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Abstract

:

To enhance the lifespan of drill pipes and minimize wear, this study introduces a bionic structure model inspired by the pit shape structure found in the dung beetle’s abdomen. The stress distribution and wear of bionic pitted structure and ordinary structure are simulated by finite element software. The findings revealed that the bionic structure significantly improves stress distribution, resulting in an impressive 81.3% increase in lifespan. Subsequently, the surface of the 7075 aluminum drill pipe was coated with Ni powder by a laser cladding system. Wear tests were conducted to analyze the wear and surface damage behavior of the cladding layer. The microstructure, composition, and microhardness of the cladding layer were measured and observed. The results showed that the cladding layer was mainly composed of Al3Ni2 and had high hardness. Additionally, a transition region exists between the cladding layer and the substrate, comprising relatively low hardness Al, thereby enhancing the drill pipe’s ability to withstand alternating loads. Furthermore, the bionic structure possesses the capability to store particles, effectively reducing the occurrence of abrasive wear and increasing the lifespan by 70.0%.
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1. Introduction


The performance of drill pipes has become increasingly important in recent years due to the growing number of complex well types, including deep wells, ultra-deep wells, and large displacement horizontal wells. Aluminum alloy drill pipes are popular due to their lightweight, good corrosion resistance, low bending stress, and non-magnetic properties [1,2,3]. However, the low hardness of the aluminum alloy drill pipe and the inevitable spiral bending downhole result in significant wear between the pipe and the wellbore and casing, leading to a reduced lifespan for the aluminum alloy drill pipe [4,5,6]. So, the demand for improving the wear resistance of aluminum alloy drill pipes has become urgent.



In order to improve the wear resistance of aluminum alloys, surface treatment methods such as liquid-phase metallurgy, solid-phase metallurgy, friction stir welding [7,8] micro-arc oxidation, spraying, and laser cladding are usually mentioned [9,10,11]. Laser cladding is a popular method for improving the wear resistance of aluminum alloy drill pipes due to its advantages of fast solidification, low substrate deformation, good metallurgical bonding, excellent performance, and good forming quality [12,13,14,15]. Ni-based powders have been studied and widely used in laser cladding materials for their good wettability, corrosion resistance, high-temperature self-lubrication, and moderate price [16]. However, applying laser cladding on the entire substrate surface may result in defects such as porosity, cracks, and material waste [17,18]. Bionics can effectively solve this problem.



Bionic research has found that the structure of some biological surfaces has high wear resistance, which is a feature gradually formed by biological evolution and optimization over hundreds of millions of years to adapt to the living environment [19]. The discovery of this phenomenon points out a new direction for the study of the wear resistance of friction pairs. Therefore, researchers explored the protective effects of various biological structures [20,21,22] on frictional wear surfaces, and then a bionic non-smooth surface was proposed. Jones et al. [23] and Minhaeng et al. [24] created dimple-like pits on cylindrical Co-Cr-Mo and 15CrMo alloy surfaces, respectively. Their research demonstrated the wear resistance of these bionic pits. Zhang [25] experimented with various bionic units on gray cast iron specimens and found that coupling these units improved the sliding wear resistance of the material. Mao C et al. [26] preliminarily explored the effects of dung beetle structure on the wear resistance pit tire tread compounds. Therefore, combining the bionic coupling functional surface with laser cladding can not only improve wear resistance but also reduce the formation of pores and cracks [27,28].



In this paper, the relationship between the diameter of the bionic pit shape structure and the center distance was summarized by observing the abdomen of multiple dung beetles. Then, a bionic pit shape structure model was established. The stress distribution and wear of bionic pitted structure and ordinary structure were simulated and compared using ANSYS, which is rarely studied in the existing literature. Subsequently, laser cladding was used to add bionic and normal structural cladding layers to the surface of the drill pipe, and wear tests were conducted using granite. Wear tests were conducted to analyze the wear and the surface damage behavior of the cladding layer. The microstructure, composition, and microhardness of the cladding layer were measured and observed, respectively, by SEM, XRD, and microhardness tester. The feasibility of the simulation results was verified, and a good foundation for subsequent studies was laid.




2. Measurement of Biological Surface Structure and Finite Element Analysis


2.1. Measurement of Biological Surface Structure


Dung beetles, as soil-dwelling animals, dig a storage chamber in the soil and push food to hide in it. The amount of earth to be moved to excavate a storage chamber is equivalent to 400 times the weight of the dung beetle itself [29]. In order to reduce the damage caused by soil, dung beetles evolved their pit shape structure on their abdomen over the years.



So as to investigate the features of the pit shape structures and furnish a basis for model establishment and test specimen preparation, three dung beetles were observed under a microscope. The aim was to determine the relationship between the diameter of the pit shape structure and the distance from the center of the circle.



The dung beetles used for observation were exclusively male and collected from the Yitong River area in Jilin Province, as depicted in Figure 1. After being thoroughly washed and disinfected with water and alcohol, they were made into samples and fixed onto a platform using playdough. The abdomen of the dung beetles was observed using a digital microscope. Figure 2 shows the abdomen of a dung beetle magnified 20 times under a microscope. It can be seen that the abdomen of the dung beetle has an obvious pit shape structure, and the pit units are circular and approximately distributed in a straight line, as shown in Figure 2a. In addition, the pit units have a local five-dot arrangement, as shown in Figure 2b. This structure can effectively reduce wear and greatly improve the wear resistance of the dung beetle’s body surface.



During the observation, two circular areas were marked on the abdomen of each dung beetle. The diameter of the pits within each area and the distance between the centers of two adjacent pits were measured. This process resulted in six groups of data for pit diameter and center distance. After calculating the average diameter and center distance for each group, Table 1 was obtained.



In the table, S is the distance between the centers of two pits (mm); D is the pit diameter (mm);    S ¯    is the average center distance of pits (mm);    D ¯    is the average diameter of pits (mm).


   S =     S 1     + S   2     + … S   n   n   



(1)






   D =     D 1     + D   2     + … D   n   n   



(2)







It can be seen that the center distance of dung beetle abdominal pits ranges from 0.2 to 0.32 mm and the diameter from 0.1 to 0.16. The ratio between the average center distance and the average diameter in Table 1 is shown in Figure 3.



It can be seen that the ratio of center distance to diameter is extremely close for different dung beetle abdominal pits despite their differences in size. The ratio of the average center distance to the average diameter of the six groups was averaged, and the result was 1.98.




2.2. Finite Element Analysis


2.2.1. Geometric Model and Material Properties


Taking 7075 aluminum drill pipe for drilling as the research object, the three-dimensional geometric model of the drill pipe was established. The model was coated with Ni on the exterior, with two different structures: pit shape and normal. These structures are depicted in Figure 4a. The pit shape structure was inspired by the abdominal structure of dung beetles, as shown in Figure 4b. The center distance between adjacent pits was 3.96 mm and the diameter of the pits was 2 mm. The ratio between them was 1.98, which is consistent with the result in Figure 3. The outer diameter of the model is 147 mm, with 2 mm of the cladding layer. At the same time, annular cross-grinding rock samples were established outside the coating, as shown in Figure 5. The material was granite, with a thickness of 6 mm.



The boundary conditions are set in the load module. The motion path of the drill pipe could only rotate around the Y-axis. Pressure was applied on the inner side. For the rock sample, it is necessary to restrict its movement conditions in all directions, so fixed constraints were imposed. The boundary conditions are shown in Figure 5. The simulation was conducted for a duration of 2 s, with a lateral force of 100 N and a rotational speed of 30 rpm. The basic parameters of the materials used are outlined in Table 2 [30].




2.2.2. Wear Simulation


At the continuum mechanics scale, the wear phenomenon can use the phenomenological model to estimate. The model relates various state parameters of the contact surface to the amount of wear [31]. The finite element analysis software ANSYS can approximately calculate the wear caused by the material loss by repositioning the contact node at the contact surface. The Ansys Mechanical platform uses the Archard model to evaluate the wear.



In the field of continuum mechanics, wear can be estimated using a phenomenological model that correlates different state parameters at the interface to material loss [29]. To approximate the material loss caused by wear, the finite element analysis software Ansys repositions the contact nodes on the contact surface. The amount of wear is estimated using the Archard model in the Ansys Mechanical platform.



In 1953, Archard successfully built the Archard model based on Holm’s model. It expresses the relationship between wear rate and contact pressure, material hardness and sliding speed, and its expression is as follows:


    d V   d t   =   K  P a   ν s b     σ s    n  



(3)







In the formula,



	
V—wear volume;



	
P—contact load;



	
Vs—slipping speed between the contacting objects;



	
a—contact stress index;



	
b—speed index;



	
n—in-plane normal;



	
K—the wear coefficient;



	
   σ s   —plastic yield strength of softer materials.






The yield strength is assumed to be equal to the hardness value, and the yield pressure in Equation (3) can be replaced by hardness (H). Then, the Archard wear model expression can be rewritten as follows:


    dV   dt    =    K  P a   v s b   H  n  



(4)







H—The Brinell hardness of softer materials; the Brinell hardness of Ni is about 282.



Where P and vs are determined by boundary conditions, whereas k, a, and b need to be input. In this paper, k is 1 × 10−6 and both a and b are 1.



The workflow of ANSYS for wear simulation is illustrated in Figure 6. It mainly consists of two steps: condition setting and wear simulation cycle. Before starting the simulation, the setup conditions inside the red box need to be defined, including the pressure, velocity, and friction coefficients. Since the purpose of the simulation is to compare the two structures, the coefficient of friction remains the same. In the wear simulation cycle, the contact nodes in each iteration are repositioned, each node along the X, Y, and Z direction of the relative displacement of node pressure and the speed is calculated, and then the material from the coating surface is removed to show wear and tear. The iterative process continues until the stable wear phase is reached. If the stable wear phase is not reached, the cycle proceeds to the next iteration, as shown in the blue box [32].






3. Experiment


3.1. Experimental Material and Laser Cladding Process


The experimental materials for this study consisted of a base material and a cladding material. The base material utilized was a 7075 aluminum alloy drill pipe, with ∅147 mm as outer diameter and 60 mm high. Prior to laser cladding, the oxide layer on the alloy surface was removed using a grinding wheel, followed by cleaning with acetone and coating with a light-absorbing material. The cladding material used was nickel powder, with a purity of 99.9% and a particle size of 50–100 μm (as shown in Figure 7). Prior to conducting the experiments, the powder was dried in a vacuum at 150 °C for 2 h.



Laser cladding was carried out on an aluminum alloy tube using a CO2 multifunctional CNC laser processing equipment. The equipment includes a fiber laser, a cooling system, and a control system. The laser power is 300 W and the speed is 30 mm/min. The laser wavelength is 1064 nm. The principle of laser cladding is illustrated in Figure 8. The surface of the aluminum alloy is heated by a laser-localized heating tube until it melts and by adopting the method of synchronous and rapid spraying of feeding powder in front of the laser beam to precast good Ni powder. When the beam is removed, the material goes through cooling consolidation in the outer layer of the aluminum alloy and forms a metallurgical bonding layer. The laser path to form different shapes of the cladding layer is controlled. The cladding thickness of the two structures is 2 mm, and the cladding is relatively uniform. During the laser cladding process, the flux of CO2 is 15 L/min and the purity is greater than 99.9%.




3.2. Sliding Wear Tests


In order to simulate the actual drilling conditions of aluminum alloy drill pipe in the well and measure the wear resistance of the laser cladding layer, a drill pipe wear test bench was designed and machined (Figure 9a). Its working principle is shown in Figure 9b. The bench is capable of conducting wear tests on normal and biomimetic structures simultaneously. This ensures that the test conditions remain consistent and leads to improved reliability of the results.



In this test, granite was selected as the rock sample, and the rock rotation speed ω was 40 r/min. The circumferential force was 500 N. In order to simulate the actual working environment of the drill pipe in the downhole, the contact part was continuously washed with drilling fluid during the test, and water was selected as the drilling fluid. Each test cycle was 30 min. The wear resistance was assessed by measuring the mass loss before and after the test. To minimize testing errors, the average value was determined based on three measurements conducted for each group.




3.3. Microhardness Testing


After conducting the wear test, the specimen was cut along the surface of the vertical cladding layer. The cut surface underwent a smoothing and polishing process using sandpaper with grit sizes of #600, #1000, #2000, and #5000, respectively. Subsequently, the specimen was subjected to a hardness test using an HV1000 micro-Vickers hardness tester with a 1 kg load and a loading time of 15 s.




3.4. Microstructural Observation and Component Testing


After polishing and cleaning, the specimens were titrated and etched using Keller reagent (1.0 mL HF + 1.5 mL HCl + 2.5 mL HNO3 + 95 mL H2O) for 15 s, followed by washing with anhydrous ethanol. Carl Zeiss-AxioImager A2m optical metallographic microscope (OM), Hitachi S-4800, and Hitachi JSM-IT500A scanning electron microscope (SEM) equipped with energy dispersive spectroscopy (EDS) were used to analyze the organization of the specimen, and Rigaku D/Max 2500C X-ray diffractometer (XRD) was used to analyze the physical phase of the cladding layer, with a scanning range of 20~90°.





4. Results and Discussion


4.1. Analysis of Simulation Results


First, the stress distribution was observed. Since the maximum stress appeared on the applied surface, which was not helpful for this study, the stress nephograms of the contact surface between two models at 2 s were extracted. Because the coating was circular and the two kinds of structures were symmetrical, part of the model was cut to show that the rotation direction was from left to right.



As shown in Figure 10, the surface stress distribution of the two kinds of structures is obviously dissimilar, but both show strong regularity. In the pit shape structure, the stress distribution around each pit unit is similar, with significantly higher stresses on both sides of the rotation direction compared to other areas. This stress concentration phenomenon is caused by the shape variation between the bionic structure and the surrounding coating. Additionally, it leads to a variation in stresses between two adjacent pit units in the circumferential direction, where the stresses initially decrease and then increase. On the other hand, the stress distribution in the horizontal direction of the normal structure is uniform without any concentration phenomenon. Moreover, the axial stress distribution demonstrates a clear decreasing trend from the middle to both sides.



The stress value of every node in region 1 of Figure 10a was extracted. The coordinate origin was set at the center of the circle, with the positive X and Y axes representing the forward and vertical directions, respectively, establishing the coordinate system. We then created a position–stress scatter diagram (Figure 11a) and a three-dimensional diagram (Figure 11b). The stress values of points a–d are presented in Table 3.



As can be seen from Figure 11, the stress is mainly concentrated on both sides of the rotation direction of the pit unit, forming a fan-shaped influence range that is concentrated within 0.5 mm. In contrast, the stress is relatively small in the vertical direction and beyond 0.5 mm. Additionally, the stress peak value is approximately 6–7 times greater than the minimum stress value. This stress concentration phenomenon can cause failure on both sides of the pit unit and then spread to other areas.



Points a and b were located in the middle position, whereas region 1 was situated at the edge. The stresses at points a and b exceeded the maximum stresses in region 1, indicating that the overall stress distribution of the pit shape structure also shows a decreasing trend from the middle to both sides. Moreover, the stress at point d was approximately four times higher than that of point a, suggesting that the peak stress of the normal structure was significantly greater than the peak stress of the pit shape structure, so the damage of the normal structure was greater than that of the crater structure. The macroscopic manifestation had greater wear than the cratered structure. This is because the lateral force applied causes elastic deformation in both Al alloy and Ni. However, the significant difference in elastic modulus between the two materials results in different deformation volumes. The normal structure, due to the continuous coating, causes the stress to be unreleasable and stored within the coating, whereas the bionic structure coating breaks the continuous surface, allowing for the release of stress. In addition, the stress at point d is approximately 1.4 times higher than that at point c, indicating that the normal structure has a more uniform stress distribution, with smaller gaps between the stress peaks and valleys.



After the wear of the coating and rock rotation for 2 s, the wear results of the two kinds of structures were compared in Table 4. Figure 12 depicts the comparison of the wear volume of the two models via a red part. The pit shape structure coating exhibited a reduction of 84.7% in wear volume compared to the normal structure coating, ignoring the change in the surface area caused by the variation in coating thickness. The wear depth of the two types of structures is depicted in the blue part in Figure 12. The results indicate that the lifespan of the pit shape coating increased by 81.3% compared to the normal coating, demonstrating a significant improvement effect.




4.2. Analysis of Cladding Layer


Figure 13 presents the scanning electron microscope images taken before corrosion with the Keller reagent. The image clearly displays a distinct demarcation line between the molten cladding layer and the substrate, both before and after polishing. This demarcation line is indicated by the red arrows in Figure 13a,b. A good metallurgical bonding state exists between the cladding layer and the substrate, and no obvious cracks are observed at the interface bonding before and after polishing. In addition, a small number of pores is found at the bottom of the coating, but overall, the performance of the coating is not affected.



The specimen was then etched using the Keller reagent. The morphology of the cladding layer and the substrate after corrosion under an optical metallographic microscope are shown in Figure 14. It is evident that a transition region, approximately 140 µm in thickness, exists between the cladding layer and the substrate. Within this region, the coarse crystal region has a thickness of about 100 µm, whereas the fine crystal region has a thickness of about 40 µm. Due to the limited magnification of the metallographic microscope, a scanning electron microscope was used to further analyze the microstructure and products between the cladding layer and the substrate.



Figure 15 shows the SEM micrographs between the substrate and the cladding layer. It shows that the grain size and morphology in the fine crystal zone are significantly different from those in the coarse crystal zone. The grain morphology in the fine crystal zone has an equiaxed crystal distribution with a grain size length from 5 to 10 µm, and the coarse crystal zone exhibits a columnar morphology with grain sizes between 10 and 20 µm. The EDS spectra of point A and point B illustrated in Figure 16 indicate that the composition of both points is primarily Al with some impurities. This suggests that the coarse and fine crystal regions are a result of recrystallization and grain growth during the process of melting and condensation of Al.



Figure 17a displays the SEM morphology of the cladding layer. It shows a uniformly distributed cast-equiaxed crystal organization without Ni powder particles in the cladding layer. At the same time, there are tiny gaps in the cladding layer. In Figure 17b, the EDS spectra of point C are shown. The primary composition of the clad layer is the Al-Ni phase, with minor amounts of other elements including C, O, Si, and Cr. This can be attributed to the laser cladding process being conducted in a CO2 environment and the presence of impurities in the Ni powder.



In order to further determine the molten layer products, the cladding layer was analyzed using XRD. The results are shown in Figure 18. Figure 18 indicates that the cladding layer is mainly composed of Al3Ni2 and Al phase. It is worth noting that Ni only has a peak at 45 degrees that overlaps with the identified intermetallic phase, whereas the other angles do not show consistency. Secondly, both Al and Al3Ni2 also overlap with the identified intermetallic phase at the 45 degree peak, and the other angles show a high level of consistency. Lastly, there is no ferromagnetism on the surface of the cladding layer. Based on these observations, it can be concluded that the Ni powder completely reacted with Al to form Al3Ni2.



It is crucial to comprehend the thermodynamic analysis of the chemical reactions occurring within the clad layer to regulate its microstructure and properties [33]. In the laser cladding process, both the aluminum alloy substrate and Ni powder dissolve, and the chemical reactions that take place during the solidification of the melt pool are demonstrated below:


3Al + 2Ni → Al3Ni2



(5)







Al3Ni2 has high hardness and wear resistance. Figure 19 shows the microhardness data of each typical area from the surface of the cladding layer toward the substrate. As can be seen, the surface hardness of the cladding layer is 762 HV, which is 4.7 times the surface of the 7075 aluminum alloy substrate. The hardness of the coarse and fine crystal region is reduced to a certain extent compared to the 7075 aluminum alloy substrate. The hardness of the fine grain zone is 138 HV, which is 15.3% lower than that of the matrix, whereas the hardness of the coarse grain zone is 109 HV, which is 33.1% lower than that of the matrix. In reference [34], Ni was also used as the cladding layer material, and Al-Si alloy was used as the matrix material. The microhardness test results are similar to those in this paper [34]. The high hardness of Al3Ni2, acting as the hard phase, exhibits excellent resistance to deformation. On the other hand, the transition region and the aluminum alloy substrate, acting as the soft phase, can effectively absorb the shear stress generated during the test.




4.3. Data and Status of Wear Tests


Wear test results are presented in Table 5. The orange part in Figure 20 shows the comparison of the mass loss of the two structures. The comparison shows that the mass loss of the pit shape structured cladding layer is 75.4% lower compared to the normal structured cladding layer.Ignoring the surface area changes caused by cladding thickness, the green part in Figure 20 shows the comparison of the wear per area of the two structures. The result shows that the lifespan of the pit shape structure cladding layer improved by 70.0%, which is similar to the simulation results.



The surface of the two specimens after the wear test is shown in Figure 21. It shows that the area in the middle of the normal structure exhibits significant wear and noticeable shedding, whereas the edge area is relatively complete and has no obvious shedding phenomenon. The pit shape structure is severely worn around the pit unit, and the middle area is also more worn than the edge area. Two kinds of structure surface morphology after the wear test are consistent with the stress distribution in Figure 10, which verifies the accuracy of the finite element model simulation analysis.



The shedding area of the cladding layer in the normal structure exhibits obvious annular grooves, and no similar phenomenon is observed on the pit shape structure. This difference is attributed to the presence of particles that have not been washed off, which become trapped between the cladding layer and the rock. As a result, these particles undergo abrasive wear as they are cut by the rotating cladding layer. However, due to the existence of pit units, the pit shape structure can store the particles in it, effectively reducing abrasive wear, as shown in Figure 22.



By combining wear and surface morphology, the bionic structure plays an important role in improving the stress distribution and extending the cladding life.





5. Conclusions


In this paper, the relationship between pit diameter and center distance was obtained by observing and measuring the pit shape structure on the abdomen of dung beetles. Subsequently, the stress distribution and wear conditions of the bionic structure and normal structure model during rock grinding were simulated and analyzed, and the friction and wear experiments were carried out. The microstructure, composition, and hardness behavior of the specimen were characterized using a scanning electron microscope, X-ray diffractometer, and microhardness tester. Based on the above research, the following conclusions are drawn:




	(1)

	
By studying and comparing the abdominal pit shape structure of dung beetles and measuring two kinds of parameters, pit diameter and center distance, the obtained ratio of them was around 1.98.




	(2)

	
The bionic pit shape structure model was established. Compared to the general structure, the results of finite element simulation showed that the bionic structure can significantly improve stress distribution, and the peak stress of the bionic structure was significantly reduced. A significant stress concentration phenomenon occurred near the pit unit, and the life span improved by 81.3%.




	(3)

	
The coating after laser cladding is predominantly composed of Al3Ni2, which exhibits high hardness. Furthermore, a transition region exists between the cladding layer and the substrate, with the composition being aluminum, which has relatively low hardness. This combination improves the ability of the drill pipe to withstand alternating loads.




	(4)

	
The surface appearance of two specimens after the wear test aligns with the stress distribution gained from ANSYS. Additionally, the lifespan of the pit shape structure increased by 70.0%. This increase closely matches the simulation results and validates the accuracy of the ANSYS analysis findings.




	(5)

	
Pit shape structure plays a crucial role in altering the stress distribution, as it effectively stores the abrasive particles and reduces the occurrence of abrasive wear. This, in turn, enhances the lifespan of the cladding layer.
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Figure 1. (a) Dung beetles for observation. (b) The abdomen of a dung beetle. 
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Figure 2. (a) Linear arrangement; (b) five-dot arrangement. 
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Figure 3. (a)    S ¯    and    D ¯   ; (b) the ratio of    S ¯   /   D ¯   . 
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Figure 4. (a) Pit shape structure model and normal structure model; (b) pit shape structure parameters. 
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Figure 5. Rock sample diagram and boundary condition. 
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Figure 6. Workflow of the wear simulation method. 
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Figure 7. (a) Ni powder; (b) magnified by 20 times. 
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Figure 8. Schematic diagram of a laser cladding process. 
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Figure 9. (a) Test bench; (b) schematic diagram of the test. 
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Figure 10. Stress nephogram of the contact surface between (a) pit shape structure and (b) normal structure and rock samples. 
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Figure 11. Box selection area (a) location—stress scatter plot; (b) location—stress 3D map. 
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Figure 12. Comparison of wear and wear depth after simulation. 
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Figure 13. (a) Before polishing; (b) after polishing. 
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Figure 14. Magnified by 200 times under a metallurgical microscope. 
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Figure 15. The SEM micrographs of (a) specimen, (b) transition region, (c) coarse crystal region, and (d) fine crystal region. 
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Figure 16. EDS analyses of (a) point A and (b) point B. 
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Figure 17. (a) The SEM micrographs of the cladding layer; (b) EDS analyses of point C. 
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Figure 18. Comparison of XRD spectra of the cladding layer with Al3Ni2, Al, and Ni. 
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Figure 19. Microhardness test results for each region. 
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Figure 20. Comparison of wear and wear depth after test. 
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Figure 21. (a) Normal structural; (b) pit shape structural surface morphology after test. 
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Figure 22. Wear process of two structures. 
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Table 1. Abdominal pit shape structure parameters of dung beetle.
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Number

	
Region

	
S (mm)

	
D (mm)

	
    S ¯     (mm)

	
    D ¯     (mm)

	
     S ¯        /   D ¯     






	
1

	
1-1

	
0.28, 0.27, 0.28

	
0.14, 0.14, 0.15

	
0.278

	
0.142

	
1.95




	
0.29, 0.27, 0.28

	
0.13, 0.15, 0.14




	
1-2

	
0.30, 0.31, 0.28

	
0.15, 0.16, 0.16

	
0.304

	
0.154

	
1.97




	
0.32, 0.31

	
0.14, 0.16




	
2

	
2-1

	
0.26, 0.27, 0.27

	
0.12, 0.13, 0.13

	
0.258

	
0.128

	
2.01




	
0.24, 0.26, 0.25

	
0.14, 0.13, 0.12




	
2-2

	
0.24, 0.23, 0.24

	
0.12, 0.13, 0.13

	
0.242

	
0.123

	
1.96




	
0.23, 0.25, 0.26

	
0.11, 0.12, 0.13




	
3

	
3-1

	
0.25, 0.25, 0.27

	
0.12, 0.12, 0.13

	
0.258

	
0.125

	
2.06




	
0.26, 0.26

	
0.13, 0.11, 0.14




	
3-2

	
0.21, 0.22, 0.23

	
0.11, 0.10, 0.12

	
0.217

	
0.112

	
1.93




	
0.22, 0.21, 0.21

	
0.11, 0.11, 0.12











 





Table 2. Physical parameters for finite element analysis.
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	Model
	Material
	Density (kg·m−3)
	Elastic Modulus (GPa)
	Poisson’s Ratio





	Coating
	Ni
	8900
	210
	0.3



	Drill pipe
	Aluminum alloy
	2810
	72
	0.33



	Rock
	Granite
	2650
	40
	0.25










 





Table 3. Stress at selected points.






Table 3. Stress at selected points.





	Position
	a
	b
	c
	d





	Stress (Mpa)
	5.73 × 10−4
	1.39 × 10−4
	1.62 × 10−3
	2.29 × 10−3










 





Table 4. Wear result.
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	Model
	Wear of 2 s

(mm3)
	Comparison of Wear
	Surface Area

(mm2)
	Wear Depth

(mm)
	Comparison of Life Span





	Normal structure
	3.54 × 10−9
	
	17,203
	2.06 × 10−13
	



	Pit shape structure
	5.42 × 10−10
	84.7% reduction
	14,012
	3.87 × 10−14
	81.3% improvement










 





Table 5. Wear test results.
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	Model
	Mass Loss

(g)
	Comparison of Mass Loss
	Surface Area

(mm2)
	Wear per Unit Area

(g/mm3)
	Comparison of Life Span





	Normal structure
	4.10
	
	17,203
	2.38 × 10−4
	



	Pit shape structure
	1.01
	75.4% reduction
	14,012
	7.21 × 10−5
	70.0% improvement
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