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Abstract As a key pressure-bearing equipment, the degree of fatigue failure of natural gas pressure vessel affects
the operational safety. Based on finite element stress analysis and Kwofie-Zhu model, this paper establishes an
equivalent driving force model considering crack closure effect. Combined with the Johnson-Cook thermo-
viscoplastic constitutive equation and the fluid-solid coupling algorithm, the numerical analysis model of explosion
crack extension is constructed. The correlation of stress ratio (R) to fatigue threshold (AKth) and the effect of yield
strength on crack extension rate are revealed through multi-scale modeling analysis. The results showed that AKth
decreased from 7.32MPa-m1/2 to 5.45MPa-m1/2 when R was increased from 0.05 to 0.35. The crack extension
rate increased from 10-9cm/s to 10-8cm/s when the yield strength was increased from 282 MPa to 582 MPa. The
multiscale modeling analysis reveals that R has a negative correlation with AKth, and the yield strength varies
positively with the crack extension rate.

Index Terms finite element analysis, Kwofie-Zhu model, intrinsic model, fluid-solid coupling, fatigue threshold value

. Introduction

Natural gas pressure vessels are mainly used for storing and transporting natural gas, and their safe operation is
directly related to the normal operation and safe production of natural gas stations [1], [2]. The importance of natural
gas pressure vessels is not only reflected in its importance to the operation of natural gas stations, but also in its
importance to the society and the environment [3], [4]. Once an accident such as leakage or explosion occurs in a
natural gas pressure vessel, it will cause serious threats to the surrounding environment and people's lives and
properties [5]. Therefore, it is important to study the fatigue threshold value of natural gas pressure vessel steel with
crack extension behavior and yield strength dependence to ensure the safe operation of natural gas stations,
safeguard people's lives and properties, and protect the safety of the environment [6]-[8].

Fatigue crack threshold, is the stress level at which cracks begin to expand under material fatigue loading [9].
Under material fatigue loading, when the stress is less than the fatigue cracking threshold, the crack will not expand,
while when the stress exceeds the threshold, the crack will begin to expand [10]-[12]. The size of the fatigue cracking
threshold depends on factors such as the nature of the material, microstructure, surface quality and loading
conditions [13], [14]. Yield strength is the maximum value of stress that a material can withstand when subjected to
sustained loading, beyond which the material will deform plastically [15]. Yield strength is an important parameter
for materials under loading conditions such as tension, compression or bending and is commonly used to assess
the strength and toughness of materials [16]-[18]. From the perspective of materials science, both fatigue crack
threshold and yield strength are important mechanical property parameters of materials [19]. The fatigue crack
threshold reflects the crack extension resistance of a material under fatigue loading, while the yield strength reflects
the deformation resistance of a material under sustained loading [20], [21]. These two parameters are important for
engineering design and material selection.

In this paper, starting from the finite element stress analysis, the three-dimensional solid model of steel CNG
bottle is established, and the mesh division and boundary setting are completed by combining the symmetric
constraints and loading conditions. The Kwofie-Zhu model is constructed, and the crack closure coefficient is
introduced to correct the stress intensity factor range, and the influence of the closure effect on the fatigue threshold
is analyzed. For the dynamic crack extension problem, the Johnson-Cook intrinsic model is used to describe the
strain rate effect of the material, and the correlation between crack extension and fluid dynamic response is analyzed
by combining the ALE fluid-solid coupling algorithm and the cell deletion technique.
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Il. Analysis of research methods
This chapter describes the techniques related to the study of the relationship between fatigue threshold and crack
extension behavior and yield strength dependence of natural gas pressure vessel steels through modeling analysis.

Il. A.Finite element stress analysis

Il. A.1) Analysis objects and calculation models

The existing steel CNG bottle pressure vessel has an outer diameter of D=561mm, a wall thickness of 31mm, and
a working pressure of 31MPa. It is made of high-pressure seamless steel pipe, and its material properties are:
E=2.1104MPa, p=0.32, and the yield limit cy=482MPa.

Calculation model selection: the steel CNG bottle pressure vessel is a slender cylinder pressure vessel with inlet
and outlet at both ends, taking a certain length of the cylinder (402mm) and the end as the object of calculation,
and at the same time, due to the symmetry of the structure, half of it is taken for modeling. The calculation unit type
is 8-node 3D solid unit (SOLID45); the boundary conditions are: symmetry constraints are applied on the symmetry
plane, and the truncation plane is fixed by hinged support; the loads are: 31MPa internal pressure and 16.873MPa
axial stress on the inlet/outlet section.

ll. A.2) Finite element meshing
Now the finite element analysis is carried out for the steel CNG bottle pressure vessel with outer diameter D of
561mm, wall thickness of 31mm, caliber d of 91mm, and transition arc radius R of 141mm.

The mesh is mapped and divided into five layers along the thickness of the steel CNG bottle pressure vessel,
and the whole computational model is divided into 23,202 cells and 28,906 nodes.

Il. B.Kwofie-Zhu modeling
The Kwofie-Zhu model is based on an equivalent driving force model while considering the contribution of crack
closure. The equivalent driving force model is shown in equation (1).

AK, =AK, exp(a[ﬂn (1)
1-R

where AK,, is the range of equivalent stress intensity factors and Ak, is the range of stress intensity factors at
any g . The condition for Eq. (1) to hold is that the stress intensity factor ranges corresponding to 4,/ 4n on both

sides of the equation are the same, and it is suitable for characterizing the fatigue crack extension behaviors of
different g athigher g,/ 4N -

By introducing the K, parameter to represent the crack tensile stress intensity factor, the crack closure effect is
thus included in the model. For AKX =K -K . ,whenthereiscrackclosure, K <K, ,inthiscase, Ag should
be taken as the effective portion of the crack closure stress factor, which is denoted by AK _, i.e. AK, =K, —K,-

max op

eff ?
For this reason equation (ﬁ) can be rewritten as

1+R
sl (2]
where AK, . can be written in the form
K. .—K K. <K
AK = max oP min op 3
o {Kmax -K, Kun2K, (3)

A further transformation of equation (3)

K _ K
Kmax 1- op K min_ - op
K K K

max

AK o max max ( 4)

ef
. . K
K 1 _ K min K min > op
max K K K

max max max

Knowing that R=K /K andletting R =K, /K, ., equation (W) can be rewritten as

max ’
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{Kmx(l -R) R<R
=

K_(-R) R2=R

max

where R_ is called the critical stress ratio or transition stress ratio, and its physical significance is thatwhen r> R ,
there is no crack closure at any given /4N , and itis clear that the lower the 4,/ 4N , the corresponding K is

higher, when g4,/ 4N is sufficiently small or close to the threshold at (da/dN), . the value of K /K can be

th’
taken as the value of R . At this point, Eg. (5) can be further transformed

1-R
AK <| R<R
AK,, = R(I—RJ = (6)

AK, R>R

Thus, Eq. (1) can eventually be changed to

1-R
AR, [ R oxp| o RV R<r
1-R 1-R

eq 1+R (7)
+
AK —_— R>R
Rexp[a[l—RB C
Here, defining the crack closure factor U(R) = AK,, /AK, , we get from equation (5)
AK,, = AK,U(R) exp(a[%n (8)
If we introduce the function £(R) again, let
(o) e
SR = U(R)exp[a(ﬂjj - ©)
T el (5)
exp| a| —— R=2R,
1-R
Then equation (8) further simplifies to
AKeq :AKRf(R) (10)
Due to the arbitrariness of g, equation (@) can also be written as
AK, f(R,)=AK,f(R) (11)
Or:
R,
AKR:AKR“f( ) (12)
“ f(R)
where R represents the known reference stress ratio. If R, =0.1 is taken, then from Eq. (ﬂ) we have
[ enlo3-8) men
AK, f.1) J\1-0. - (13)

AK,,  f(R) |(1-
o SR |(1-R, expl o L-1HR)) pop
1-0.1 9 1-R
Eq. (@) represents the Ag relationship between different p under the same ;,/ 4N , and accordingly, there

is a correlation between different g under the same AK, between 4,/4N - According to equation (@),
da/dN is modeled as
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(ﬂj =C<AKR>"’[f(R)J (14)
dN ) S(R,)
where 5 =m . Then we have
(ﬁj :(ﬁj R (15)
dN ) \dN )\ f(R,)

Eq. (15) holds if both sides of the equation 4,/ v correspond to the same AK, .

Il. C.Natural gas pressure vessel explosion fluid-solid coupling numerical analysis modeling

Il. C.1) Intrinsic Modeling and Failure Criteria

As the crack extension rate can be as high as ¢35 during the physical explosion of gas storage cylinders, the
material in front of the crack tip is loaded with a high strain rate, and the mechanical properties of the material are
affected by the joint influence of strain hardening, strain rate hardening and temperature softening effects. Based
on this, this paper adopts the thermo-viscoplastic model Johnson-Cook (J-C) intrinsic model to describe the stress-
strain relationship of the bottle material:

a:(A+BE”)(1+Cln?)[l—{TT__7;j } (16)

where o is the material equivalent stress, MPa; z is the material equivalent plastic strain; z* is the
dimensionless equivalent plastic strain rate; ¢, is the reference strain rate; 7 and 7  are the reference and

melting temperatures of the material, g respectively. The three terms from left to right of the j_c model

characterize the strain hardening, strain rate hardening, and temperature softening of the material, respectively, and
A, B, C, n,and m are the material's parameters to be determined.

The simulation of the crack extension process is realized by the unit deletion (ED) method combined with the
J —c failure criterion, and the failure strain is defined in the j_ failure criterion as:

& =[D,+D,exp D" 14D, 1ng*J[l+D5[;:_Tr H (17)

-T

m r

where ./ is the failure strain; ;* is the dimensionless stress ratio; D, D,, D,, D,, D, are the parameters

to be determined.

Among them, in the process of physical explosion crack extension, the temperature difference between the front
and rear of the storage cylinder is small, and the change of material properties caused by the temperature is low,
so this paper does not consider the change of mechanical properties of the material caused by the temperature,
and willbe D, =0.

Il. C.2) Gas Equation of State
In this paper, both the high-pressure natural gas inside the bottle and the outside air are described by the inviscid
ideal gas equation, and the high-pressure natural gas leakage is assumed to be an isentropic adiabatic process.

P=(y-1)pe (18)
where p is the pressure at the fixed point, Pa; y is the adiabatic index of the gas; p is the mass density of the
gas, kg/m’;and e is the energy density at the fixed point, J/kg.

For the simulations in this paper, the initial air density p, —and natural gas density Prownigas 7€ 1.28kg/m’ and
0.718kg/m’ , respectively, and the air adiabatic index », ~and natural gas adiabatic index
1.315, respectively.

Vnotralgas AT 1.41 and

Il. C. 3) Flow-solid coupling algorithm
The physical explosion crack extension of gas cylinder is a kind of fluid-solid coupling accompanied by extreme
deformation and fracture, in order to solve the problem, this paper adopts the ALE algorithm to realize the coupling
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of fluid (natural gas, air) and structure (gas cylinder), and the penalty function method is used to calculate the contact
force between the fluid and the solid, which is directly proportional to the contact stiffness and the contact depth.
Due to the large difference in density and stiffness between the fluid material and the structure material, coupling
simulation will often appear penetration, leakage, computational instability and other problems, so this paper

comprehensively consider the computational stability, the overall time step and the node mass to get the size of the
contact stiffness:
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2
k:ma){KS ,%J (19)
v

where g is the bulk modulus of the material; s is the contact area; v is the unit volume; m and A; are the
nodal mass and time step, respectively.

At present, there is a lack of experiments related to the physical explosion crack extension of gas storage cylinders,
which makes it difficult to be verified directly by simulation. However, the thermo-viscoplastic constitutive model and
the fluid-solid coupling algorithm used in this paper have been used in the simulation of pipeline crack extension
under explosion load, and verified with experiments, which illustrates the accuracy of the relevant models and
algorithms.

lll. Analysis of fatigue threshold correlation law based on multi-scale modeling

In this chapter, the constructed model is used to analyze the fatigue threshold value of natural gas pressure vessel
steel in relation to the crack extension behavior and yield strength dependence, and to excavate the laws that exist
in it.

lll. A. Analysis of fracture location and its relation to stress intensity

lll. A. 1) Fracture location statistics

The fracture locations of the fatigue specimens of steel CNG cylinders were analyzed. Figure 11 shows the
distribution of the fracture locations, and the solid line at 108 represents the change of the cracks from surface
initiation to internal initiation. Most of the specimens close to the solid line at 108 fracture in the weld area, which
shows that the long-life specimens tend to fatigue fracture at the weld. The fracture locations of the specimens at
all lifetimes were counted. Although the long-life specimens fractured at the weld seam, the number of specimens
that fractured at the base material was higher than that of the weld seam at the full-life stage, and it can be seen
that at the short-life stage, more specimens fractured at the base material, and the number of specimens that
fractured at the heat-affected zone was the lowest.

10%

0.4 4 = BM
9 e WM
= 0.3 HAZ

T T T
10° 10° 107 108 10° 10
Number of fatigue fractures

Figure 1: Fracture location distribution

lll. A.2) Relationship between the number of faceted fracture surfaces and the stress intensity factor
The number of face-type fracture surfaces reflects the strength of the crack closure effect induced by roughness,
which has a direct influence on the fatigue threshold, so it is necessary to study the number of face-type fracture
surfaces in depth. From the micropatterns, it is seen that the number of face-type fracture surfaces varies with AK
during fatigue crack extension, while the number of face-type fracture varies with different R or different heat
treatment conditions.

The percentage of facet fracture was obtained by measuring the area of facet fracture in the SEM images of the
section using image processing software, and at least five points were counted for each AK, and the average value
was taken as the percentage of facet fracture at that AK. Fig. 2 demonstrates the relationship between the
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percentage of facet fracture and AK. The facet fracture has a parabolic distribution and reaches the maximum value
at a certain AK; the maximum facet fracture fractions corresponding to AK for the two heat treatment conditions,
500°C*24h and 600°C*24h, are close to each other with an error of no more than 3MPa-m1/2 when R is 0.15 and
0.75, and the maximum facet fracture fractions corresponding to the two heat treatment conditions, 500°C*24h and
600°C*24h, are close to each other with an error of no more than 3 MPa-m1/2; whereas, when R is 0.35, there is a
large deviation in AK for the maximum value of face fracture. It can be inferred that the reason for the difference in

fatigue thresholds at R of 0.35 is related to the change in the crack extension mechanism in the near-threshold
region, where the percentage of fracture face-type fracture gradually decreases with increasing R.

Fatigue Threshold and Crack Expansion Behavior of Natural Gas Pressure Vessel Steels and Yield Strength Dependence
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Figure 2: The relation between percentage of facet fracture and AK

lll. B. Fatigue crack extension law analysis

lll. B. 1) Determination of Fatigue Crack Expansion Thresholds

The fatigue crack extension threshold is the range of stress intensity factors at the crack tip that corresponds to the
cessation of fatigue crack extension in a fatigue test. In fact, it is impossible to stop crack expansion “absolutely”,
so the stress intensity factor range AK at da/dN=10-7mm/cycle is defined as the fatigue crack expansion threshold
AKth (a is the crack length, N is the number of cycles). The model of this paper was utilized to obtain five points
with crack extension rates in the interval from 10-10mm/cycle to 10-9mm/cycle. These 5 data points were then fitted
with a straight line in the da/dN-AK double logarithmic coordinate system. Finally, the AK value obtained by
substituting da/dN=10-10mm/cycle into the equation of the straight line obtained from the fit is AKth. Note that when
there are less than 5 points in the interval, a point with a da/dN slightly greater than 10-9mm/cycle can be used for
the fit. The graded load reduction is controlled at 10% per stage, and the crack extension increment Aa is to be
greater than 5-7 times the plastic zone size ry corresponding to the Kmax of the previous stage at each level of
force. Figure \3\ shows the obtained test data and their fitted straight lines in double logarithmic coordinates. The
fatigue crack thresholds are 7.32, 6.99, 6.42, and 5.45MPa-m1/2 for stress ratios R equal to 0.05, 0.15, 0.25, and
0.35, respectively, and the fatigue crack thresholds AKth decrease with the increase of stress ratio.

10°

R=0.05 ® R=0.15 A R=0.25 w R=035

da/dN(mm-cycle™)

lo-l(}

5 6 7 8 9
AK(MPa-m'?)

Figure 3: Test results of fatigue crack threshold values
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lll. B. 2) Fatigue crack extension rate

The average stress level of the fatigue cycle has a great influence on the fatigue behavior of CNG bottle materials,
and the stress ratio R is commonly used to describe the average stress. Fig. @ shows the fatigue crack expansion
rate of the specimen at different stress ratios R where AP is the range of force values, i.e., AP=Pmax-Pmin, and is
the difference between the maximum and minimum values of the alternating load. From Fig. @ it can be seen that
as the stress ratio gradually increases from 0.05 to 0.35, the crack extension rate corresponding to the same stress
intensity factor range of AK values increases subsequently. It shows that the crack extension behavior exhibits a
relatively obvious stress ratio effect. Further observation reveals that the difference between the crack extension
rates due to stress ratios is evident at smaller values of AK (30MPa-m1/2). With the further increase of AK value,
the difference between the crack extension rates at each stress ratio has a tendency to decrease.

10 5

3

da/dN(mm-cycle™)

AP=1.5kN,R=0.05
~——— AP=1.9kN,R=0.15
= AP=2.5kN,R=0.25
—— AP=1.5kN,R=0.25

AP=2.0kN,R=0.25
~— AP=1.2kN,R=0.35

T T T 1
10 20 30 40 50
AK(MPa-m'?)

Figure 4: Fatigue crack growth rates under different stress ratios R

lll. C. Effect of yield strength on crack extension rate

Fig. 5 shows the effect of yield strength on crack extension rate at different stress intensity factors predicted by the
principal model. From the figure, it can be seen that there is an increase in the crack extension rate as the yield
strength increases from 282 MPa to 582 MPa at the same stress intensity factor. For example, the crack extension
rate increases from 10-9cm/s to 10-8cm/s with the increase of yield strength at 110MPa-m1/2 stress intensity factor.
However, in combination with the predictions of other models, it can be found that the change in crack extension
rate due to the change in yield strength in the crack tip strain rate equation used in the present model does not fully
explain the phenomenon of change in crack extension rate of CNG bottles due to the change in yield strength. In
other words, the effect of yield strength on crack extension rate predicted by the constitutive model is smaller than
that predicted by other models. This is because only the effect of yield strength on crack tip strain rate is taken into
account in the present constitutive model, but not the changes in the process of yield strength variation such as the
degree of cold working, grain size, deposition distribution and strain intensification factor. Therefore, in order to
improve the ability of the constitutive model to predict the effect of yield strength on the crack extension rate, a
corresponding correction factor needs to be introduced.

-8
10 [ 0,=282MPa 6,=382MPa
cy=482MPa cy=5 82MPa

Grack growth rate(cm/s)
=
R

-10
10 T T T T T 1
0 20 40 60 80 100 120

Stress intensity factor(MPa-m'?)

Figure 5: Effect of yield strength on CGR using J-C model
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Fig. 6/ shows the relationship between the crack extension rate and the stress intensity factor predicted by the
intrinsic model at yield strengths of 395 MPa and 469 MPa, respectively. When the stress intensity factor is below
35MPa-m1/2, the crack extension rate increases rapidly from about 10-12cm/s to about 10-8cm/s with the increase
of the stress intensity, which can be seen that the stress intensity plays a decisive role in the crack extension rate
at this time, and the crack extension rate is mainly controlled by the stress intensity. However, when the stress
intensity is greater than 35MPa-m1/2, the growth rate of crack extension rate with the change of stress intensity
becomes slower, and the influence of mechanical factors (stress intensity) on the crack extension rate decreases,
at this time, the nature of the material (e.g., yield strength) or the environmental factors (e.g., pH, ECP) begin to
play a decisive role. From Fig. 6, it can be seen that the yield strength of the material has an important effect on the
crack extension rate, and when the environmental factors and stress intensity are the same, the corresponding
crack extension rate increases when the yield strength of the material is increased, and this result is also consistent
with the results predicted by other models.

.7_
10 JE11-Co,=395MPa 4 Experimental 6,~395MPa
J-C 6,=469MPa Experimental 6, =469MPa

10% 4

VYWU'

107 4

107104

Grack growth rate(cm/s)

10" 5

10712
T T T T T 1
0 20 40 60 80 100 120

Stress intensity factor(MPa-m'?)

Figure 6: Prediction of crack growth rate vs. Kl using J-C model

IV. Conclusion

In this paper, the correlation law between fatigue threshold value and crack extension behavior and yield strength
of natural gas pressure vessel steel is systematically analyzed through multi-scale modeling and numerical
simulation. The fatigue threshold value decreases significantly with the increase of the stress ratio, and the
maximum fatigue threshold value reaches 7.32MPa-m1/2 when the stress ratio is 0.05 at the minimum. The fatigue
threshold decreases to 5.45MPa-m1/2 when the stress ratio reaches 0.35. The crack extension rate is dominated
by the stress ratio in the low stress intensity region, while it is more significantly affected by the yield strength of the
material in the high stress intensity region. The crack extension rate is enhanced by nearly an order of magnitude
when the yield strength is increased from 282 MPa to 582 MPa. Future studies can introduce microstructural
parameters for continuous optimization of the model to improve the analytical effectiveness of the model.
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