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Abstract:



A novel double-layered split die (DLSD) was designed to have higher pressure-bearing capacity and larger sample cavity volume. In DLSD, the cylinder and first layer supporting ring are split into several blocks. It has a prismatic cylinder and a quasi-prismatic sample cavity. The stress distribution of DLSD was investigated and compared with that of the conventional belt-type die (BTD) and a single-layered split die (SLSD) by the finite element method. The results show that the SLSD can only decrease the stress of the cylinder as there remains significant stress on the first layer supporting ring. However, the novel DLSD can, remarkably, decrease the stress placed on the cylinder and first layer supporting ring simultaneously due to the improvement of the stress states. Additionally, the maximum stress and pressure-bearing capacity of DLSD with different numbers of split blocks were further investigated. It is concluded that the maximum stress of the cylinder increases gradually with an increase in the number of split blocks. Meanwhile, the pressure-bearing capacity decreases accordingly. The experiments show that the pressure-bearing capacities of DLSD with 4 and 8 split blocks are all remarkably higher than that of the BTD. DLSD with 4 split blocks has relatively higher pressure-bearing capacity. This work presents a promising high-pressure die with a double-layered split structure for the synthesis of superhard materials.
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1. Introduction


Superhard materials, such as the well-known diamond and cubic boron nitride (cBN), have been increasingly used for cutting, grinding, sawing, drilling and polishing difficult-to-process materials due to their extremely unique physicochemical characteristics [1,2,3]. The belt apparatus has been the most extensively used device for synthesizing diamond and cBN since being pioneered by Hall [4,5,6]. The belt apparatus mainly consists of a belt-type die (BTD) and two opposed anvils. The BTD is assembled by a tungsten carbide cylinder and multilayered high-strength alloy steel supporting rings as shown in Figure 1a. The cylinder possesses a central sample cavity, which contains the mixture for synthesizing superhard materials that is surrounded by a pressure transmission medium (generally pyrophyllite). They are compressed by the two opposed anvils driven by hydraulic actuators. This leads to a redistribution of pressure in the sample cavity so that the high hydrostatic pressure for synthesizing superhard material is achieved [7,8].


Figure 1. Schematic diagrams of high-pressure dies: (a) conventional belt-type die (BTD); (b) single-layered split die (SLSD); and (c) novel double-layered split die (DLSD).
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As the core part of belt apparatus, effort has been made to improve the pressure-bearing capacity and enlarge the sample cavity volume of BTD. This not only helps to improve the quality and efficiency of high-pressure synthesis of superhard materials but also aims to prolong the service life of high-pressure die [9,10]. However, the tungsten carbide cylinder usually generates great tensile stress and shear stress when the belt apparatus is running. This greatly limits the pressure-bearing capacity and service life of BTD, which inevitably increases the manufacturing costs for the synthesis of superhard materials. In addition, a large sample cavity volume requires a tungsten carbide cylinder with a large size. The tungsten carbide component is manufactured by powder metallurgy and it is not easy to produce large-sized tungsten carbide components with sufficiently good quality under the current technical conditions [11]. Therefore, the enlargement of sample cavity is limited by the availability of large tungsten carbide components for the cylinder that can sustain the high pressure.



In recent years, the emerging split-type high-pressure die based on the BTD has received increasing attention. This mainly has the following two outstanding advantages. On the one hand, by splitting the tungsten carbide cylinder into several blocks, it is possible to eliminate the circumferential tensile stress and improve the pressure-bearing capacity. On the other hand, the size of single tungsten carbide cylinder can be dramatically reduced after it is split. Thus, this can avoid the formidable problem of sintering large-sized tungsten carbide components. This makes it possible to realize a larger sample cavity of the high-pressure die. Liu et al. [12] developed a multi-layer split high-pressure die which is capable of bearing higher pressures than the BTD. However, the cylinder is not pre-stressed to avoid placing a large amount of stress on the supporting rings. As a result, the cylinder generates a large radial displacement, thus limiting its practical applications. Wang et al. [13] studied a double-beveled multi-layer split high-pressure die. It has higher pressure-bearing capacity due to the lateral support of double bevels. However, the outer supporting ring is under a large amount of stress and is prone to fracture. Yang et al. [14] designed a tangent split high-pressure die, which can sustain greater pressure due to the reasonable stress distribution of cylinder. Unfortunately, this split way leads to extremely large stress being placed on the first layer supporting ring.



In this study, to obtain higher pressure-bearing capacity and larger sample cavity, a novel high-pressure die with double-layered split structure (we called this double-layered split die; DLSD) was designed based on the principles of massive support and lateral support. In DLSD, the cylinder and first layer supporting ring are equally split into several blocks. The cylinder is not round but a regular prism. Furthermore, the cylinder blocks with the plane of the inner wall define a quasi-prismatic central sample cavity. Each supporting ring block interacts with two cylinder blocks. This special geometry of split blocks makes it possible to take advantage of the massive support principle both for the cylinder and first layer supporting ring. Furthermore, the split blocks squeeze each other to provide lateral support. It is well known that massive support and lateral support are very helpful in decreasing the stress of components. Therefore, the pressure-bearing capacity of high-pressure die can be improved. Meanwhile, the inner wall of cylinder block with a plane structure helps to effectively eliminate circumferential tensile stress and make the stress state much closer to hydrostatic stress. Similarity, the stress state of first layer supporting ring could be also improved. After this, lower stress levels of cylinder and first layer supporting ring are expected to be achieved, which will result in higher pressure-bearing capacity and longer service life of high-pressure die. In addition, the splitting of tungsten carbide cylinder into several blocks with an obviously smaller size can also help to reduce the manufacturing difficulty and improve the sintering quality of tungsten carbide component for the cylinder. Therefore, it is beneficial to obtain higher pressure-bearing capacity and achieve larger sample cavity volume.



In order to embody the superiority of novel DLSD, a single-layered split die (abbreviated to SLSD) is also studied as a comparison in addition to the conventional BTD in this work. In SLSD, only the cylinder is split into several blocks in the radial direction and the supporting rings are the same as BTD. Additionally, SLSD has a round cylinder that is similar to the BTD and an identical quasi-prismatic sample cavity with the DLSD. The SLSD and novel DLSD are schematically shown in Figure 1b,c.



Finite element analysis (FEA) as a method for modelling the behavior of mechanical components and strength of structure has been proven to be powerful and widely used for the design and optimization of high-pressure vessels and devices [15,16,17,18]. In the present study, we aim to investigate the stress distribution of the novel DLSD and compare it with that of the conventional BTD and SLSD by the FEA method. Firstly, the finite element models were discussed and constructed, including the geometry, material and numerical model. Following this, the stress distributions of BTD, SLSD (4 split blocks) and DLSD (4 split blocks) were studied. Afterwards, the stress states of BTD and DLSD (4 split blocks) were investigated. Subsequently, the effects of split block number on the maximum stresses of cylinder and first layer supporting ring as well as on the pressure-bearing capacity of DLSD were discussed. Finally, destructive experiments of high-pressure dies were implemented to validate the numerical results by testing the pressure-bearing capacity.




2. Finite Element Modelling


2.1. Geometric Model


For better conformation to the actual situation, the geometric size of BTD is obtained from Reference [19], which is shown in Figure 2a. The external radius of cylinder is 30 mm and the radius of the cylindrical sample cavity is 5 mm. SLSD has the same geometric size with the BTD except for the sample cavity. The prismatic sample cavity of SLSD is circumscribed in the circular cavity of BTD. Essentially, the prismatic sample cavity size is 10 mm × 10 mm. DLSD has a geometric size of the sample cavity that is identical to the SLSD. However, unlike BTD or SLSD, as illustrated in Figure 2b, the prismatic cylinder is inscribed in the circular first layer supporting ring of BTD (or SLSD). In other words, the circumscribed circle radius of prismatic cylinder for DLSD is 30 mm. Three types of high-pressure dies have the identical outer radii for supporting rings (I–IV) of 41.5, 57.4, 79.4 and 110 mm, respectively. They also have the identical sample cavity height of 12 mm, total die height of 30 mm and cylinder taper angle of 45°. In addition, proper interference fits between the adjacent layers are indispensable in order to pre-stress the cylinder. The interference fits from the internal to external layer are 0.123, 0.142, 0.195 and 0.268 mm, respectively.


Figure 2. Geometric sizes of high-pressure dies: (a) BTD; and (b) split layers of DLSD.
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2.2. Material Model


The material used in the cylinder is tungsten carbide (8 wt % cobalt, YG8) and the supporting rings are made of high-strength alloy steel (45CrNiMoVA). To obtain generic results, we considered the simplest model for isotropic, linearly elastic material. Furthermore, the elastic constants are as follows: Young’s modulus E = 578 GPa, Poisson ratio ν = 0.21 for tungsten carbide; and E = 210 GPa, ν = 0.29 for alloy steel [20,21]. Herein, the von Mises yield criterion is employed to assess whether the failure occurs for tungsten carbide cylinder and alloy steel supporting rings. According to this criterion, the material failure will occur when the magnitude of von Mises stress (σVM) exceeds a critical stress (σf) where σf is the failure strength. We used the failure stress σf = 6200 MPa for the tungsten carbide cylinder [22,23]; and used the failure stress σf = 1330 MPa for the alloy steel supporting ring [10,24]. There is no doubt that a decrease in the von Mises stress of high-pressure die helps to attain higher structural strength and pressure-bearing capacity, which ultimately results in a longer service life. The corresponding parameters of tungsten carbide and high-strength alloy steel are presented in Table 1.


Table 1. Material parameters of tungsten carbide cylinder and alloy steel supporting rings.





	Material
	Density (g/cm3)
	Young’s Modulus (GPa)
	Poisson’s Ratio
	Failure Strength (MPa)





	Tungsten carbide
	14.6
	578
	0.21
	6200



	Alloy steel
	7.83
	210
	0.29
	1330










2.3. Numerical Model


FEA calculations were performed for high-pressure dies using the commercial software ABAQUS/Standard. A pressure load acting on the inner wall of sample cavity was assumed to be uniformly distributed with the value of 6500 MPa. The Newton–Raphson iterative algorithm was employed for calculation. According to the model feature of high-pressure die, a cylindrical coordinate (R, T, Z) was established. Considering the symmetry in axial direction (Z), 1/2 model was established with the axial displacement of symmetric surface constrained (UZ = 0). The displacement in T-direction of outer cylindrical surface of supporting ring (IV) was set to zero (UT = 0) to prevent any circumferential rotation. In addition, the friction formulation of penalty was employed to define the tangential behavior for the interaction between components. The friction coefficient was 0.25 at the interface between tungsten carbides; 0.2 between tungsten carbide and alloy steel; and 0.15 between the alloy steels [25]. Besides, the cylinders and supporting rings were all meshed with C3D8R and the sizes of mesh from the inner to outer layer were 0.5, 0.75, 1.0, 1.25 and 1.5 mm, respectively. The final numerical model of high-pressure die is shown in Figure 3. Here, only the novel DLSD model is presented due to the similarity of BTD, SLSD and DLSD.


Figure 3. Finite element model of high-pressure die (1/2).
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3. Results and Discussion


3.1. Stress Analysis of the Cylinder


Figure 4 presents the von Mises stress distributions on the cylinders of BTD, SLSD and DLSD. The von Mises stress of BTD cylinder, as shown in Figure 4a, has a magnitude on the inner wall of sample cavity and decreases gradually in the radial direction. Furthermore, the maximum von Mises stress (7411 MPa) has exceeded the failure strength of tungsten carbide (6200 MPa). This indicates that the BTD cylinder has already fractured under the pressure load of 6500 MPa. SLSD and DLSD have roughly similar stress distributions as shown in Figure 4b,c. Being apparently different from the BTD, the von Mises stresses on SLSD and DLSD cylinders first increase and then decrease gradually in the radial direction with the maximum values appearing inside the split blocks. Moreover, the magnitudes of von Mises stress on the cylinders of SLSD (4454 MPa) and DLSD (4465 MPa) are almost the same and are dramatically smaller than the failure strength of tungsten carbide. This suggests that both SLSD and DLSD cylinders have higher structural strength and could withstand much higher pressures compared with the BTD cylinder.


Figure 4. Von Mises stress distributions of cylinders: (a) BTD; (b) SLSD; and (c) DLSD.
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3.2. Stress on the First Layer Supporting Ring


Figure 5 shows the von Mises stress distributions on the first layer supporting rings of BTD, SLSD and DLSD. Clearly, the first layer supporting ring of BTD has a large amount of stress placed on the inner wall as shown in Figure 5a. The maximum value of von Mises stress is 1402 MPa, which has exceeded the failure strength of alloy steel (1330 MPa). According to the von Mises stress criterion, the failure has occurred on the first layer supporting ring of BTD. This is evidently detrimental to the pressure performance and service life of high-pressure die. The maximum von Mises stress (1449 MPa) on the first layer supporting ring of SLSD is slightly bigger than that of the BTD (Figure 5b). It can be deduced that the failure has also occurred on the first layer supporting ring of SLSD. However, as shown in Figure 5c, the first layer supporting ring of DLSD has an obviously smaller von Mises stress (1190 MPa) than that of the BTD and SLSD. Compared with BTD and SLSD, the maximum von Mises stress on the first layer supporting ring of DLSD is reduced by 15.1% and 17.9%, respectively. Moreover, the maximum von Mises stress on the first layer supporting ring of DLSD is also much smaller than the failure strength of alloy steel. Therefore, the novel DLSD would be more helpful in improving the pressure performance and service life of high-pressure die.


Figure 5. Von Mises stress distributions of first layer supporting rings: (a) BTD; (b) SLSD; and (c) DLSD.
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3.3. Principal Stress Distributions of Cylinder and First Layer Supporting Ring


From the above section, we know that SLSD can decrease the stress of the cylinder but its first layer supporting ring is still under a large amount of stress. However, the novel DLSD can significantly decrease the stress of the cylinder and simultaneously decrease the stress of the first layer supporting ring. In this section, the stress states of DLSD are further investigated both for the cylinder and first layer supporting ring, before being compared with those of the BTD.



For further analysis of the stress state of cylinders and first layer supporting rings of BTD and DLSD, the three principal stresses on inner wall (Path A) and axial symmetric surface (Path B) are extracted and shown in Figure 6 and Figure 7. Herein, the node paths are picked up, which passes through the positions with maximum stress (the schematic legends for node paths are 1/4 view of the cylinders and first layer supporting rings). Additionally, the principal stress with a positive value indicates that it is a tensile stress. Conversely, the principal stress with a negative value indicates that it is a compressive stress.


Figure 6. Principal stress distributions of cylinders: (a) BTD; and (b) DLSD.
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Figure 7. Principal stress distributions of first layer supporting rings: (a) BTD; and (b) DLSD.



[image: Metals 08 00606 g007]






Figure 6 shows the principal stress distributions of BTD and DLSD cylinders along the paths. Clearly, the middle principal stresses and minimum principle stresses of BTD and DLSD cylinders have roughly similar varying trends. The middle principal stresses and minimum principal stresses are all compressive stresses. However, there is a great distinction between the maximum principal stresses of BTD and DLSD cylinders. The BTD cylinder has large tensile stress with the maximum value being more than 2000 MPa on the inner wall and its vicinity (beginning of Path B). Thus, the BTD cylinder has one tensile stress and two compressive stresses. There is a large difference between the maximum principal stress and minimum principal stress. This leads to large von Mises stress on the BTD cylinder. Nevertheless, the inner wall and its vicinity of DLSD cylinder are placed under a large amount of compressive stress (less than −3000 MPa). Thus, the inner wall and its vicinity of DLSD cylinder are compressed in all three directions. Furthermore, there is a smaller difference between the maximum principal stress and minimum principal stress compared to the BTD. This stress state is closer to the hydrostatic pressure, which is beneficial in improving the pressure-bearing capacity of brittle material. These results show that the DLSD can effectively improve the stress state of cylinder. As a result, we obtained an obviously smaller stress compared to the BTD cylinder.



The principal stress distributions of the first layer supporting rings of BTD and DLSD along the paths are shown in Figure 7. It can be clearly seen from Figure 7a that the minimum principal stress on the inner wall of first layer supporting ring for BTD is large compressive stress (about −1400 MPa). The maximum principal stress and middle principal stress are very small and can be neglected. Therefore, there are large differences between the minimum principal stress and other two principal stresses. As a result, the first layer supporting ring of BTD has large von Mises stress on the inner wall. Being apparently different from BTD, as shown in Figure 7b, the inner wall and its vicinity (beginning of Path B) of the first layer supporting ring for DLSD are compressed in all three directions. There is a large distinction between the middle principal stresses between the first layer supporting rings of BTD and DLSD. The middle principal stress on first layer supporting ring of DLSD is large compressive stress (about −700 MPa). Hence, the stress state of first layer supporting ring of DLSD is effectively improved with a reduced difference between the three principal stresses. This leads to an obvious decrease in von Mises stress of the first layer supporting ring compared with the BTD.





4. Double-Layered Split Die with Varying Number of Split Blocks


In the above sections, the cylinder and first layer supporting ring are split into 4 blocks for DLSD. However, they can be also split into other varying blocks. Furthermore, the number of split blocks (N) would have an effect on the stress and structural strength of DLSD. In this section, we aim to further study the stress on split layers of DLSD with different numbers of split blocks. Herein, the cylinder and first layer supporting ring are split into 4, 6, 8 and 10 blocks, respectively. The configurations of the split layer in DLSD with a varying number of split blocks are shown in Figure 8. The geometries for DLSD with 6, 8 and 10 blocks are defined in the same way as 4 split blocks. The prismatic sample cavities are circumscribed in the circular cavity of the BTD. Meanwhile, the prismatic cylinders are inscribed in the first layer supporting ring of the BTD. The same pressure loads (6500 MPa) are applied on the inner wall of prismatic sample cavities. Several FEA runs have been performed for DLSD with different numbers of split blocks. After this, the magnitudes of von Mises stress on cylinders and first layer supporting rings are extracted for further investigation.


Figure 8. Configurations of the split layer in DLSD with 4, 6, 8 and 10 split blocks.
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4.1. Stress Analysis of the Cylinders


Figure 9 shows the relationship between the maximum von Mises stress of the cylinder and the number of split blocks. Clearly, the von Mises stress increases gradually with an increase in the number of split blocks from 4 to 10. This may be due to the diminished effect of the massive support as the number of split blocks increases gradually. The maximum von Mises stresses of DLSD cylinders with 4, 6, 8 and 10 split blocks are 4465, 4754, 4850 and 4935 MPa, respectively. Although there is a gradual increase, these stresses are still significantly smaller than that of the BTD cylinder. Meanwhile, they are also much smaller than the failure strength of tungsten carbide. Compared with the BTD cylinder (7411 MPa), the maximum von Mises stresses of DLSD cylinders with 4, 6, 8 and 10 split blocks are decreased by 39.8%, 35.9%, 34.6% and 33.4%, respectively.


Figure 9. Magnitudes of von Mises stress on the cylinders with different numbers of split blocks.
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4.2. Stress Analysis of the First Layer Supporting Rings


The magnitudes of von Mises stress on the first layer supporting rings of DLSD with different numbers of split blocks are shown in Figure 10. It can be clearly seen that there is only a small change in the von Mises stress when the number of split blocks increases from 4 to 10. This suggests that the number of split blocks has no obvious influence on the von Mises stress of the first layer supporting ring. Whether it is split into 4, 6, 8 or 10 blocks, the DLSD has an obvious advantage over the BTD in obtaining smaller von Mises stress for the first layer supporting ring. More importantly, the maximum von Mises stresses (all about 1200 MPa) of the first layer supporting rings for DLSD with 4, 6, 8 and 10 split blocks are all obviously smaller than the failure strength of alloy steel. In other words, DLSD with 4, 6, 8 and 10 split blocks all could be helpful to improve the pressure performance and service life of the high-pressure die.


Figure 10. Magnitudes of von Mises stress on the first layer supporting rings with different numbers of split blocks.
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4.3. Analysis of Pressure-Bearing Capacity


The pressure-bearing capacity of the high-pressure die is determined by the maximum von Mises stress of a tungsten carbide cylinder. In order to investigate the pressure-bearing capacity of BTD and DLSD, a series of FEA runs was performed by gradually varying the pressure load acting on the inner wall of sample cavity from 5 to 10 GPa at intervals of 0.5 GPa. At the same time, the magnitudes of von Mises stress on cylinders were extracted for each pressure load condition. Afterwards, by employing the von Mises yield criterion as the failure judgement of tungsten carbide cylinder, the pressure-bearing capacities of BTD and DLSD were obtained. According to the von Mises yield criterion, the BTD can only withstand an internal working pressure of 5.7 GPa.



Figure 11 exhibits the pressure-bearing capacities of DLSD with different numbers of split blocks. Apparently, the pressure-bearing capacities of DLSD decrease gradually when the number of split blocks increases from 4 to 10. This suggests that DLSD with fewer split blocks can obtain a relatively higher pressure-bearing capacity. Furthermore, the pressure-bearing capacities of DLSD with different numbers of split blocks are all dramatically higher than that of the BTD. The pressure-bearing capacities of DLSD with 4, 6, 8 and 10 split blocks were 8.91, 8.56, 8.31 and 8.1 GPa, respectively. Compared with that of the BTD, the pressure-bearing capacities of DLSD with 4, 6, 8 and 10 split blocks were increased by 56.3%, 50.2%, 45.8% and 42.1%, respectively.


Figure 11. Relationships of pressure-bearing capacity with the number of split blocks.
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5. Experiments


Destructive tests were carried out to further verify the pressure-bearing capacity of the high-pressure dies. Three types of high-pressure dies, including BTD and DLSD with 4 and 8 split blocks, were selected for validation. The dimensions of the above high-pressure dies are exactly the same as that in the finite element models. The cylinder and supporting rings for each type of high-pressure die were first assembled using a hydraulic press. In addition, pure iron samples (15 mm in length) possessing the same shape as the sample cavities were used as the pressure transmission medium. In each text, the pure iron sample was first inserted into the cavity. After this, the upper and lower opposed anvils were driven by the ram of a 200-ton hydraulic press and moved towards each other to compress the pure iron sample. After this, high pressure is generated in the sample cavity with further compression. The pressure increased gradually until the cylinders were fractured. Meanwhile, the maximum press loads on the gauge were recorded.



The photographs of the high-pressure dies after being completely assembled and the corresponding cylinders after the breakup are presented in Figure 12. The cylinders of BTD and DLSD with 4 and 8 split blocks were fractured when the press loads of hydraulic press reached 589, 931 and 854 KN, respectively. The ultimate press loads of DLSD with 4 and 8 split blocks were increased by 58.1% and 45.0% in comparison to that of the BTD. This indicates that DLSD has higher structural strength and can withstand higher pressure than the BTD. DLSD with 4 split blocks has higher pressure-bearing capacity than that with 8 split blocks. Those results are nearly consistent with the above numerical analysis.


Figure 12. Assembled BTD and DLSD with 4 and 8 split blocks as well as the corresponding cracked cylinders.
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In addition, only a few split blocks of cylinders in DLSD are damaged in each text and the other intact split blocks can be still reused. Therefore, DLSD can be easily replaced, which is beneficial to save the manufacturing costs of high-pressure die. Besides, it is also interesting to note that the prismatic cylinders of DLSD have a smaller total volume compared with the round cylinders of BTD and SLSD. It is well known that the tungsten carbide cylinder is the costliest component of high-pressure die. From this point of view, it is also helpful to save the manufacturing costs using a prismatic cylinder. Furthermore, if the cylinder is split into fewer blockers, the cylinder has a smaller total volume and thus more manufacturing costs can be saved. Therefore, the novel DLSD can provide a relatively inexpensive solution for the commercial synthesis of superhard materials.




6. Conclusions


In the present work, a novel DLSD was designed to obtain higher pressure-bearing capacity and larger sample cavity volume. Strength analysis was performed by investigating the stress distribution and pressure-bearing capacity, before comparing these with that of the conventional BTD and a SLSD. As predicted by FEM, although the maximum stress of the SLSD cylinder is obviously smaller than that of the BTD, its first layer supporting ring is placed under a large amount of stress. However, the novel DLSD can, remarkably, decrease the stress of the cylinder and first layer supporting ring simultaneously. Consequently, higher pressure-bearing capacity can be obtained and the service life can be extended. In addition, by splitting the tungsten carbide cylinder into several blocks, it can also help to reduce the manufacturing difficulty and improve the sintering quality of tungsten carbide component for the cylinder. As a result, a larger volume cavity could be achieved using the DLSD. Additionally, it can provide multiple alternatives in the number of split blocks. DLSD with a smaller number of split blocks has relatively higher pressure-bearing capacity. Certainly, DLSD with more split blocks also has its advantages, which are particularly useful when a larger sample cavity volume is needed. When the sample cavity is increased to some extent, the cylinder should be split into more blocks to ensure the sintering quality of the tungsten carbide cylinder. In summary, the novel DLSD has overwhelming advantages over the conventional BTD in achieving higher pressure-bearing capacity and larger sample cavity as well as extending the service life and reducing manufacturing costs.
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