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Abstract: In this study, various structures are designed to improve the bearing capacity of belt-type
ultra-high-pressure dies. Via theoretical analysis, numerical simulation, and destructive experiments,
the stress distribution, bearing capacity, and failure principle of various dies are analyzed. The
results demonstrate that the positive and negative values of the third invariant of the deviatoric stress
tensor J3

′ determine the deformation mode of the cylinder; when J3
′ > 0, the cylinder is in the tensile

deformation state, and when J3
′ < 0, the cylinder is in the compressive deformation state. The third

invariant of the deviatoric stress tensor of the belt-type cylinder is J3
′ > 0, which causes tensile failure

and rupture due to excessive circumferential stress. The use of a split cylinder can significantly reduce
the circumferential stress, thus effectively reducing the maximum shear stress and von Mises stress
and improving the pressure capacity of the cavity. However, when J3

′ > 0 for the split cylinder, the
pressure capacity is affected and the cylinder experiences tensile failure. A tangential split cylinder
has a compressive deformation of J3

′ < 0, which can fully utilize the properties of hard alloy materials
and significantly improve the pressure-bearing capacity of the cylinder. This article provides an
effective optimization design theory for belt-type dies, and the effectiveness of this method is proven
through experiments.

Keywords: the belt type die; split cylinder; destructive principle; pressure bearing capacity

1. Introduction

Ultra-high-pressure (UHP) technology has been widely applied in scientific research
and industrial production. Consequently, this has increased the urgency of the need for
high-pressure, large-cavity, and UHP devices suitable for the measurement of various mate-
rial properties. Against this background, a number of new UHP devices have emerged [1,2].
UHP devices can be divided into two categories, according to the reasons for pressure
generation. The first category is dynamic UHP, which can reach several thousand GPa, but
the pressure duration is only microseconds [3,4]. Thus, under the conditions of existing
technological capabilities, the application range and scientific research value of dynamic
UHP devices are severely limited [5–7]. The second type is static UHP devices, which are
the most effective in most practical applications [8–10]. According to the different extrusion
modes of the pressure transmission medium, the structural shape of a static UHP device
can be divided into two anvil structures or multiple anvil structures [11–13]. Presently, the
research on static UHP devices is mainly focused on two aspects, the first of which is the
study of high pressure limits. Pressure can be increased via the design of new structures,
but this comes at the cost of sacrificing the volume of the cavity [14–16]. The second type of
research is the study of large cavities. In UHP devices with two or more anvils, hard-alloy
anvils are used to expand the cavity to the greatest possible extent while ensuring a certain
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pressure. This strategy is mainly used to synthesize super-hard materials such as diamonds
and cubic boron nitride [17–19]. However, as the volume of the cavity increases, the cavity
pressure gradually decreases, which poses a challenge to the improvement of the cavity
pressure of belt-type die (BTD) [20–22].

To realize the increase in both the cavity volume and cavity pressure, the structure
and material of the pressure die must be studied. Hard carbide, the main material used
to make high-pressure devices, can withstand high pressures, but its ability to withstand
tensile and shear forces is poor [23,24]. The compressive strength of hard carbide can
be significantly improved using the lateral principle, based on which researchers have
designed various high-pressure dies [25–27]. As the most typical and widely used die with
two anvils, the BTD is commonly adopted in scientific research and the synthesis of gem-
grade diamonds [28–30]. In this study, to solve the pressure and cavity volume bottlenecks
of the BTD, various split-type dies with a belt-type cylinder were designed based on the
principle of “splitting before cracking”. The application of the lateral support principle
in the design of high-pressure die design was investigated and explained via theoretical
analysis, numerical simulation, and related high-pressure experiments. Moreover, the
failure mechanism of the BTD was revealed, leading to the proposal of an optimization
design method. To verify the correctness of the optimization design method, multiple sets
of dies were designed and UHP validation experiments were conducted. The theoretical
and experimental results were compared and analyzed to determine an optimized design
method for BTDs, ultimately breaking through the bottleneck of BTDs with higher pressure
and larger cavities.

2. Finite Element Model

The belt-type UHP device is composed of a BTD and an extrusion hammer, and the
BTD is composed of two parts, namely a hard carbide pressure cylinder and a support ring,
as shown in Figure 1. Among the various components of the BTD, the pressure-bearing
capacity of the anvil is significantly greater than that of the pressure cylinder, as the design
of an anvil with a symmetrical structure fully utilizes the principles of lateral support,
bottom support, and mass support. When the anvil is used, it basically exists in a state
of four-sided pressure, resulting in a high bearing capacity. Therefore, this study only
investigates the pressure-bearing capacity and optimal design method of the BTD.
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Figure 2 presents the size of the BTD designed in this study; from the inner layer to the
outer layer, the interference between each layer is, respectively, 0.12, 0.23, 0.3, and 0.35 mm
from the inside to the outside. All dies used in this study were designed according to this
size. In the simulation, the pressure on the inner wall of the cavity was P0 (6500 MPa) with a
uniform distribution, and the pressure exerted on the conical surface is defined as follows:

P(s) = P0e
−2τs

t (1)

where P(s) is the pressure exerted on the conical surface, P0 is the pressure acting on the
inner surface of the cylinder, s is the distance between the point on the conical surface and
the edge of the cylinder face, and t and τ are the sealing thickness and the inner friction
coefficient, respectively.
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The material of the pressure cylinder is cemented carbide (tungsten carbide), and
its material parameters include a Poisson’s ratio of υ = 0.21 and a Young’s modulus of
Ex = 605 GPa. The material of the supporting ring on the outer layer of the die is high-
strength steel, and its material parameters include υ = 0.295 and Ex = 210 GPa. The
tensile strengths of the cemented carbide and high strength steel are, respectively, 2500 and
1470 MPa, and the yield shear strengths are, respectively, 3250 and 768 MPa. The value of
the contact friction coefficient between the high strength steel is 0.2, and that between the
cemented carbide and high-strength steel is 0.25 [31,32].

Considering the symmetry in the axial direction and radial direction of the three mod-
els, to save computation time, only 1/12 of the 3D finite element models were analyzed. As
shown in Figure 3, all surfaces on the symmetric surfaces were controlled by a symmetrical
boundary, and the contact surfaces between the divided bodies were applied only to the
constraints of compression support. The pressure acting on the surface of the inner cavity
was P0. The pressure acting on the conical surface of the cylinder was P(s).
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A 20-noded element (SOLID 186) was used in the 3D models, where the size of each
element plot in the geometry model is 0.5 mm. Figure 4 is the elements’ plot of the cylinder
and homogeneous unit’s geometry of solid 186.
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3. Theoretical Analysis

When pressure is applied inside the cavity, the stress state of the inner wall of the
cavity meets the requirement of the tensor relationship. Thus, the stress state of a point on
the inner wall of the cavity can be written in the form of a stress tensor, as follows:

σij =

σ11 σ12 σ13
σ21 σ22 σ23
σ31 σ32 σ33

 =

 σx σxy σxz
σyx σy σyz
σzx σzy σz

 (2)

where σx, σy, and σz are the normal stress components, and σxy, σyz, and σzx are the shearing
stress components.

The isotropic yield criterion can be expressed using three invariants of the stress
tensor as

f (J1, J2, J3) = 0 (3)
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where the three invariants of the stress tensor J1, J2, and J3 are defined as follows.
J1 = σx + σy + σz

J2 = −
(
σxσy + σyσz + σzσx

)
+ τ2

xy + τ2
yz + τ2

zx

J3 = σxσyσz + 2τxyτyzτzx −
(

τxτ2
yz + τyτ2

zx + τzτ2
xy

) (4)

For the principal coordinate system,
J1 = σ1 + σ2 + σ3

J2 = −(σ1σ2 + σ2σ3 + σ3σ1)
J3 = σ1σ2σ3

(5)

As cemented carbide is a continuous homogeneous isotropic material, which meets
the requirements of continuum mechanics, the stress tensor can be decomposed into the
stress sphere tensor and the deviatoric stress tensor. The deviatoric stress tensor and
its corresponding invariants are more important for the damage and failure analysis of
cemented carbide cylinder and can be expressed as follows:

σ′ij = σij − σmδij, (δij =

{
0, i 6= j
1, i = j

}
, σm =

1
3

J1) (6)

where σm is the spherical stress tensor, which determines the isotropic equal pressure or
equal tensile stress state. While this stress state cannot cause the shape of the change of
the cemented carbide cylinder, it can cause the elastic change of the cylinder volume. The
spherical stress tensor σm is expressed as follows:

σm =

σm 0 0
0 σm 0
0 0 σm

 (7)

where σm = (σ x + σy + σz
)
/3 = (σ 1 + σ2 + σ3)/3. Because the spherical stress tensor

has no shear stress and the principal stresses in any direction are equal, the shear stress
components, the main shear stress, and the maximum shear stress of the deviatoric stress
tensor are equal to the stress tensor. The deviatoric stress tensor can only change the shape
of an object but cannot change its volume. Therefore, the change in the shape of the cylinder
is caused by the deviatoric stress tensor.

The deviatoric stress tensor is a second-order symmetric tensor with three invariants
J′1, J′2, and J′3, which can be expressed as follows.

J1 = J′1 + 3σm
J2 = J′2 − 1

3 J2
1

J3 = J′3 − 1
3 J1 J′2 +

1
27 J′31

(8)

For the principal coordinate system, J′1, J′2, and J′3 can be expressed as
J′1 = σ′1 + σ′2 + σ′3 = (σ1 − σm) + (σ2 − σm) + (σ3 − σm) = 0

J′2 = σ′1σ′2 + σ′2σ′3 + σ′3σ′1 = 1
6

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]

J′3 = σ′1σ′2σ′3

(9)

where the third invariant of the deviatoric stress tensor J′3 reflects the characteristic of the
stress state. During stress analysis, it is specified that σ1 > σ2 > σ3. The first component of
deviator stress σ′1 = σ1− σm > 0, the third component of deviator stress σ′3 = σ3− σm < 0,
and the second component of deviator stress σ′2 = σ2 − σm may be greater than, equal
to, or less than 0. The corresponding value of J3

′ = σ1
′σ2
′σ3
′ determines the deformation

mode of the cylinder. When J3
′ > 0, the cylinder is in the extension deformation state; when
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J3
′ = 0, the cylinder is in the plane deformation state; when J3

′ < 0, the cylinder is in the
compressive deformation state.

4. Results and Discussion
4.1. The Belt-Type Die

Figure 5 shows the three main stresses σ1, σ2, and σ3, and the average stress σm, along
the path of the belt cylinder under the application of 6500 MPa of force to the inner wall
of the cylinder. As shown in the figure, the cylinder of the BTD was a continuous whole
in the circumferential direction. Therefore, the first principal stress of the belt cylinder
was very large and gradually increased from 1655 to 3506 MPa, after which it remained
unchanged. The second principal stress gradually increased from −5767 to −3047 MPa
and then remained unchanged. The third principal stress was approximately −6400 MPa,
which was basically equal to the pressure applied to the inner wall of the cylinder.
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As indicated in Figure 5, the first principal stress σ1 was much larger than the average
stress σm. Moreover, the second and third principal stresses were less than σm. Therefore,
σ′1 = σ1 − σm > 0, σ′2 = σ2 − σm < 0, and σ′3 = σ3 − σm < 0; this corresponds to
J3
′ = σ1

′σ2
′σ3
′ > 0. From this, it can be determined that the belt-type cylinder was in a state

of tensile deformation after being subjected to force.
For any state of stress, the principal stress and the shear stress on any plane can

be described using the three-dimensional Mohr stress circle. After examining the three
principal stresses, the results revealed that σ1 > σ2 > σ3, and the Mohr stress circles
obtained for the stress states are presented in Figure 6. The shear stress can be calculated
as follows. 

τ13 = σ1−σ3
2

τ23 = σ2−σ3
2

τ12 = σ1−σ2
2

(10)

From this, the three shear stresses were determined, and the value of τ13 was found
to be the highest. The von Mises stress of the cylinder is also an important criterion for
judging the failure of the cylinder and can be determined using σ1, σ2, and σ3 as follows.

σVM =

√
1
2

[
(σ1 − σ2)

2 + (σ1 − σ3)
2 + (σ2 − σ3)

2
]

(11)
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The value of the third principal stress is determined by the pressure inside the cavity.
When exploring how to reduce the stress performance of the cylinder, efforts should be
made to reduce the first principal stress, which will significantly reduce the maximum shear
stress and, to some extent, reduce the von Mises stress. At the cylinder cavity pressure
of 6500 MPa, the von Mises stress value of the belt cylinder gradually increased from
7787 MPa (point 1) to 8705 MPa (point 2). From point 2 to point 3, the value remained
at almost 8705 MPa, and the maximum shear stress value was 4938 MPa. It can be seen
that at this time, the first principal stress, the von Mises stress, and the maximum shear
stress of the BTD were much greater than the corresponding failure limit. However, the
rate of increase of the first principal stress was significantly higher than those of the von
Mises stress and maximum shear stress, as the first principal stress was the main reason for
the changes in these two stress values. Therefore, it can be preliminarily judged that the
cause of the failure of the BTD was the continuous circumferential direction of the integral
pressure cylinder, which led to an excessive first principal stress and the circumferential
tensile failure of the cylinder.

To confirm the failure mode and bearing capacity of the BTD, a corresponding die was
designed and processed according to the dimensions exhibited in Figure 2. The cylinder
was made of YG8 carbide, and the outer supporting ring was made of 45CrNiMoVA high-
strength steel. The sample subjected to experimentation was made of pure iron. A hydraulic
press was used to carry out the experiments and the oil pressures were read when the dies
fractured. Figure 7 presents the diagram of the die after destruction. When the oil pressure
was 7.2 MPa (the bearing load was 564.5 KN), the belt cylinder burst upward, which is
consistent with the theoretical analysis results. Therefore, it can be determined that the
overall belt cylinder contributed to an excessive first principal stress, which then led to
circumferential cracking damage.
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4.2. The Split Die

From the previous subsection, it can be seen that the main failure of the BTD is caused
by excessive circumferential stress. Even if the supporting ring provides sufficient external
support force, it cannot prevent the radial failure of the inner wall of the pressure cylinder.
Therefore, to avoid the disadvantage of a large circumferential tensile stress of the BTD,
the concept of a discretized cylinder is proposed through reducing the circumferential
tensile stress of the cylinder and increasing the cavity pressure. The discretized cylinder is
not continuous in the circumferential direction, which can reduce both the circumferential
stress and the shear stress. The designed multilayer stagger-split die (MSSD) is depicted
in Figure 8. When the pressure on the inner wall of the cylinder is transmitted radially,
the supporting ring bears a large amount of pressure. The discrete supporting ring can
gradually reduce the pressure while ensuring safety. The pressure ultimately transmitted to
the outer supporting ring is significantly reduced, thus improving the safety and stability
of the die. The common feature of the design of the MSSD and the BTD is that, of the entire
die, the pressure cylinder is the first component of the entire die to be damaged. Therefore,
the stress and damage characteristics of the cylinder are mainly analyzed in this section.
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Figure 8. A schematic diagram of the MSSD high-pressure apparatus.

The cylinder of the BTD is divided into six equal sections in the circumferential
direction, each with an angle of 60◦, which are combined to form a split cylinder. The
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structure of the cylinder is presented in Figure 9. The size was the same as that of the
BTD, and the interference between the layers is, respectively, 0, 0.15, 0.3, and 0.35 mm from
the inner to the outer layer. In the numerical simulation process, because the force and
stress behaviors of the six sections were identical, only one section was analyzed. When
the pressure on the inner wall of the cylinder was 6500 MPa, the first principal stress of the
split cylinder was much less than that of the BTD, and the value was basically maintained
at 50 MPa. The second principal stress gradually increased from −5908 to −4014 MPa,
and the third principal stress value was the same as that of the BTD, which was basically
maintained at −6400 MPa. The three principal stresses and the average stress diagram
were obtained, as exhibited in Figure 10.

Metals 2023, 13, x FOR PEER REVIEW 9 of 16 
 

 

Supporting ringDivided body 

assemblage

Assembled 

cylinder

 

Figure 8. A schematic diagram of the MSSD high-pressure apparatus. 

The cylinder of the BTD is divided into six equal sections in the circumferential di-

rection, each with an angle of 60°, which are combined to form a split cylinder. The struc-

ture of the cylinder is presented in Figure 9. The size was the same as that of the BTD, and 

the interference between the layers is, respectively, 0, 0.15, 0.3, and 0.35 mm from the inner 

to the outer layer. In the numerical simulation process, because the force and stress be-

haviors of the six sections were identical, only one section was analyzed. When the pres-

sure on the inner wall of the cylinder was 6500 MPa, the first principal stress of the split 

cylinder was much less than that of the BTD, and the value was basically maintained at 50 

MPa. The second principal stress gradually increased from −5908 to −4014 MPa, and the 

third principal stress value was the same as that of the BTD, which was basically main-

tained at −6400 MPa. The three principal stresses and the average stress diagram were 

obtained, as exhibited in Figure 10. 

 

Figure 9. A schematic diagram of the split cylinder. Figure 9. A schematic diagram of the split cylinder.

Metals 2023, 13, x FOR PEER REVIEW 10 of 16 
 

 

 

Figure 10. The principal stress along the path of the split cylinder. 

As was the case with the BTD, the first principal stress 𝜎1  of the split cylinder was 

greater than the average stress 𝜎𝑚. The second principal stress 𝜎2 and the third principal 

stress 𝜎3 were less than the average stress 𝜎𝑚. Therefore, 𝜎′1 = 𝜎1 − 𝜎𝑚 > 0, 𝜎′2 = 𝜎2 −

𝜎𝑚 < 0, and 𝜎′3 = 𝜎3 − 𝜎𝑚 < 0; this corresponds to 𝐽3
′ = 𝜎1

′𝜎2
′𝜎3

′ > 0. From this, it can be 

seen that the split cylinder was still in a state of tensile deformation, but only the inner 

wall of the pressure cylinder was in a state of tensile deformation. Moreover, the amount 

of deformation was minor and was not sufficient to crack the split sector block. The failure 

mode of the split cylinder requires further discussion. 

Compared with the BTD, excluding the significant reduction in the first principal 

stress, the third principal stress basically exhibited no change, while the second principal 

stress experienced a certain change. The three-dimensional Mohr stress circle is shown in 

Figure 10. The reduction in the first principal stress led to a significant reduction in the 

maximum shear stress. The von Mises stress of the MSSD gradually decreased from 6112 

MPa (point 1) to 5645 MPa (point 2), and from point 2 to point 3, the value remained at 

approximately 5600 MPa, with a maximum shear stress of 3232 MPa. Both the von Mises 

stress and the maximum shear stress were much smaller than those of the BTD. According 

to the von Mises stress Equation (11), the change in the von Mises stress value of the MSSD 

was mainly caused by the change of the first principal stress. Therefore, due to the circum-

ferential discontinuity, the MSSD can significantly reduce the first principal stress, reduce 

the maximum shear stress and von Mises stress, and significantly improve the pressure-

bearing capacity. 

The numerical simulation results reveal that the pressure capacity of the MSSD was 

about 6700 MPa (the theoretical value is about 8.4 MPa). To prove the accuracy of the the-

oretical results, a destructive experiment for the UHP die was conducted, as shown in 

Figure 11. In fact, when the pressure cylinder was broken, the oil pressure was 9.1 MPa 

(the pressure was 713.4 KN). This experimental value was greater than the theoretical 

value, which is attributable to two reasons. First, due to the small assembly interference 

of the MSSD, the radial displacement of the cylinder was greater than that of the BTD, 

resulting in an increase in the internal area of the cavity and an increase in the hydraulic 

pressure of the hydraulic press. The second reason is that the radial displacement of the 

split cylinder caused gaps between adjacent sector blocks, and the medium flowed into 

the gap after being subjected to force (as shown in Figure 12). The medium in the gap 

exerts a certain support force on the side of the sector block, and the pressure-bearing 

capacity will be significantly improved even if the lateral support force is very small. This 

is because the inner face of the sector block cylinder is in a three-dimensional compression, 

and the third invariant of the deviatoric stress tensor 𝐽3
′ < 0. The inner face of the sector 

Figure 10. The principal stress along the path of the split cylinder.

As was the case with the BTD, the first principal stress σ1 of the split cylinder was
greater than the average stress σm. The second principal stress σ2 and the third prin-
cipal stress σ3 were less than the average stress σm. Therefore, σ′1 = σ1 − σm > 0,
σ′2 = σ2 − σm < 0, and σ′3 = σ3 − σm < 0; this corresponds to J3

′ = σ1
′σ2
′σ3
′ > 0. From this,

it can be seen that the split cylinder was still in a state of tensile deformation, but only the
inner wall of the pressure cylinder was in a state of tensile deformation. Moreover, the
amount of deformation was minor and was not sufficient to crack the split sector block.
The failure mode of the split cylinder requires further discussion.

Compared with the BTD, excluding the significant reduction in the first principal
stress, the third principal stress basically exhibited no change, while the second principal
stress experienced a certain change. The three-dimensional Mohr stress circle is shown
in Figure 10. The reduction in the first principal stress led to a significant reduction in
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the maximum shear stress. The von Mises stress of the MSSD gradually decreased from
6112 MPa (point 1) to 5645 MPa (point 2), and from point 2 to point 3, the value remained
at approximately 5600 MPa, with a maximum shear stress of 3232 MPa. Both the von
Mises stress and the maximum shear stress were much smaller than those of the BTD.
According to the von Mises stress Equation (11), the change in the von Mises stress value
of the MSSD was mainly caused by the change of the first principal stress. Therefore, due
to the circumferential discontinuity, the MSSD can significantly reduce the first principal
stress, reduce the maximum shear stress and von Mises stress, and significantly improve
the pressure-bearing capacity.

The numerical simulation results reveal that the pressure capacity of the MSSD was
about 6700 MPa (the theoretical value is about 8.4 MPa). To prove the accuracy of the
theoretical results, a destructive experiment for the UHP die was conducted, as shown in
Figure 11. In fact, when the pressure cylinder was broken, the oil pressure was 9.1 MPa (the
pressure was 713.4 KN). This experimental value was greater than the theoretical value,
which is attributable to two reasons. First, due to the small assembly interference of the
MSSD, the radial displacement of the cylinder was greater than that of the BTD, resulting
in an increase in the internal area of the cavity and an increase in the hydraulic pressure of
the hydraulic press. The second reason is that the radial displacement of the split cylinder
caused gaps between adjacent sector blocks, and the medium flowed into the gap after
being subjected to force (as shown in Figure 12). The medium in the gap exerts a certain
support force on the side of the sector block, and the pressure-bearing capacity will be
significantly improved even if the lateral support force is very small. This is because the
inner face of the sector block cylinder is in a three-dimensional compression, and the third
invariant of the deviatoric stress tensor J3

′ < 0. The inner face of the sector block cylinder
is in a state of compressive deformation; this is in line with the mechanical properties of
hard carbide materials, which are resistant to high pressure but not tension. The numerical
simulation and theoretical analysis results indicate that even when considering the lateral
support force of the medium, the von Mises stress of the split cylinder is the first to reach
the failure limit. The radial middle position of the sector block is destroyed at 45◦, and the
failure mode conforms to the fourth strength theory. An excessive von Mises stress leads to
the accumulation of internal distortion energy in the hard carbide, resulting in failure.
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To further improve the bearing capacity of the radial split cylinder, two types of
cylinders with positive polygonal cavities were designed, as shown in Figure 13. The first
cylinder was a radial split cylinder, but the front face of the sector block was changed from
a circular arc to a plane, and the cavity was changed from a cylindrical surface to a regular
polygon. The radial split cylinder will produce a certain amount of radial displacement
after being stressed, and the outer supporting ring will provide a lateral support force.
Therefore, a second radial split cylinder with a regular polygon cavity was designed. The
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numerical simulation and experimental results revealed that the pressure-bearing capacities
of these two types of cylinders were slightly improved as compared to that of the original
radial split cylinder, but the improvement was insignificant. The pressure-bearing capacity
was improved because the first principal stress of the regular polygon cavity was slightly
lower than that of the radial split cylinder, resulting in the reduction in the maximum shear
stress and von Mises stress. However, this type of cylinder still has the disadvantage of a
radial split cylinder, which means the cylinder will be in a tensile state after being subjected
to force, thus limiting the continued increase in pressure.
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Figure 13. The vertical polygon cavity of the radial split cylinder UHP die. (a) a schematic diagram
of the split cylinder with plane surface (b) a physical diagram of the split cylinder with plane surface
(c) the damaged die of the split cylinder with plane surface (d) a schematic diagram of the double-
layered split cylinder with plane surface (e) a physical diagram of the double-layered split cylinder
with plane surface (f) the damaged die of the double-layered split cylinder with plane surface.
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4.3. The Tangential Split Die

Due to the circumferential discontinuity, the first principal stress of the split cylinder
can be significantly reduced; this leads to an effective reduction in the von Mises stress and
maximum shear stress, and an effective improvement in the pressure-bearing capacity. The
stress performance of the front face of the cylinder proves that the third invariant of the
deviatoric stress tensor of the front face J3

′ > 0, but the front face of the cylinder remains in
a tensile state. However, the medium is squeezed into the gap of the sector block, which pro-
vides lateral support force; consequently, the third invariant of the deviatoric stress tensor
of the front face J3

′ < 0. Furthermore, the front face is in a three-dimensional compressive
state, which can effectively improve the pressure-bearing capacity of the pressure cylinder.
Therefore, the three-dimensional compression of the cylinder can significantly improve
the pressure-bearing capacity, which is an effective measure through which to increase the
cavity pressure. For this purpose, a tangential split cylinder was designed, as shown in
Figure 14. The front face of the tangential split cylinder is perpendicular to the radial direc-
tion and is divided along the tangent direction of the circular inner cavity. The cylinder is
divided into 10 sections. In this way, the cavity is no longer a cylindrical structure; instead,
it is a cylindrical structure characterized by a positive decagonal shape. When the cavity
is under pressure, there is mutual friction and compression between adjacent segmented
blocks of this block structure. This not only eliminates the circumferential tensile stress on
the inner wall of the cylinder, but also generates significant compressive stress on the inner
wall, causing the tangential segmented blocks to be in a three-dimensional compression
state. This state is very beneficial for hard carbide materials and can fully utilize their
properties under pressure.
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Figure 14. A schematic diagram of the tangential split cylinder.

The dimensions of the UHP die for the tangential split die are the same as those of the
BTD mentioned previously. The interference between the layers from the inner to the outer
layer is, respectively, 0.1, 0.15, 0.3, and 0.35 mm, and the diameter of the circle tangent to the
positive decagonal cavity is 10 mm. In the numerical simulation process, the stress behavior
of the 10 tangential segmented blocks was the same. When a pressure of 6500 MPa was
applied to the inner face of the tangential split die, the first, second, and third principal
stress values were approximately −3750, −4700, and −6750 MPa, respectively. Statistical
analysis was performed on the three principal stresses to obtain the average stress σm. As
shown in Figure 15, the first principal stress of the tangential split die σ1 and the second
principal stress σ2 were greater than the average stress σm. The third principal stress σ3
was less than the average stress σm. Therefore, σ′1 = σ1 − σm > 0, σ′2 = σ2 − σm > 0, and
σ′3 = σ3 − σm < 0; this corresponds to J3

′ = σ1
′σ2
′σ3
′ < 0. From this, it can be determined

that the tangential split die was in a state of compressive deformation, which is consistent
with the results of the previous analysis. Accordingly, the properties of hard alloy materials
can be fully utilized.



Metals 2023, 13, 1593 13 of 15

Metals 2023, 13, x FOR PEER REVIEW 13 of 16 
 

 

 

Figure 14. A schematic diagram of the tangential split cylinder. 

The dimensions of the UHP die for the tangential split die are the same as those of 

the BTD mentioned previously. The interference between the layers from the inner to the 

outer layer is, respectively, 0.1, 0.15, 0.3, and 0.35 mm, and the diameter of the circle tan-

gent to the positive decagonal cavity is 10 mm. In the numerical simulation process, the 

stress behavior of the 10 tangential segmented blocks was the same. When a pressure of 

6500 MPa was applied to the inner face of the tangential split die, the first, second, and 

third principal stress values were approximately −3750, −4700, and −6750 MPa, respec-

tively. Statistical analysis was performed on the three principal stresses to obtain the av-

erage stress 𝜎𝑚. As shown in Figure 15, the first principal stress of the tangential split die 

𝜎1 and the second principal stress 𝜎2 were greater than the average stress 𝜎𝑚. The third 

principal stress 𝜎3  was less than the average stress 𝜎𝑚 . Therefore, 𝜎′1 = 𝜎1 − 𝜎𝑚 > 0,

𝜎′2 = 𝜎2 − 𝜎𝑚 > 0, and 𝜎′3 = 𝜎3 − 𝜎𝑚 < 0; this corresponds to 𝐽3
′ = 𝜎1

′𝜎2
′𝜎3

′  < 0. From 

this, it can be determined that the tangential split die was in a state of compressive defor-

mation, which is consistent with the results of the previous analysis. Accordingly, the 

properties of hard alloy materials can be fully utilized. 

0 2 4 6 8 10 12 14
-7500

-7000

-6500

-6000

-5500

-5000

-4500

-4000

-3500

-3000

B

1

 1rd principal stress

 2rd principal stress

 3rd principal stress

 average stress

P
ath

1

2 3

T
h

e
 v

a
lu

e
 o

f 
st

r
e
ss

 (
M

P
a

)

The distance along the path (mm)
 

Figure 15. The principal stress along the path of the tangential split cylinder. 
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Figure 15. The principal stress along the path of the tangential split cylinder.

Compared with that of the split die, the first principal stress of the tangential split
die continued to decrease. According to Equations (10) and (11), the maximum shear
stress and von Mises stress of the tangential split die were less than those of the split die,
corresponding to a higher pressure-bearing capacity. The numerical simulation results
demonstrated that the maximum von Mises stress of the tangential split die was 4560 MPa,
and the maximum shear stress was 2940 MPa. With the continued increase in the cavity
pressure, the maximum shear stress and von Mises stress continued to increase, but the
maximum shear stress was the first to reach the failure limit (3250 MPa). The theoretical
failure mode was found to conform to the fourth strength theory. A destructive test was
conducted to demonstrate the accuracy of the theoretical and numerical simulation results.
The tangential split die was damaged under the hydraulic press pressure of 10.5 MPa (with
a pressure-bearing capacity of 823.2 KN). The die failure morphology is shown in Figure 16
and is consistent with the theoretical analysis results. The pressure-bearing capacity of the
tangential split die was therefore significantly improved.
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The results of the destructive experiments indicate that regardless of the type of split
die failure, only one or several split blocks failed, while the remaining split blocks remained
intact and could still be used after replacing the broken split blocks. Although the forces
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on each segmented block were the same in the numerical simulation, they did not fail
simultaneously. This was due to some inevitable material defects, instantaneous stress
concentration, and other phenomena, which caused the die to fail first in some segmented
blocks under extreme pressure. Moreover, the theoretical analysis and experimental results
prove that designing the BTD as a split-type die can reduce the first principal stress σ1.
Additionally, while it is feasible to improve the bearing capacity of the die through reducing
the maximum shear stress and von Mises stress, the third invariant of the deviatoric stress
tensor J3

′ > 0 restricts the improvement of the bearing capacity. The theoretical analysis
and experimental results confirmed that the third invariant of the deviator stress tensor
J3
′ < 0 can fully utilize the properties of hard carbide materials and further improve the

pressure-bearing capacity. Based on the research, several types of UHP dies were designed,
and their stress and failure modes of the dies were analyzed. Moreover, the accuracy
of the theoretical analysis was proven via experiments. More importantly, an effective
optimization design method was provided for the development of BTDs, and its accuracy
was verified via numerical simulation, theoretical analysis, and experiments.

5. Conclusions

Via theoretical analysis, numerical simulation, and destructive experiments, the stress
distribution, pressure-bearing capacity, and failure principle of various BTDs were com-
pared and analyzed. The following conclusions were obtained from the results.

(1) A split cylinder can significantly reduce the first principal stress, thereby effectively
reducing the maximum shear stress and von Mises stress values, and ultimately improving
the pressure-bearing capacity of the cavity.

(2) The positive and negative values of the third invariant of the deviatoric stress
tensor J3

′ determine the deformation mode of the pressure cylinder. When J3
′ > 0, the

cylinder is in a tensile deformation state, and when J3
′ < 0, the pressure cylinder is in a

compressive deformation state.
(3) The circumferential stress causes the failure of the BTD, the von Mises stress leads

to the failure of the split die, and the maximum shear stress leads to the failure of the
tangential split die.

(4) When the third invariant of the deviatoric stress tensor J3
′ < 0, the pressure-bearing

capacity of the tangential split die is significantly improved, thus providing an effective
optimization design theory and method for BTD production.
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