




	
Base size/mm

	
10.5 × 10.5




	
Wire grid size/mm

	
3.0 × 2.0




	
The sensitivity

	
2.0




	
DH3818Y Strain gauge

	
Sampling rate/Hz

	
1/2/5




	
PC Data collection terminal

	
/

	
/




	
The strain gauge connected to the dedicated line

	
Wire diameter/mm

	
1.6




	
Galvanized copper wire

	
17 roots











 





Table 4. The material properties of bucket joint kingpin in simulation.
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	Material
	Modulus of Elasticity/MPa
	Poisson Ratio
	The Density of/(kg·m−3)
	Yield Stress/MPa





	45 steel
	210,000
	0.3
	7850
	345










 





Table 5. After the area around the central abrasion and element weight percentage (unit: %).






Table 5. After the area around the central abrasion and element weight percentage (unit: %).















	
	Fe
	Mn
	Cr
	S
	P
	Si
	C





	Area A
	88.17
	0.48
	0.12
	0.10
	0.10
	0.29
	10.74



	Area B
	87.11
	0.55
	0.17
	0.17
	0.03
	0.24
	11.72



	Area C
	84.44
	0.27
	0.21
	0.32
	0
	0.22
	14.54



	Area D
	73.81
	0.38
	0.11
	0.15
	0.32
	0.19
	25.05
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