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Abstract: In order to solve the complexity of the structure, assembly process, component contact state
and working process of the propellant actuator by conventional methods, a novel design method
based on theoretical and numerical analysis was proposed. The internal ballistic model of the propel-
lant actuator was established based on the classical in ternal ballistic theory, and the pressure–time
characteristic curve of the propellant gas was then obtained. According to the characteristic curve,
the dynamic characteristics of the piston under different design conditions of the shear slice were
calculated by numerical simulation. The results show that the pressure–time characteristics of the in-
ternal ballistic model were in good agreement with the experimental data, in dicating that the the
in ternal ballistic model of the propellant actuator is reasonable. Additionally, the structure opti-
mization design and drop safety of the propellant actuator were carried out using the finite element
method. It was found that with in creasing the propellant charge, the movement time of the piston
decreases and the maximum velocity in creases. Moreover, the critical values of the propellant charge
are 5 mg, 6 mg, 7 mg for the thickness of the shear slice of 0.2 mm, 0.3 mm and 0.4 mm, respectively.

Keywords: propellant actuator; in ternal ballistic model; finite element analysis; piston

Physical quantity symbols and units in this paper.

Symbol Parameter Description Unit

S Cross section area of gun barrel m2

V0 Volume of powder chamber m3

m Piston mass kg
ω Propellant mass kg
p0 Start-up pressure kPa
ϕ Coefficient of minor work ---
θ Adiabatic coefficient ---

ρp Propellant density kg·m−3

n Burn rate pressure in dex
u1 Burn rate m·(s·Pa)–1

α Co-volume m3·kg–1

lp Piston stroke m
χ Propellant shape characteristic value ---
λ Propellant shape characteristic value ---
µ Propellant shape characteristic value ---
Φ Diameter of propellant actuator m
L Length of propellant actuator m
D Distance between piston end and actuator end m
hs Shear slice thickness m
hd Initial drop height m
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1. Introduction

The actuator is the key component of the active vibration control and the important
part of active control system, and it has a wide range of applications in the fields of
machinery, robotics and aerospace [1–7]. The propellant actuator is a kind of driver that
ignites the propellant through electric energy and uses the pressure of the propellant gas to
apply the work [8–11]. The propellant actuator is mainly composed of the piston, the piston
barrel, the shear slice and the electric ignition tube. It has the advantages of small size, high-
energy density, rapid action and large driving displacement, etc. The propellant actuator
also has simple structure and reliable function. Therefore, it is widely used in the safety and
arming device of electromechanical fuze. The working principle of the propellant actuator
is that the propellant burns in the inner cavity of the actuator to produce high-pressure
gas that pushes the piston to break through the constraint and leave the safety position.
The interrupter is unlocked, and the explosive train is then aligned, which means that
the fuze is in a ready status.

The moving process of the piston of a propellant actuator was analyzed theoretically
and numerically, and the relationship of thrust force, displacement and speed as a function
of time were obtained [12]. Lu et al. [13] calculated the thrust force and work parameters
of a piston actuator theoretically. The thrust force–time curve was then measured by
the thrust sensor and the high-speed data acquisition system, and the output performance
of the piston actuator was verified by a functional test device [13]. What is more, the moving
process of an electric propellant actuator, and the relationship between the pressure and
the piston displacement in the closed cavity was analyzed employing the theory of the ideal
gas equation of state [14]. Moreover, taking the delayed release process of the propellant
actuator as the research object, the dynamic processes such as the explosive explosion,
the pin shear and the sliding body movement were analyzed by ALE (Arbitrary Lagrangian
Eulerian: In the finite element simulation of large deformation of structures, the ALE
algorithm can overcome the difficulty of numerical calculation caused by severe element
distortion.) method [15]. In summary, through the theoretical calculation, numerical
simulation and experimental test, the structure of the propellant actuator has been designed
and verified in the above-mentioned papers. However, there are some discrepancies
between the theoretical calculation, the simulation data and the experimental results,
so these methods mentioned are not ideal to guide the design of the propellant actuator.

Based on the above analysis, the research methods adopted in this paper are as follows:
Firstly, on the basis of the classical in terior ballistic theory, the interior ballistic model
of the propellant actuator was established, and the pressure–time characteristic curves
of the propellant gas in the cavity were obtained. Secondly, the finite element model of
the propellant actuator was constructed for numerical simulation. Additionally, taking
the pressure–time data as the input conditions, the motion characteristics of the piston
were calculated under several configurations of the shear slice with different thicknesses.
Finally, the drop safety of the propellant actuator in the duty processing and the structure
optimization were both analyzed utilizing the finite element method.

2. Working Principle of Propellant Actuator

The propellant actuator in this work, with a size of Φ7 mm × 13 mm, is composed
of the piston, the piston barrel, the shear slice, the sleeve and the electric ignition tube,
as shown in Figure 1a.

The propellant actuator is one of the common electric safety parts in the fuze. It locks
the arming mechanism in a safe position and isolates the electric detonator from lead to
ensure safety during assembly, transportation, storage, duty processing and launching.
After the projectile launches, when it reaches the predetermined position, the fuze sends out
the arming command and the propellant actuator is activated to service. At this moment,
the explosive train is aligned, and the fuze is in a ready status.
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The type of strain gauge is CHENG TEC 120-3AA, and it was pasted on the outer 

surface of the propellant actuator with No. 502 glue, as shown in Figure 3a. The strain 

gauge wires were connected to the bridge box (Figure 3b), which was used for the signal 

Figure 1. Schematic illustration of working principle of propellant actuator: (a) the initial state,
(b) the final state.

The detailed working principle of the propellant actuator is described as follow: when
the propellant actuator receives the arming signal, the electric ignition tube is detonated
to generate high-pressure gas in order to push the piston downward. Then, the piston
crushes or shears off the claws distributed in the circumferential direction of the shear slice,
and the piston continues to move down to the end overcoming the friction of the cylinder
wall so as to unlock the interrupter in the safety and arming device, as shown in Figure 1b.

3. Experimental Test
3.1. Experimental Method

In order to study the pressure–time characteristic of the propellant gas, an electrical
measuring system of gas pressure was designed. In the measuring system, the resistance
strain gauge was taken as the sensing element that was pasted on the outer surface of
the propellant actuator, and it underwent deformation with the component when the pro-
pellant burnt and produced high-pressure gas in the inner cavity. Then, the strain at
the measuring point would be determined and stored in the data acquisition in stru-
ment. Finally, according to Hooke’s Law, the pressure and the pressure–time characteristic
curve of the propellant gas could both be calculated through data conversion and analysis.
The schematic of the electrical measuring experiment was shown in Figure 2.
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Figure 2. Schematic of electrical measuring experiment.

3.2. Experimental Kit

The type of strain gauge is CHENG TEC 120-3AA, and it was pasted on the outer
surface of the propellant actuator with No. 502 glue, as shown in Figure 3a. The strain
gauge wires were connected to the bridge box (Figure 3b), which was used for the signal
amplification, filtering and A/D conversion. The HBM GEN3i, a high-speed data acqui-
sition in strument produced in Germany, was connected to the bridge box and used to
collect and store the original data (shown in Figure 3c). The ignition wires connecting
the electric ignition tube of the propellant actuator were connected to a detonator device
that could provide an 800 volt pulse. Additionally, the charge of the propellant of the elec-
tric ignition tube was 12 mg, and the type of propellant in this experiment was Lead-2, 4,
6-trinitroresorcinate styphnate. The results of the experiment in dicated that the detonator
device detonated the electric ignition tube normally and the high-pressure gas pushed
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the piston downward. Eventually, the piston crushed or sheared off four claws distributed
in the circumferential direction of the shear slice and moved down to the end. Figure 3d
shows the pressure–time (p–t) curve of the propellant gas produced by the electric ignition
tube in the propellant actuator cavity. According to the data of the curve, the rising edge
time was about 94.1 µs and the peak value of pressure was about 53.9 MPa.
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4. Numerical Studies
4.1. Interior Ballistic Model

Basic assumptions of in ternal ballistic model [16–19]:

(1) Propellant gas obeys the Nobel–Abel equation of state;
(2) The combustion of the propellant follows the geometrical combustion law;
(3) The gas components have the same physical and chemical parameters and gas

phase velocity;
(4) The composition of combustion products remains unchanged;
(5) The in fluence of gas in the original cavity on combustion reaction, and heat loss and

device deformation and gas loss are all ignored.

Firstly, taking the propellant gas produced by the electric ignition tube as the research
object, the density and volume of the gas at a certain time (t) after in itiation are set as ρt and
Vt. After an in crement time ∆t, the density and volume would change in to ρ and V. The in-
crement of the density, volume and mass of the propellant gas are ∆ρ, ∆V = ∆V1 + ∆V2
and ∆m, in which ∆V1 and ∆V2 are the piston movement and the increment of the pro-
pellant. In addition, the propellant density is ρp, the burning area of the propellant is Ab.
The interior ballistic model of the piston movement of the propellant actuator was shown
in Figure 4.
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Based on the basic assumptions of the interior ballistic model and the classical in terior
ballistic equations, and combined with the special structural system of the propellant
actuator, the interior ballistic equation of the propellant actuator is established, as shown
in Equation (1) [17,18]. 

ψ = χZ
(
1 + λZ + µZ2)

dZ
dt = u1 pn

ε1

ϕmp
dv
dt = Sp

Sp
(
lψ + l

)
= f ωψ− θ

2 ϕmpv2

dl
dt = v

(1)

In which,

lψ = l0

[
1− ∆

pp
(1− ψ)− α∆ψ

]
, ∆ =

ω

V0
, l0 =

v0

s

With boundary conditions,

B.C. Z|t=t0 = 0, l|t=t0 = 0, v|t=t0 = 0

where ψ is the propellant burnt percentage, χ, λ, and µ are the propellant shape charac-
teristic value, which is merely related to the shape and dimension of the propellant. Z is
the relative burning thickness, p is the pressure in the chamber, v is the velocity of the pis-
ton, l is the travel of the piston, S is the cross-sectional area of the piston, f is the propellant
force,ω is the mass of the propellant, mp is the mass of the piston [20–22].

Obviously, Equation (1) is a system of ordinary differential equations composed of two
algebraic equations and three differential equations, and it includes six variables such as
p, i,υ, t, Z and ψ. If t is set as an in dependent variable, the equations are in closed forms and
then the internal ballistic equations of the propellant actuator can be solved numerically
employing the fourth-order Runge–Kutta method. The remaining calculation parameters
are listed in Table 1.

Table 1. Calculation parameters for in terior ballistic model [16–19].

Parameter Value

Cross section area of gun barrel S (m2) [16] 1.81 × 10−5

Volume of powder chamber V0 (m3) [16] 9 × 10−8

Piston mass m (kg) [16] 7.5 × 10−4

Propellant massω (kg) [16] 1.2 × 10−5

Start-up pressure p0 (kPa) [16] 101
Coefficient of minor work ϕ [17] 1.22

Adiabatic coefficient θ [17] 0.2
Propellant density pp (kg·m−3) [17] 1620

Burn rate pressure in dex n [18] 0.72
Burn rate u1(m·(s·Pa)−1) [18] 2.0024 × 10−8

Co-volume α (m3·kg−1) [18] 1 × 10−3

Piston stroke lp (m) [18] 5.5 × 10−3

Propellant shape characteristic value χ [19] 1.00716
Propellant shape characteristic value λ [19] −0.0071
Propellant shape characteristic value µ [19] 0

Based on the internal ballistic equations of the propellant actuator established above,
the numerical calculation was carried out by using Matlab simulation software and the pro-
pellant gas pressure–time characteristic curve of the internal ballistic of the propellant
actuator was obtained. The comparison between the simulation and the experiment was
shown in Figure 5. It can be seen from Figure 5 that the trend of the simulation curve of
the gas pressure–time characteristic is consistent with the experimental curve and the peak
values are closed to each other. In addition, the characteristics of the pressure peak and
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the rising time are extracted from the comparison curves of simulation and experiment,
as shown in Table 2. Clearly, they are in good agreement with each other, which could
confirm the effectiveness of the internal ballistic model of the propellant actuator. In sum-
mary, the results demonstrate that the interior ballistic model of the propellant actuator is
reasonable and accurate, and the pressure–time characteristic curve of propellant gas can be
used as the working load of the propellant actuator for its structural optimization design.
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Table 2. Comparison of features between simulation and experiment.

Experiment Simulation Error

Peak pressure (MPa) 53.90 58.14 7.87%
Rising time (µs) 94.10 85.74 8.89%

4.2. Numerical Model of Propellant Actuator

The geometrical model of the main components of the propellant actuator were shown
in Figure 6 and the damage of the shear slice was the focus of the follow-up studies.
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The mesh discretization of the propellant actuator was mainly composed of three-
dimensional hexahedral elements. The basic size of the mesh elements was 0.2 mm, with
a total number of 103,559. The finite element model of the propellant actuator was shown
in Figure 7, and the external view was shown in Figure 7a as well as the internal view
in Figure 7b.
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In this paper, the single-point in tegration algorithm was selected as the simulation
algorithm of the numerical calculation model on account of its relatively high efficiency
and accurate calculation accuracy. Meanwhile, contact surface-to-surface was chosen as
the contact algorithm between the different parts. Moreover, the material adopted for
all components of propellant actuator was 1Cr18Ni9Ti with a constitutive relationship
plastic_kinematic, and the main constitutive parameters are shown in Table 3.

Table 3. Main constitutive parameters [23].

Material Density
(g/cm3)

Elastic Modulus
(GPa)

Yield Strength
(MPa) Poisson Ratio

1Cr18Ni9Ti 7.85 207 205 0.27

5. Results and Discussion

This part of the paper analyzes the mechanical response of the internal structure
of the propellant actuator under two conditions consisting of the normal ignition and
the accidental drop. According to the damage state of the shear slice, three typical damage
modes were obtained, as shown in Figure 8. If the propellant actuator is normally detonated,
the piston will be required to completely break through the constraints of the shear slice.
Under this circumstance, the shear slice is in the best state of full plastic deformation or local
fracture as shown in Figure 8b,c respectively. On the other hand, in case of the accidental
drop, the piston will be required to be fully restrained by the shear slice, and the shear
slice is expected to be in the state of no deformation or micro-deformation, as shown
in Figure 8a.
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5.1. Analysis of Normal Ignition Condition
5.1.1. Typical Conditions

This section analyzes the typical working conditions of the propellant actuator during
normal ignition from the perspective of processing and results. For the normal ignition
condition, the piston was given a pressure–time characteristic curve of the propellant gas to
simulate the movement and mechanical response of the piston during the ignition process,
as shown in Figure 9a, and the specific pressure–time data were obtained from the interior
ballistic model in Section 4.1 of this paper with the different charges of the propellant,
as shown in Figure 9b.
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For the typical working conditions studied in this section, the charge of the propellant
was 9 mg, and the shear slice thickness was 0.4 mm. The total duration of the simulation
was 250 µs. Taking the ignition time as the initial time, the piston was in full contact with
the shear slice at 64 µs; at 128 µs, significant plastic deformation of the claws distributed
in the circumferential direction of the shear slice could be observed; at 200 µs, the piston
completely broke through the restriction of the shear slice, leading to the noticeable local
fracture claws of the shear slice. The complete movement process of the piston was shown
in Figure 10. The stress distribution of the propellant actuator at a certain time was shown
in Figure 10e. As can be seen from the figure, there mainly were two stress concentrations
in the overall structure, which were located in the claws of the shear slice and the circular
hole at the top of the piston barrel. The former stems from the axial impact between
the piston and the shear slice in the process of movement, while the latter is mainly
because of the transverse impact and friction between the piston and the piston barrel.
Additionally, the stress values of the two stress concentration areas both exceed 200 MPa.
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Figure 11 displays the displacement– and velocity–time history curves of the piston
during the dynamic process. The simulation results show that, when the thickness of
the shear slice was 0.4 mm, the propellant gas pressure generated by 5 mg or 6 mg failed to
push the piston to overcome the restriction of the shear slice, as shown in Figure 11a. Fur-
thermore, the gas pressure generated by 7 mg propellant succeeded in pushing the piston to
break through the restriction of the shear slice, but it failed to move to the end of the piston
barrel eventually, as shown in Figure 11b. On the other hand, the gas pressure generated
by 8 mg and the larger amount of the propellant had no difficulty propelling the piston
downward to the end. Consequently, a 7 mg charge would be the design boundary of
the propellant charge for the 0.4 mm shear slice. More specifically, as shown in Figure 11b,
when the charge of the propellant was 8 mg, the movement time of the piston was about
246 µs, and the maximum velocity was 33.87 m/s; when the charge was 9 mg, the move-
ment time was about 210 µs and the maximum velocity was 44.40 m/s; when the charge
was 10 mg, the movement time was about 196 µs and the maximum velocity was 53.04 m/s;
when the charge was 11 mg, the movement time was about 176 µs and the maximum
velocity was 59.84 m/s; when the charge was 12 mg, the movement time of was about
162 µs and the maximum velocity was 66.30 m/s. The simulation results clearly in dicate
that with the increasing amount of the propellant charge, the movement time of the piston
decreases and the maximum velocity in creases.
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5.1.2. Optimization Analysis

In order to optimize the design of propellant actuator, the dynamic movement charac-
teristics of the piston under different amounts of propellant charge and shear slice thickness
were simulated by numerical calculation. Consequently, the amount of propellant charge
ω and shear slice thickness hs were chosen as variables, and the maximum displacement
of piston up was taken as the objective function, which is positive moving downward.
The corresponding mathematical formulation of optimization analysis was

max : up = f (ω, hs)

s.t.
{

5 ≤ ω ≤ 12
0.2 ≤ hs ≤ 0.5

(2)

and the optimizing evaluation criteria was

up

D
≥ 90% (3)

Indicating that the optimized maximum displacement of the piston was larger than
3.06 mm. Specifically, the increment of the propellant charge was 1 mg with the total
amount from 5 mg to 12 mg, and the increment of the shear slice thickness from was
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0.1 mm from 0.2 mm to 0.5 mm. Moreover, the orthogonal optimizing method was adopted
to perform the optimization analysis. The dynamic characteristics of the piston in clud-
ing the maximum velocity and the movement time is shown Figure 12, and the specific
data is presented in Table 4. Note that “NAN” means the piston did not break through
the constraint of the shear slice and reach the end of sleeve. It can be seen from Figure 12
and Table 3 that the gas pressure generated by 5 mg propellant barely pushed the piston
to overcome the restriction of the shear slice with a thickness of 0.3 mm and a larger.
In addition, the gas pressure generated by 6 mg and 7 mg propellant succeeded in pushing
the piston to break through the constraint of shear slice with a thickness of 0.2 mm and
0.3 mm, but it failed to overcome the confinement of the shear slice with a thickness of
0.4 mm and a larger. What is more, the piston was propelled downward to the end under
the gas pressure generated by 8 mg propellant and a larger amount. In summary, with
in creasing the propellant charge, the movement time of the piston decreases and the maxi-
mum displacement in creases. Moreover, the critical values of propellant charge are 6 mg,
7 mg, 8 mg for the thickness of the shear slice 0.3 mm, 0.4 mm and 0.5 mm, respectively.
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Table 4. Specific data of dynamic characteristics.

Thickness
Charge

0.2 mm 0.3 mm 0.4 mm 0.5 mm

Tm (µs) up (mm) Tm (µs) up (mm) Tm (µs) up (mm) Tm (µs) up (mm)

5 mg 376 3.238 NAN 0.015 NAN 0.011 NAN 0.009

6 mg 268 3.286 370 3.236 NAN 0.018 NAN 0.013

7 mg 228 3.341 258 3.294 NAN 2.792 NAN 0.132

8 mg 204 3.386 220 3.339 246 3.290 324 3.237

9 mg 186 3.400 194 3.386 210 3.338 230 3.294

10 mg 172 3.400 178 3.400 196 3.398 198 3.347

11 mg 160 3.400 166 3.400 176 3.400 180 3.391

12 mg 152 3.400 156 3.400 162 3.400 162 3.400

5.2. Analysis of Accidental Drop Condition
5.2.1. Typical Conditions

This section analyzed the typical working conditions of the propellant actuator acci-
dentally dropping to the ground from the perspective of processing and results. As a matter
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of fact, it is recognized that the propellant actuator dropping to the steel plate ground
axially, as shown in Figure 13, would pose the most serious impact damage to the shear
slice. As a consequence, the accidental drop of the propellant actuator in this section was
carried out under this condition mentioned above.
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Figure 13. Axially accidental drop of propellant actuator.

Under the typical accidental drop condition studied in this section, the thickness of
the shear slice was 0.3 mm, the initial drop height was 2 m, and the total time of simulation
was 200 µs. The numerical result of the dropping process was shown in Figure 14. It can
be seen that relative displacement between the piston and the shear slice could be ob-
served, resulting in finite deformation of the shear slice yet without material failure, which
prevented the piston from moving further to the bottom of the piston barrel. The stress
distribution of the propellant actuator during the dropping process at a certain time was
shown in Figure 14e. The results showed that there mainly were two stress concentrations
in the overall structure, which were located in the claws of the shear slice and the circular
hole at the top of the piston barrel. Similar to the normal ignition in Section 5.1.1, the former
was due to the axial impact between the piston and the shear slice during the dropping
process, while the latter came from the transverse impact and friction between the piston
and the piston barrel.
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5.2.2. Optimization Analysis

Taking the thickness of the shear slice as the variable, the dynamic characteristics of
the piston when the propellant actuator accidentally dropped to the steel plate ground
under the thickness of the shear slice from 0.2 mm to 0.5 mm were calculated, respectively.
Similarly, the maximum displacement of the piston up was taken as the objective function,
and the initial drop height hd and the shear slice thickness hs were chosen as variables.
The corresponding optimization formulation of optimization analysis was

min : up = f (hd, hs)

s.t.
{

hd ≤ 2
0.2 ≤ hs ≤ 0.5

(4)

and the optimizing evaluation criteria was

up

D
≤ 90% (5)
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Indicating that the optimized maximum displacement of piston was smaller than
3.06 mm. In addition, the increment of the shear slice thickness from was 0.1 mm, and the ini-
tial drop height was set to 2 because the maximum in itial drop height corresponded to
the rigorous standard. Furthermore, the orthogonal optimizing method was also adopted
as to perform optimization analysis. As a consequence, the displacement–time curves of
the piston were shown in Figure 15, and the local enlarged movement displacement–time
curve of the piston, under the resistance of the shear slice from 0.3 mm to 0.5 mm, was
shown in Figure 15b. When the thickness of the shear slice was 0.2 mm, the maximum
displacement of the piston was 3.227 mm, larger than 3.06 mm. Moreover, the claws
of the shear slice were sheared off, and then the piston moved downward to the end.
On the other hand, when the thickness of the shear slice was 0.3 mm and larger, the claws of
the shear slice all experienced finite plastic deformation, and the displacements of the piston
were about 0.18 mm, 0.12 mm, 0.07 mm, respectively. To summarize, when accidentally
dropping to the ground axially, the propellant actuator with 0.2 mm shear slice could not
restrict the movement of the piston. Meanwhile, the propellant actuator with 0.3 mm shear
slice and larger could confine the movement of the piston and ensure safety.
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6. Conclusions

At first, the pressure–time characteristic curve of the propellant gas was calculated
using the internal ballistic model. On the basis of the characteristic curve, the dynamic char-
acteristics of the piston under the different design configurations, in cluding the thickness of
the shear slice and amount of charge, were obtained by numerical simulation. In addition,
the structure optimization design and accidental drop safety of the propellant actuator
were conducted according to the finite element model of propellant actuator.

(1) The total trend and the peak value of the simulation curve of the gas pressure–time
characteristic obtained from the interior ballistic model of the propellant actuator were
consistent with the experimental curve, with the peak error of 7.87% and the curve
rise time error of 8.89%, revealing that the interior ballistic model of the propellant
actuator is reasonable and accurate.

(2) The simulation results demonstrated that the gas pressure generated by 5 mg pro-
pellant barely pushed the piston to overcome the restriction of the shear slice with
a thickness of 0.3 mm and larger. Then, the gas pressure generated by 6 mg and
7 mg propellant succeeded in pushing the piston to break through the restriction
of the shear slice with a thickness of 0.2 mm and 0.3 mm, but it failed to overcome
the confinement of the shear slice with a thickness of 0.4 mm and larger. Last but
not least, the gas pressure generated by 8 mg propellant and larger had no difficulty
propelling the piston downward to the end.

(3) When accidentally dropping to the ground axially, the propellant actuator with 0.2 mm
shear slice could not confine the movement of the piston. On the other hand, the pro-
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pellant actuator with 0.3 mm shear slice and larger could restrict the movement of
the piston.

(4) The propellant charge and the thickness of the shear slice cooperatively affect the dy-
namic feature of the actuator, and it is sensible to use more than 8 mg propellant
of Lead-2, 4, 6-trinitroresorcinate styphnate in order to push the piston downward.
Meanwhile, taking in to account the safety requirements of transportation and service
treatment, the thickness of the shear slice is not recommended to be less than 0.3 mm.
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