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Abstract: Rupture discs, manufactured using a hydraulic or pneumatic bulge process, are widely
used to protect vessels from over-pressuring. The stress—strain relationship of the material in the
bulge process plays a major role in understanding the performance of rupture discs. Moreover, both
the theoretical analyses and numerical simulations of rupture discs demand a reliable stress—strain
relationship of the material in a real bulge process. In this paper, an approach for determining the
plastic stress—strain relationship of a rupture disc material in the bulge process is proposed based
on plastic membrane theory and force equilibrium equations. Pressures of compressed air and me-
thane/air mixture explosions were used for the bulge pressure to accomplish the quasi-static and
dynamic bulge processes of tested discs. Experimental apparatus for the quasi-static bulge test and
the dynamic bulge test were built. The stress—strain relations of 316L material during bulge tests
were obtained, compared, and discussed. The results indicated that the bulge height at the top of
the domed disc increased linearly with an increase in bulge pressure in the quasi-static and dynamic
bulge processes, and the effective strain increased exponentially. The rate of pressure rise during
the bulge process has a significant effect on the deformation behavior of disc material and hence the
stress—strain relationship. At the same bulge pressure, a disc tested with a larger pressure rise rate
had smaller bulge height and effective strain. At the same effective stress at the top of the domed
disc, discs subjected to a higher pressure rise rate had smaller effective strain, and hence they are
more difficult to rupture. Hollomon’s equation is used to represent the relationship between the
effective stress and strain during bulge process. For pressure rise rates in the following range of 0
(equivalent to quasi-static condition), 2-10 MPa/s, 10-50 MPa/s, and 50-100 MPa/s, the relation of
stress and strain is 0e=1259.4-£04487, ge=1192.4-£03261, ge=1381.2- 2210, and ge=1368.4-£.217L, respec-

tively.
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1. Introduction

Rupture discs (also called bursting disks) are widely used in many industries [1,2].
They are designed to rupture at a predetermined pressure in order to protect vessels from
over-pressuring. Normally, rupture discs are pre-bulged during manufacture by using a
hydraulic or pneumatic bulge process described below [3-6]. First, a thin metallic flat disc
is clamped peripherally. Then pressure is applied to one side of the disc. The thin disc
arches gradually with the increase of pressure. After the pressure is released, the thin disc
keeps the domed shape due to the irreversible plastic deformation of the metallic material.

After a rupture disc is manufactured, it can be used in two ways according to the
direction of the working pressure [7,8]. When the working pressure is applied to the con-
cave side of a rupture disc, it is called a conventional domed rupture disc (forward acting),

Processes 2022, 10, 1463. https://doi.org/10.3390/pr10081463

www.mdpi.com/journal/processes



Processes 2022, 10, 1463

2 of 16

which bursts due to tensile stresses. By contrast, when working pressure is applied to the
convex side of a rupture disc, it is called a reverse domed rupture disc (reverse acting),
which acts due to buckling. No matter what kind of rupture disc is used, rupture at the
predetermined pressure (called bursting pressure) is the most important performance [9-
11]. Thus, an understanding the relations between bursting pressure and all influencing
factors is the emphasis of rupture disc studies [12-14].

The stress—strain relationship of a rupture disc material plays a major role in under-
standing the performance of rupture discs, and it is of paramount importance to the suc-
cess of the bulge process. Previous studies have revealed that the stress—strain relationship
representing a material’s property significantly affects internal stress, bulge height, bulge
profile, and disc thickness during the bulge process, and hence it affects the bursting per-
formance of rupture discs [15]. In addition, both the theoretical analyses and the numeri-
cal simulations demand a reliable stress—strain relationship of a material in order to de-
scribe the plastic deformation behavior during the bulge process. Especially in simula-
tions, the accuracy of numerical results strongly depends on the real stress—strain relation-
ship of a material [16].

Normally, rupture discs are made of metallic material. Numerous studies have been
performed on how to determine the stress—strain relationship of metallic material under
various conditions [17]. Due to its simple and easy implementation, the uniaxial tensile
test method was first developed, and it has become the most popular method. However,
later studies proved that numerical results could have unacceptable discrepancies when
the stress—strain relationship tested by the uniaxial tensile method was used [18]. The rea-
son for this is that the stress state in the bulge process is a biaxial stress state, which is
different from the uniaxial stress state in the uniaxial tensile test. Some researchers have
proposed a biaxial tensile test and a multiaxial tensile test to obtain the reliable stress—
strain relationship of a material under some other conditions [19]. However, more studies
need to be performed on the stress—strain relationship of rupture disc materials with a real
bulge process.

Among all these stress—strain tensile tests, the pressure applied to a material speci-
men is quasi-static, neglecting the dynamic effect. In other words, the pressure rise rates
in these tests are small, so their effect on the stress—strain relationship of the material is
neglected. However, in working conditions where rupture discs are installed, dynamic
overpressure conditions, with large pressure rise rates, usually occur when an explosion
or a runaway reaction happens [20]. Thus, the focus needs to be on the stress—strain rela-
tionship of rupture disc materials with a dynamic bulge process. However, there are no
studies available on this subject now.

The objective of this work is to present an approach for determining the stress—strain
relationship of a rupture disc material with quasi-static and dynamic pneumatic bulge
processes. This paper is organized as follows: First, methodology on how to calculate
stress and strain data from measurable parameters is established. Then, quasi-static and
dynamic pneumatic bulge experimental apparatuses are built in order to collect the meas-
urable parameters. Finally, the stress—strain relations of 316L rupture disc material with
quasi-static and dynamic pneumatic bulge processes are obtained, discussed, and com-
pared.

2. Methodology

There are two challenges in this work. The first is how to obtain the real stress and
strain values of rupture disc material with a pneumatic bulge process. The second is how
to design a dynamic pneumatic bulge process to test the disc material. Here, the method-
ology of these two challenges is discussed in detail.
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2.1. Determination of Stress and Strain
2.1.1. Problem Description

It is very difficult for researchers to directly measure the stress and strain on the
three-dimensional surface of a domed disc. In the present study, an analytical method
derived from the literature is used to obtain the stress—strain relationship of disc materials
[21]. A schematic of the bulge process is shown in Figure 1a, where a flat disc is clamped
peripherally. The diameter of the unclamped region is D, and the original thickness is to.
Bulge pressure is applied to one side of the disc, as shown in Figure 1b. When the pressure
Piincreases, the disc gradually becomes domed and the bulge height increases. Due to the
axi-symmetry, a coordinate system is set up, taking the center of the top surface of the
undeformed disc as the coordinate origin. The parameter of the x-axis is the radius, r, of
the disc, and the parameter of the y-axis is bulge height, h.

Figure 1. Schematic of the pneumatic bulge process of a rupture disc: (a) the initial unloaded state,
(b) the state under the bulge pressure P;, (c) the outside surface and the pitch surface under the bulge
pressure Pi.

The following assumptions and premises are made in this paper [22]:

(1) After the bulge pressure is released, the shape of the disc will change because the
elastic deformation will snap back. However, it is very difficult to measure the elastic
deformation accurately in experiments. Thus, only the plastic deformation is consid-
ered by measuring the deformation of the disc after pressure release. Some results
show that in the bulge process of metallic structures, the deformation of materials in
the elastic regime leads to insignificant volume changes (lower than 1%), so the con-
sideration of plastic deformation is still representative.

(2) The disc after pressure release has axi-symmetry, and it can be considered as a rota-
tional thin shell. The stress inside the disc can be calculated according to membrane
theory.

(3) According to membrane theory, stress on the pitch diameter can be calculated from
the force equilibrium equation with a known curvature of the pitch diameter. How-
ever, it is difficult to measure the curvature and strain of the pitch diameter. Since the
disc is thin and the ratio of thickness to diameter is very small, the outside surface of
the disc is used to replace the pitch surface of the thickness direction, as shown in
Figure 1c.

(4) Duringbulge process, the stress and strain of a disc at different locations are different.
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However, the top of the domed disc (Point K in Figure 1), where the rupture of a disc
begins, has the maximum stress and a representative stress—strain relationship for
the disc material. Therefore, only the stress and strain at this point are calculated in
the following section.

(5) The disc material is isotropic. The results in this paper are not suitable for anisotropic
materials.

2.1.2. Determination of Strain

During bulge process, the bulge height, ki, at the top of domed disc increases with
increasing bulge pressure, Pi. Normally, the whole pressurizing process is divided into
several stages during the bulge process. In this paper, P: (i=0..., m) is defined to represent
the bulge pressure point of the i stage, and Po = 0. Pw is the maximum bulge pressure dur-
ing rupture disc manufacture.

It is very difficult to directly test the strain at the top of the domed disc. Considering
that at pressure P;, strain should increase continuously when radius r decreases from D/2
to 0 (top of domed disc), a method was developed by testing the strain of the adjacent
radial direction (¥ > 0) and then extrapolating from these tested strain values to obtain the
strain at the top of the domed disc. It should be noticed that the radii of the adjacent radial
direction would be small for improving the accuracy.

In order to accomplish this method, several circles are marked around the center of
the tested disc before the bulge process, as shown in Figure 2a. Assume the number of
circles is n, the radii of the circles from the inside out before the bulge process (Pi=Po=0)
are labeled as rjo (=1, ..., n). After the pressure Pi(i=1, ..., m) is applied to one side of the
disc, locations of rjo change to ;i due to bulge deformation. The circumferential strain e
at location 7ji can be calculated by the following equation according to membrane theory:
&g ji = In i

M

Tio

(b)

Enlarged
top view

Enlarged
top view

Figure 2. Schematic for the determination of strain at the top of a domed disc (taking n = 4 as an
example): (a) the initial unloaded state, (b) the state under the bulge pressure.

The real strain ¢pi at the top of domed disc at pressure Pi (i=1, ..., m) can be extrapo-
lated from ¢oji by the Newton interpolation method. Taking n =4, for example, i is calcu-
lated by the following equation:

&pi = €g1i — [ 2ilri + flrn reo vailmires — flrn 120 130 il rir2irsi )

According to the incompressibility hypothesis of plasticity theory, the effective strain
eeiat the top of the domed disc at pressure P: is expressed by
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Eei = ngi 3)

If the values of 7ji (j=1, ..., m;i=1, ..., m) are tested in experiments, the effective strain
e« at the top of domed disc at pressure Pi can be determined.

2.1.3. Determination of Stress

Based on these assumptions and premises, stress for an element on a domed disc at
pressure Pi can be written as
9oi i _ P @
Rgi Ry 4
where o6 and oyi are the circumferential and meridian stresses at the element, Rei and Ryi
are the circumferential and meridian curvature radii of the element, Pi is the current bulge
pressure, and ti is the current thickness of the element.
At the top location of the domed disc, as shown in Figure 3a, the circumferential cur-
vature radius and meridian curvature radius are the same. By taking the equilibrium
Equation (4) at this position, the following equation is derived:

_ PR
2.t

where Ri and ti are the values of circumferential and meridian curvature radii and thick-
ness at the top of the domed disc at bulge pressure P:.

Og; = Oypi

©)

Figure 3. Schematic of a domed disc during the bulge process: (a) determination of the stress at the
top of the disc, (b) The outside surface of the disc under bulge pressure.

Considering the plane—stress condition, the von Mises effective stress . at the top of
the domed disc with pressure Pi can be calculated as:

P, -R;
2t

Apparently, the calculation of oei needs two values of unknown parameters: Ri and
ti. The present issue is how to determine these two parameters.

The determination of Riis completed with the geometric profile of a domed disc in
the bulge process. As shown in Figure 3b, the bulge profile of a domed disc is a continuous
curve with changing curvature. Similar to the method shown in Figure 2, if other circles
withradiiof i j=1, ..., n; =1, ..., m) are marked around the center of the disc before the
bulge process, the bulge profile curve & = f (r) can be fitted by using the spline function

(6)

— 2 2 _
Op; = \/O-Hi — Opg; * O-(pi + U(pi =



Processes 2022, 10, 1463

6 of 16

with the tested coordinate points (rji, hji). After that, through making first and secondary
derivations of the curve function = f (r), the circumferential and meridian curvature radii
can be determined using the following equation:

1
Ri= |(d2h/dr2) @

r=0
Determination of ti is calculated based on the relationship of thickness variation and
effective strain at the top of the domed disc. According to the definition of strain, the ef-
fective strain, €., is defined by the following equation:
L
i = —In— 8)
to
As e was calculated using Equation (3) and to is known, ¢ is calculated by using the
following equation:

t, =t, - ecei ©

After Riand tiare calculated, the effective stress o.: at the top of a domed disc with
pressure Pi can be calculated.

2.2. Implementing the Method of Dynamic Pneumatic Bulge Processes

The experimental method for the quasi-static pneumatic bulge process is easy. In this
work, the disc was pressurized with compressed air. However, the experimental method
for a dynamic pneumatic bulge process is difficult and has not been found in the literature.
In this paper, the method of a premixed combustible gas explosion was chosen to accom-
plish a dynamic bulge process. During the gas explosion process, the explosion pressure
is applied to one side of the disc. The key to this method is how to control the dynamic
pressure and the pressure rise rate. In this paper, a sacrificial rupture disc was used to
accomplish this. The schematic diagram of this method is shown in Figure 4. A test disc is
set to test the deformation of dynamic bulge process, and it does not rupture in experi-
ments. A sacrificial rupture disc, manufactured by Dalian Duta Technology Safety System
Co., Ltd. (Dalian, China), is used to control the dynamic bulge pressure and the pressure
rise rate. It ruptures in every experiment. By changing the sacrificial rupture disc with
different quasi-static bursting pressures, the dynamic bulge pressure and the pressure rise
rate are controlled and changed. It must be noticed that the real dynamic bulge pressure
Piis obtained by recording the pressure-time histories, and this is different from the quasi-
static bursting pressure of the sacrificial rupture disc. The detailed method will be de-
scribed in the next section.

[ ’ ]
oy oy

* Tested disc

Explosion|  gaciificial
Pressure

> rupture disc
Pi

m (1M1
| / ]

/
.

Cecome

=

Figure 4. Schematic diagram of the dynamic pneumatic method.
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3. Experimental Methods
3.1. Test Discs

The test discs used in the experiments are made of 316L stainless steel. The diameter
D of the unclamped part is 100 mm, and the thickness, to, is 0.05 mm. Seven circles and
three lines are marked on one side of the disc before the quasi-static or dynamic bulge
experiments by using an MDL-200 type laser engraving machine (Figure 5). The pre-set
radii of seven circles are listed in Table 1. The intersection points of the circles and one
line are marked as the testing points. In this study, the first four circles (r11, 721, 731, 741, the
unit is mm) were used to calculate the effective strain ¢« at the top of the domed disc at
pressure Pi (MPa), and the last four circles (ra, rs1, 761, 771, the unit is mm) were used to
calculate the curvature radius Ri (mm) and thickness #i (mm) and hence the effective stress
oei (MPa) at the top of dome disc is pressure Pi(MPa).

(0

bl

Figure 5. Photos of the test specimen and grid line: (a) Tested disc, (b) Grid line marked on test disc,
(c) laser engraving machine.

Table 1. The pre-set and real radii of seven marked circles before the bulge test.

Radius r11 121 31 141 151 761 171
Pre-set value/mm 0.5 1 1.5 2.5 5 7.5 10
Real value/mm 0.5038 0.9999 1.4979 24993 49987 75002 9.9991

After the circles were marked, the real radii of these circles were tested with a uni-
versal tool microscope of the 19]J(JX7) type (shown in Figure 6). The measuring accuracy
of the universal tool microscope is 0.001 mm. The real radii were slightly different from
the pre-set values, shown in Table 1. The real radii were used in the following calculation.

Figure 6. Universal tool microscope of the 19]J(JX7) type.
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The properties of 316L are important for this study. The chemical composition is
shown in Table 2. The true stress—strain relationship tested by using the uniaxial tensile
test method (plate specimen) in a tensile testing machine is shown in Figure 7.

Table 2. Chemical composition of 316L used in experiments/%.

C Cr Mn Mo N Ni P S Si Fe
0.020 16400 1.318 2010 0.012 10.030 0.028 0.002 0596 69.584
700
e®
600 | RS
f‘.‘—
500 |
I e
= &
5400 - o 1
=) @
§300 f"
Z ®
200 F/
100 }/
0@
0 0.1 0.2 0.3 0.4 0.5 0.6

Strain

Figure 7. The true stress—strain relationship tested by using the uniaxial tensile test method.

3.2. Apparatus for the Quasi-Static Pneumatic Bulge Process
An experimental apparatus to obtain the experimental data required for determina-
tion of the stress—strain relationship of the quasi-static pneumatic bulge process was built;
it is shown in Figure 8. A test disc was assembled in position by a disc holder, which was
fixed by a hydraulic press. The pressure of compressed air was applied to the disc by
adding gas from a gas tank to the space composed by the test disc and the operation table
of a hydraulic press. In quasi-static experiments, the pneumatic pressure P: was applied
in several stages. The pressure rise rate was controlled to be low, at about 0.1 MPa/min.
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| ]
Tested Pressure
ertu[e disc gauge
I o = I

<]

X

Hydraulic press

Exhaust

Gas tank

Figure 8. Schematic of experimental apparatus of quasi-static pneumatic bulge process (not to scale).

The experimental procedure is as follows: (1) A test disc is assembled in the appa-
ratus. (2) Gas pressure Po is applied to the disc. (3) The test disc is removed from the ap-
paratus and tested by the universal tool microscope to record the radii r1 and bulge
heights hj1 of the marked points. (4) The above steps are repeated to test the radii, 7, and
bulge heights, hji, of marked points at quasi-static bulge pressure Pi. (5) The strain and
stress of the disc material are calculated.

3.3. Apparatus for Dynamic Pneumatic Bulge Process

An experimental apparatus to obtain the experimental data required for the determi-
nation of the stress—strain relationship of a dynamic pneumatic bulge process was also
built, as shown in Figure 9. It consists of two explosion tanks, a vacuum pump, several
gas cylinders, an ignition system, a pressure sensor, and a data acquisition system.

s “D‘“ =

|
| Ignition control

Electrodes
[ymi] |u
Pressure sensor '
Tank B Tank A X
— D I I Methane Air
Exhaust C ]
an an

Sacrificial rupture disc

Figure 9. Schematic of the experimental apparatus for the dynamic pneumatic bulge process (not to
scale).
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Two connected tanks (tanks A and B) were used as the explosion space for the com-
bustible mixture. Tank A is a cylindrical vessel with an internal diameter of 100 mm and
a volume of 5 L. Tank B is also a cylindrical vessel with an internal diameter of 100 mm
and volume of 10 L. A vacuum pump and several gas cylinders were used to evacuate the
tanks and fill them with gas. The concentration of combustible gas in the tanks was ob-
tained using the partial pressure method. A test disc and a sacrificial rupture disc were
installed at the two ends of tank B. The conventional domed rupture discs with a relief
diameter of 100 mm were used as sacrificial rupture discs. The bursting pressure of the
sacrificial rupture disc in each experiment is different.

An ignition system (including an ignition control box and two electrodes) was used
to ignite the combustible mixture in the tanks. The ignition voltage was 10 kV, and the
gap of two electrodes was 3 mm. The ends of the two electrodes were placed at the center
of the tank A.

A CYG 1401F piezoelectric pressure sensor (manufactured by Kunshan Shuanggqiao
Group, China) was installed on the wall of tank B to rapidly measure the explosion pres-
sure as a function of time. The range, accuracy, and frequency of the pressure sensor are
0-6 MPa, 0.5%, and 1 MHz, respectively. A data acquisition system was used to record the
pressure at different times after the combustible gas explosion.

A methane/air mixture with a concentration of 10% was used as the medium. The
initial pressure was 0.1 MPa (gauge pressure) before ignition at room temperature.

The experimental procedure is as follows: (1) A tested disc is assembled in the appa-
ratus. (2) A sacrificial rupture disc with bursting pressure P is assembled in the appa-
ratus. (3) Methane and air are filled into the tanks to the pre-set concentration and the
initial pressure. (4) The combustible mixture is ignited. The explosion pressure is applied
to both the tested disc and the sacrificial rupture disc, which ruptures under pressure. The
explosion pressure history with time is recorded. (5) Both the tested disc and the sacrificial
rupture disc are removed from the apparatus. The tested disc is tested using the universal
tool microscope to record the radii 1 and bulge heights k1 of marked points. The dynamic
pressure P1 and the pressure rise rate dP/dt are obtained from the pressure—time history.
(4) The sacrificial rupture disc is changed with bursting pressure Pv;, and the above steps
are repeated to test the radii rjo, and bulge heights hj, of marked points at dynamic pres-
sure Pi. (5) The strain and stress of disc material are calculated.

4. Results and Discussion
4.1. Stress—Strain Relationship of Quasi-Static Pneumatic Bulge Process

The appearances of discs at different pressures, P;, after the bulge process are shown
in Figure 10. After testing the values of rji and hji at different pressures, P;, the strain and
stress values were calculated according to the methodology described in Section 2.1.

e T .
O.QQOQO

0.11MPa 0.214MPa 0.285MPa 0.405MPa 0.52MPa 0.7MPa 0.93MPa

P — - 7 -

0.11MPa 0.214MPa 0.285MPa 0.405MPa 0.52MPa 0.7MPa 0.93MPa
Figure 10. The appearance of discs after the quasi-static pneumatic bulge process.

Figure 11 presents the tested bulge heights and the calculated effective strains at the
top of the domed disc with different quasi-static pressures. It is observed that the bulge
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height increases linearly with an increase in the quasi-static pressure. When the pressure
changes from 0.11 to 0.93 MPa, the bulge height changes from 4.56 to 30.95 mm. The ef-
fective strain increases exponentially with the quasi-static pressure. When the pressure
reaches 0.93 MPa, the effective strain is 0.49. The quasi-static bursting pressure of the
tested disc is 0.99 MPa, hence, the ultimate strain at the top of the domed disc before rup-
ture is about 0.55.

35 0.6

30 4 O Bulge height OEffective strain O

- <O 105
g 254 - =
o) <> - 04 4
e 20 ;
oh & ) - 03 o
2 15 <> ________ O 2
S e 02 2
& ol S 02 5
aa)] ~@Z.~©' domed disc

) GRX - 0.1
5 A1 <'> ’
0 T T T T T T T 0

0 0.1 02 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Quasi-static pressure P; (MPa)

Figure 11. The bulge heights and effective strains at the top of the domed discs with different quasi-
static pressures.

In terms of the calculated thickness, ti, and curvature radius, R;, at the top of the
domed discs, they both decrease with an increase in the quasi-static pressure, as demon-
strated in Figure 12. Obviously, the curvature radius decreases rapidly at the early stage
of the bulge process, and then it decreases slightly later in the process. When the pressure
reaches 0.93 MPa, the thickness and curvature radius are equal to 0.0305 and 54.65 mm,
respectively.

0.05 500
& T <>....<>._.
0.04 - Drreen Oeeee, - 400 ~
........ 0, =
e @ | | | | | Tl g
£ 003 A S L300 S
‘;ﬁ . Top of _5
d{) domed disc E
3 0.02 1 < - 200 &
= Gy g
o ] T 5
0.01 1 <O Thickness Qe O...... [ 100

O Curvature
() T T T T T T
0 01 02 03 04 05 06 07 08 09 |

Quasi-static pressure P, (MPa)

Figure 12. The thicknesses and curvature radii at the top of the domed discs with different quasi-
static pressures.
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Figure 13 exhibits the calculated effective stress and the effective strain at the top of
the domed disc during the pneumatic bulge process. The uniaxial stress—strain relation-
ship is also given in the figure. Clearly, the effective stress during the bulge process is
larger than the value under the uniaxial tensile condition at the same strain, presenting a
kind of hardening behavior. In mechanics of materials, Hollomon’s equation [23] is widely
used to present the stress—strain behavior in material hardening, listed below:

o=Ken (10)

where K is the strength coefficient, 7 is the strain hardening exponent. In this paper, Hol-
lomon’s equation is used to represent the relationship between the effective stress and
strain during quasi-static bulge process. The fitted formula is shown in Equation (11):

Oe=1259.4-£.04457 (11)

1000

900 4 e
~ 804 T ®
e o ..
S 700 A o .-
< -u
& 600 - o - o m--
0 = -
5 500 4 o "
I o .=
o 400 1 pt |
2 [ 2
B . _a
5 300 | g Top of
H200 - /I @ Quisi-static, bulge

. ' 4
100 4, B Uniaxial tensile
/]
() . T T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6
Effective strain &,

Figure 13. The calculated effective stress and the effective strain at the top of the domed disc with
the quasi-static bulge process.

4.2. Stress—Strain Relationship of Dynamic Pneumatic Bulge Process

The experimental results of the dynamic bulge process are more complicated than
those of the quasi-static bulge process. Although a sacrificial rupture disc is used in the
experiments, the real bulge pressure Pi cannot be predetermined, but can only be deter-
mined using the explosion pressure curve after the experiments.

Figure 14 presents the values of bulge heights at the top of the domed discs at differ-
ent dynamic bulge pressures. The experimental results of the quasi-static bulge process
are also given in the figure. It is observed that the bulge height fluctuates dramatically
with bulge pressure, but the overall trend increases. It is assumed that the reason for the
fluctuation can be attributed to the different pressure rise rates. Apparently, the pressure
rise rate during the dynamic bulge process has a significant effect on the deformation be-
havior of the disc material. Moreover, it appears that the bulge height at the quasi-static
condition is larger than that at the dynamic condition when the bulge pressure is the same.
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Figure 14. The bulge heights at the top of the domed discs at different dynamic bulge pressures.

In order to further analyze the effect of the pressure rise rate on disc deformation
behavior, it is necessarily to describe the relationship between bulge height and bulge
pressure at different pressure rise rates. However, the most troublesome problems are that
the pressure rise rate is hard to precisely control in experiments due to the variability of
the explosions and the difficulty in determining the pressure rise rate. For example, each
data point in Figure 14 has a different value for pressure rise rate. Although the pressure
rise rate is hard to precisely control at a fixed value, it was found that if we classify these
bulge height values according to a range of pressure rise rates, we can obtain good regu-
larity in the relationship between the bulge height and the dynamic pressure, as shown in
Figure 15. The pressure rise rates are divided into three ranges: 2-10, 10-50, and 50-100
MPa/s. It is noted that the bulge heights all increase linearly with dynamic pressure in-
creases at different pressure rise rate ranges. At the same bulge pressure, a disc with a
larger pressure rise rate has a smaller bulge height, indicating that the deformation of a
disc at a large pressure rise rate is difficult.
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Figure 15. The bulge heights at the top of the domed discs with different dynamic pressures.
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Figure 16 shows the calculated effective strain values at the top of the domed discs at
different dynamic bulge pressures with different pressure rise rate ranges. Similar to the
quasi-static condition, the effective strain increases exponentially with the dynamic pres-
sure at every pressure rise rate range. At the same dynamic pressure, the higher the pres-

sure rise rate, the smaller the effective strain.
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02-10 MPa/s .
» 04 1 15,50 Bl
5 = S O
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Figure 16. The effective strains at the top of the domed discs with different dynamic pressures.

The relationship between the calculated effective stress and the arc top effective
strain at the top of the domed disc is shown in Figure 17 at different pressure rise rate
ranges. Obviously, with the increase in the pressure rise rate, the effective stress of the
bulge process increases at the same strain. Like the quasi-static condition, Hollomon's
equation [23] is used to represent the relationship between the effective stress and strain

during dynamic bulge process.

The fitted formula at every pressure rise rate range is listed below:

When pressure rise rate is between 2 and 10 MPa/s:
Oe= 1192 .4-£.03261

(12)

When pressure rise rate is between 10 and 50 MPa/s (10 is not included):

0e=1381.2-£.02910

(13)

When pressure rise rate is between 50 and 100 MPa/s (50 is not included):

0e=1368.4-£0-1701

(14)
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Figure 17. The calculated effective stress and effective strain at the top of the domed disc with the
dynamic bulge process.

5. Conclusions

Based on the plastic membrane theory and the force equilibrium equations, an ap-
proach for determining the plastic stress—strain relationship of rupture disc material in the
bulge process is proposed, by testing the changes in bulge heights and radii of marked
points on the disc at different bulge pressures. Two experimental apparatuses for pneu-
matic bulge tests with quasi-static and dynamic conditions were built. Explosions of a
methane/air mixture and sacrificial rupture discs were used to accomplish the dynamic
bulge process.

Whether the bulge process is quasi-static or dynamic, the bulge heights all increased
linearly with increasing dynamic pressure, and the effective strain increased exponen-
tially with the dynamic pressure. The pressure rise rate during the dynamic bulge process
has a significant effect on the deformation behavior of the disc material. At the same bulge
pressure, discs with a larger pressure rise rate had a smaller bulge height and effective
strain at the top of domed disc, indicating that deformation of a disc is difficult with a
large pressure rise rate. The stress—strain relations of 316L material at different pressure
rise rate ranges were obtained by using Hollomon’s equation, and they are listed below:

Oe=1259.4-£04487 (quasi-static).

Oe=1192.4-£03261 (pressure rise rate between 2 and 10 MPa/s).
Oe=1381.2-£:02910 (pressure rise rate between 10 and 50 MPa/s).
Oe=1368.4-£.01701 (pressure rise rate between 50 and 100 MPa/s).
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