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Abstract: The rubber ring is an essential component of high-pressure hydrogen storage systems. 
However, the fretting damage can lead to the seal failure of the rubber ring, which may cause hy-
drogen leakage. Rubber X-ring has been proven to own excellent static sealing performance, while 
its fretting characteristics under high-pressure hydrogen remain unclear. In this study, a numerical 
model is developed to explore the fretting characteristics of the X-ring combined seal, in which the 
effect of hydrogen swelling is well considered. The stress distribution of the fretting seal and the 
effects of fretting amplitude, friction coefficient, hydrogen pressure, and pre-compression ratio on 
the fretting behavior of the X-ring are investigated. Moreover, the similarities and differences in the 
fretting performance of X-ring and O-ring under high-pressure hydrogen are discussed. It is shown 
that the evolution of the stress concentration zone inside the X-ring is closely linked to the cover’s 
drag direction and the wedge-ring’s blocking action. The X-ring enters the fretting cycle earlier with 
increased fretting amplitude, whereas the fretting period remains unchanged. Furthermore, increas-
ing the hydrogen pressure and pre-compression ratio could enhance the fretting sealing perfor-
mance. The friction coefficient and hydrogen pressure increase the possibility of failure due to 
cracks or elasticity. The fretting characteristics of the X-ring are superior to those of the O-ring, de-
noting that X-ring may be an alternative to the O-ring in the fretting seal structure. This work is of 
theoretical importance for the quantitative evaluation and reliable prevention of fretting damage to 
rubber rings and improving the safety of high-pressure hydrogen storage systems. 
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1. Introduction 
Hydrogen storage is mainly divided into three types: gaseous hydrogen storage, liq-

uid hydrogen storage, and solid hydrogen storage [1–3]. High-pressure gaseous hydrogen 
storage is the most widely used method [4,5]. Rubber O-ring is a reliable seal in high-
pressure hydrogen storage systems because of its unique merits of low manufacturing 
cost and good sealing performance [6]. Nonetheless, some drawbacks limit its application 
(e.g., longitudinal twisting and spiral failure) [7]. Therefore, it is urgent to develop new 
shapes of rubber rings with a superb performance to meet application requirements. Un-
der this consideration, a rubber X-ring with a four-lobed seal is well designed to improve 
seal lubrication. It is better suited for efficiently sealing high-pressure fluids in static ap-
plications [8], with numerous irreplaceable advantages over O-ring, including a lower 
friction coefficient and better torsion resistance [9]. Furthermore, our group’s [10] investi-
gation of the static sealing behavior of the X-ring exposed to gaseous hydrogen shows that 
the X-ring has a higher contact pressure than the O-ring under 0–100 MPa. It suggests the 
feasibility of X-ring replacing O-ring in static seal structure. 

Although X-ring shows slightly better performance in the static seal, the non-uniform 
distribution stress of the X-ring due to fretting may lead to seal failure, resulting in 
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hydrogen leakage in gaseous hydrogen storage [11]. Worse still, previous studies pay 
much attention to the fretting behavior of the O-ring [12–18] and the static sealing perfor-
mance of the X-ring [7,10,19]. However, the fretting characteristics of the X-ring are rarely 
reported. Liu et al. [20] conclude that the rubber X-ring is subject to tremendous Mises 
stress in the fretting seal than in the static seal. Nevertheless, the current studies are re-
stricted to the fretting behavior of X-ring in a low-pressure (less than 15 MPa) environ-
ment. More importantly, the rubber X-ring is exposed to high-pressure (up to 35 MPa) 
hydrogen, and the swelling caused by the solute hydrogen may strongly affect the fretting 
sealing characteristics of the X-ring, even resulting in seal failure [18]. Therefore, the swell-
ing behavior of the X-ring is non-ignorable when studying the fretting characteristics. Un-
fortunately, reports on the fretting performance of rubber X-rings exposed to high-pres-
sure hydrogen concerning the swelling effect are scarce. The influence of critical parame-
ters on fretting behavior under high-pressure hydrogen remains unclear. Besides, it has 
not been confirmed whether the fretting characteristics of the X-ring are also superior to 
O-ring under high-pressure hydrogen. 

Herein, a finite element analysis (FEA) model considering the swelling due to dis-
solved hydrogen is developed to investigate the fretting characteristics of the rubber X-
ring combined seal used for high-pressure hydrogen storage vessels. The stress distribu-
tion of the fretting seal and the effects of critical parameters (fretting amplitude (Af), fric-
tion coefficient (Cf), hydrogen pressure (Ph), and pre-compression ratio (Rp)) on the fret-
ting behavior of the combined seal structure are further analyzed. Furthermore, the simi-
larities and differences in the fretting performance of X-ring and O-ring under high-pres-
sure hydrogen are explored. 

2. Theoretical Equations 
2.1. Hydrogen Diffusion Equation 

According to Fick’s second law, the governing equation for hydrogen diffusion in 
rubber materials can be expressed as [21]: 

𝜕𝜕𝐶𝐶H
𝜕𝜕𝜕𝜕

= 𝐷𝐷H �
𝜕𝜕2𝐶𝐶H
𝜕𝜕𝑥𝑥2

+
𝜕𝜕2𝐶𝐶H
𝜕𝜕𝑦𝑦2

+
𝜕𝜕2𝐶𝐶H
𝜕𝜕𝑧𝑧2

� (1) 

where 𝜕𝜕/𝜕𝜕𝜕𝜕, 𝐷𝐷H and 𝐶𝐶H refers to the time derivative, the hydrogen diffusion coefficient, 
and the hydrogen content, respectively. 

2.2. Mechanical Equation 
Rubber can be modeled as a kind of incompressible hyperelastic material that de-

forms under the action of external force. In this paper, the Mooney-Rivlin model with 
double parameters is adopted to describe the hyperelastic characteristics of rubber X-ring. 
The function can be expressed as follows [22]: 

𝑊𝑊 = 𝐶𝐶10(𝐼𝐼1 − 3) + 𝐶𝐶01(𝐼𝐼2 − 3) + 𝐶𝐶20(𝐼𝐼1 − 3)2 (2) 

where 𝑊𝑊 is the strain energy density, 𝐶𝐶10, 𝐶𝐶01, 𝐶𝐶20 are Mooney-Rivlin coefficients, and 
𝐼𝐼1 and 𝐼𝐼2 are the first and second strain tensor invariants, respectively. 

The hydrogen-induced strain should be taken into account in the hydrogen environ-
ment. Then the overall strain can be expressed as [23]: 

𝜀𝜀ij = 𝜀𝜀ije + 𝜀𝜀ijH (3) 

where 𝜀𝜀ij, 𝜀𝜀ije, and 𝜀𝜀ijH denote the overall strain, the hyperelastic strain, and the strain in-
duced by hydrogen swelling, respectively. Since the relationship between the increase in 
volume by swelling and the hydrogen content is linear [24], 𝜀𝜀ijH can be written as follows: 

𝜀𝜀ijH = 𝛼𝛼H∆𝐶𝐶H𝛿𝛿ij (4) 



Energies 2022, 15, 7112 3 of 18 
 

 

where ∆𝐶𝐶H, 𝛼𝛼H, and 𝛿𝛿ij represent the change in hydrogen content, the proportional coef-
ficient, and Kronecker’s delta, respectively. 

3. Finite Element Model 
3.1. Geometric Construction 

Figure 1 reflects the cross-section of the seal component. It consists of an X-ring and 
a wedge-ring. The X-ring is installed in the groove and compressed along the x-axis by 
the cover. The wedge-ring is used to prevent the rubber X-ring from extruding through a 
gap between the groove and the cover. The seal structure is designed in this way to avoid 
the leakage of hydrogen. 

The cross-section height (𝐻𝐻) and the four-lobed radius (𝑟𝑟) of the X-ring are set to 
5.7 mm and 1.0 mm, respectively. The relationship between the various basic geometric 
parameters of an X-ring can be expressed as follows [8]: 

𝐻𝐻 = 2(𝐿𝐿 + 𝑟𝑟) (5) 

𝑅𝑅 =
√2𝐻𝐻

2
− 𝑟𝑟(√2 + 1) (6) 

where 𝐻𝐻, 𝐿𝐿, 𝑟𝑟 and 𝑅𝑅 are four variables defined in Figure 1b. 

 
(a) (b) 

Figure 1. Details of the seal component. (a) Schematic of the rubber X-ring seal structure; (b) Geo-
metric parameters of X-ring. 

3.2. Model Assumptions 
The following assumptions are used in the analysis to simplify the numerical model: 
(1) A 2D axisymmetric model is performed regarding the axisymmetric feature of this 

combined seal structure. 
(2) Since the elastic modulus of rubber material is far lower than steel’s, the groove 

and cover are considered rigid bodies. 

3.3. Model Set-Up 
3.3.1. Meshing 

As the groove and cover can be treated as a rigid body, there is no need to mesh them. 
Therefore, the solution process can be simplified by meshing only the rubber X-ring and 
wedge-ring. Rubber is a hyperelastic material and approximately incompressible, so the 
axisymmetric hybrid elements with mixed formulation are applied in meshing the X-ring. 
The wedge-ring is meshed with reduced-integration axisymmetric elements. The mesh 
model is illustrated in Figure 2. 
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(a) (b) (c) 

Figure 2. The FEA model of the combined seal. (a) General view; (b) Partial view of X-ring; (c) Partial 
of wedge-ring. 

3.3.2. Material Properties 
The material of the X-ring is selected as ethylene propylene diene monomer (EPDM), 

which is widely used for sealing in high-pressure hydrogen systems. The Mooney-Rivlin 
coefficients (𝐶𝐶10, 𝐶𝐶01, 𝐶𝐶20) of the X-ring are obtained based on the experimental data per-
formed in hydrogen at a pressure of 35 MPa [24]. It is found that the hydrogen swelling 
hardly changes both the tensile strength and elastic modulus of this material. As the ex-
periment [24] manifests, the volume increase of this EPDM material in 35 MPa hydrogen 
is about 7%, 𝛼𝛼H can be set as 0.07. Additionally, the wedge-ring is made of polyether ether 
ketone material, and the true stress-strain relationship is adopted. 

3.3.3. Load and Boundary Conditions 
This simulation develops five contact pairs among the parts (X-ring, wedge-ring, 

groove, and cover). The node-to-surface contact type is conducted, and the penalty contact 
model with Coulomb friction formulation is employed. The Cf between the contact sur-
faces is 0.05 [25]. Five load steps are set as follows: 
(1) Firstly, the designed pre-compression along the x-axis is performed on the cover to 

achieve the installation of this seal component. The Rp of the X-ring is 10%. 
(2) Secondly, the Ph (35 MPa) is gradually applied on the working surface of the X-ring, 

where it is exposed to hydrogen. 
(3) Thirdly, the hydrogen transport at a steady state is conducted in this step. 
(4) Based on the distribution of hydrogen content in the third step, the strain induced by 

hydrogen swelling can be acquired. Then the stress field relating to the swelling effect 
can be calculated. 

(5) The reciprocating motion along the y-axis with Af (1.2 mm) is exerted on the cover to 
simulate the fretting process. 
An entire cycle of the fretting process includes both inward and outward strokes. 

Take the first fretting period (0–1 T) as an example: the cover at the origin (0 T)—along 
the negative direction of the y-axis (−y) to the lowest point (0.25 T)—along the positive 
direction of the y-axis (+y) to the origin (0.5 T)—along +y to the highest point (0.75 T)—
along −y to the origin (1 T). 0–0.5 T is called inward stroke, and 0.5–1 T is called outward 
stroke. 

3.4. Model Validation 
A comparison with theoretical calculations and similar simulations is conducted to 

validate the accuracy of numerical models and simulation results. 
A comparison with the results of theoretical calculation is conducted first. The peak 

contact pressure of the X-ring under Ph can be obtained [20]: 
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𝜎𝜎cs = 𝜎𝜎0 + 𝜅𝜅𝑃𝑃h (7) 

where 𝜎𝜎cs is the peak contact pressure of the X-ring under certain Ph, 𝜎𝜎0 is the peak con-
tact pressure of the X-ring in the pre-compression state, and 𝜅𝜅 is the linear scaling factor 
of contact pressure to Ph. The theoretical value of 𝜅𝜅𝑇𝑇 can be obtained [20]: 

𝜅𝜅T = 𝜇𝜇/(1 − 𝜇𝜇) (8) 

where 𝜇𝜇 is the Poisson’s ratio of the rubber material and equal to 0.05 [20]. Thus, 𝜅𝜅T is 
equal to 1. 

In the model validation process, Ph of 25, 30, 35, 40, and 45 MPa are selected. The 𝜎𝜎cs 
and 𝜎𝜎0 are extracted in FEA. Theoretical calculation results and FEA results of linear scal-
ing factor are shown in Table 1, which is obtained by Equations (7) and (8). It can be seen 
from Table 1 that the maximum deviation is 7.30%. Therefore, the deviation between the 
theoretical calculation and FEA results is minimal, which verifies that the FEA results are 
reliable. 

Table 1. Theoretical and FEA results of the linear scaling factor. 

𝑷𝑷𝐡𝐡 (MPa) 𝝈𝝈𝟎𝟎 (MPa) 𝝈𝝈𝐜𝐜𝐜𝐜 (MPa) 𝜿𝜿𝐓𝐓 𝜿𝜿 Deviation (%) 
25 3.675 30.50 1 1.0730 7.30 
30 3.675 35.46 1 1.0595 5.95 
35 3.675 40.43 1 1.0501 5.01 
40 3.675 45.40 1 1.0431 4.31 
45 3.675 50.37 1 1.0377 3.77 

Then a comparison with similar simulations is conducted. Liu et al. [20] analyze the 
fretting sealing performance of rubber X-rings based on FEA. In the main parts of their 
paper, the X-ring is made of rubber material, the Mooney-Rivlin two-parameter method 
is selected as the constitutive model, and the cover and groove are modeled with a dis-
placement boundary condition. Similarly, the same method is adopted in this paper. Alt-
hough this paper additionally considers the effect of the swelling due to dissolved hydro-
gen, the accuracy of the simulation results can be indirectly verified by the study of Liu et 
al. [20]. 

4. Results and Discussion 
The contact pressure on the contact surface between the rubber ring and the cover 

and the Mises stress inside the rubber ring are essential indicators of the fretting charac-
teristics of the rubber ring. Hydrogen leakage will occur in the combined seal structure 
when the peak contact pressure is less than the Ph [10]. Besides, the possibility of crack or 
elasticity loss in the rubber ring increases with Mises stress [26]. Therefore, a focus on the 
contact pressure and Mises stress will be conducted to analyze the fretting characteristics 
of the X-ring in this work. 

4.1. Stress Distribution of Fretting Seal 
The X-ring’s stress distribution and variation rule can be directly reflected by the 

contact pressure corresponding to the continuous node elements of the contact surface 
between the X-ring and cover and the Mises stress distribution diagram of the X-ring. The 
distribution of contact pressure and Mises stress of the X-ring during the first two fretting 
periods (0–2 T) will be investigated in this section. The Af is 1.2 mm, the Cf is 0.05, the Ph 
is 35 MPa, and the Rp is 10%. 

Figures 3 and 4 show contact pressure distribution corresponding to the continuous 
node elements on the contact surface between the X-ring and the cover during 0–1 T and 
the second fretting period (1–2 T), respectively. At any location during 0–2 T, there are 
two continuous segments of node elements with contact pressure higher than Ph (35 MPa), 
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signifying that the X-ring can function as a seal in the fretting seal structure. It is worth 
mentioning that the peak contact pressures for 0.25 T, 1 T, 1.25 T, and 2 T are almost iden-
tical, and for 0.5 T, 0.75 T, 1.5 T, and 1.75 T, as will be elaborated below. 

 
Figure 3. Contact pressure distribution during 0–1 T. 

 
Figure 4. Contact pressure distribution during 1–2 T. 

Figure 5 displays the Mises stress distribution of the X-ring during 0–2 T. At 0 T, the 
Mises stress is symmetrically distributed. There are grain-shaped stress concentration 
zones in the X-ring’s lower left and right corners. The peak Mises stress is located in the 
lower right corner of the X-ring, and the height of the upper left and right sealing lip (h0 
and h1) of the X-ring is the same. Starting at 0.25 T, the Mises stress of the X-ring is no 
longer symmetrically distributed. During 0–0.25 T, the cover moves along −y, generating 
−y friction on the X-ring. Depending on the friction, the cover drags the X-ring to move 
together along −y. Due to the dragging effect of the cover, the upper right sealing lip of 
the X-ring moves down slightly, and the angle between the stress concentration zone in 
the lower right corner of the X-ring and the upper surface of the wedge-ring (θ2) decreases 
slightly. As the wedge-ring firmly blocks the X-ring, the −y displacement of the area in the 
lower right corner of the X-ring is 0. Since the rubber material is approximately incom-
pressible, the area in the lower right corner of the X-ring is squeezed by the upper area, 
resulting in a significant increase in the Mises stress values of the stress concentration zone 
in the lower right corner. 
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t = 0.00 T t = 0.25 T t = 0.50 T 

   
t = 0.75 T  t = 1.00 T  t = 1.25 T 

   
t = 1.50 T  t = 1.75 T  t = 2.00 T 

Figure 5. Mises stress distribution during 0–2 T. In 0.25–0.5 T, the cover moves along +y, creating +y 
friction on the X-ring and dragging the X-ring to move together along +y. As the X-ring moves up-
ward, the height increment of the upper right sealing lip during 0.25–0.5 T (h3−h2) exceeds the height 
reduction during 0–0.25 T (h1−h2) due to the weakening of the blocking effect of the wedge-ring. 
Accordingly, the height of the upper right sealing lip at 0.5 T (h3) is significantly higher than the 
initial height at 0 T (h1). At the same time, due to the weakening of the blocking effect of the wedge-
ring, the angle increment of the lower right stress concentration zone with the upper surface of the 
wedge-ring during 0.25–0.5 T (θ3−θ2) exceeds the angle reduction during 0–0.25 T (θ1−θ2). Therefore, 
at 0.5 T, the angle between the grain-shaped stress concentration zone in the lower right corner and 
the upper surface of the wedge-ring (θ3) is substantially more significant than the initial angle at 0 
T (θ1). Consequently, the grain-shaped stress concentration zone is almost close to the surface of the 
cover. 

Mises stress distribution at 0.75 T is consistent with that at 0.5 T, meaning that the 
fretting of the X-ring is in the gross slip region during 0.5–0.75 T. In this process, the cover 
moves along +y, the X-ring stops motionless, and the relative slip is generated in X-ring 
and cover. Accordingly, it is speculated that the X-ring fretting starts to run in the gross 
slip region at a specific location of 0.25–0.5 T. The following section will discuss the critical 
fretting displacement into the gross slip region. It can be preliminarily determined that 
the critical fretting displacement into the gross slip region is less than or equal to 1.2 mm. 
Consequently, the height reduction of the upper right sealing lip (h1−h2) and the angle 
reduction of the lower right stress concentration zone with the upper surface of the 
wedge-ring (θ1−θ2) during 0–0.25 T, and the height increment of the upper right sealing 
lip (h3−h2) and the angle increment of the lower right stress concentration zone with the 
upper surface of the wedge-ring (θ3−θ2) during 0.25–0.5 T, have reached the limit value 
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during the corresponding fretting stage. The influence of the wedge-ring’ blocking effect 
on the X-ring’s fretting characteristics is further verified. 

In 0.75–1 T, the cover moves along −y, produces a −y friction on the X-ring, and drags 
the X-ring to move together along −y. At 1 T, the fretting is already in the gross slip region. 
Consequently, the height of the upper right sealing lip (h4) and the Mises stress value in 
the lower right corner of the X-ring at 1 T are similar to those at 0.25 T. During 1–1.25 T, 
the Mises stress distribution of 1.25 T is consistent with that of 1 T because the fretting is 
still in the gross slip region. During 1.25–1.5 T, the Mises stress distribution of 1.5 T is 
consistent with that of 0.5 T, as both 0.25 T and 1.25 T are the limit locations of the inward 
stroke. It can be inferred that the Mises stress distribution of 1.75 T is consistent with that 
of 0.75 T and 1.5 T. The Mises stress distribution of 2 T is uniform with that of 1 T. These 
inferences can be verified by the Mises stress patterns in Figure 5 and the contact pressure 
distribution in Figures 3 and 4. 

In summary, the X-ring can play a sealing role in the fretting seal structure. The Mises 
stress is asymmetrically distributed during fretting. The peak Mises stress is consistently 
located in the stress concentration zone in the lower right corner of the X-ring. The varia-
tion tendency of the angle between the stress concentration zone in the lower right corner 
of the X-ring and the upper surface of the wedge-ring and the height of the upper right 
sealing lip of the X-ring are directly affected by the drag direction of the cover. The varia-
tion quantity of this angle and height are directly affected by the blocking effect of the 
wedge-ring. When the fretting displacement is large enough (such as ≥1.2 mm), the fret-
ting of the X-ring runs in the gross slip region, and the fretting cycle starts at 0.5 T with a 
period of 1 T. 

4.2. Effect of Fretting Amplitude 
Af directly affects the fretting region of the rubber ring. With the increase of Af, the 

fretting of rubber O-ring runs in the sticking region, the mixed slip region, and the gross 
slip region successively [18]. This section will further verify whether this rule also applies 
to X-ring. In addition, as described in the previous section, when the Af is 1.2 mm, the 
fretting cycle starts from 0.5 T. Whether there is a similar rule when the Af is more minor 
will be discussed in this section. The influence of Af on the fretting characteristics of X-
ring will be explored in this section. The Cf is 0.05, the Ph is 35 MPa, and the Rp is 10%. 

Figure 6 manifests the relationship between the peak Mises stress of the X-ring and 
Af during 1–2 T. The peak Mises stress of 1 T and 2 T is always equal, verifying the recip-
rocating periodicity of the X-ring fretting seal with a period of 1 T. Furthermore, when the 
Af increases from 0.1 mm to 0.4 mm, the peak Mises stress of 1 T, 1.25 T, and 2 T increases 
sharply, and the peak Mises stress of 1.5 T and 1.75 T increases slightly, representing that 
the fretting runs in the sticking region. When the Af increases from 0.4 mm to 1.2 mm, the 
peak Mises stress at all locations increases slowly, denoting that the fretting runs in the 
mixed slip region. When the Af increases from 1.2 mm to 2 mm, the peak Mises stress at 
all locations does not change, indicating that fretting runs in the gross slip region. It can 
be concluded that the critical fretting displacement of the X-ring running into the mixed 
slip region is 0.4 mm, and that of the X-ring running into the gross slip region is 1.2 mm. 
Moreover, the peak Mises stress of the X-ring running in the gross slip region is equal at 
1 T, 1.25 T, and 2 T, and at 1.5 T and 1.75 T. This rule is in complete agreement with the 
peak Mises stress variation rule in Section 4.1. 
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Figure 6. Relationship between peak Mises stress and Af during 1–2 T. 

When the fretting displacement is less than 0.4 mm, the fretting runs in the sticking 
region. To further clarify the influence of Af on the fretting characteristics of the X-ring, it 
is urgent to compare the fretting periodicity of the X-ring running in the sticking and gross 
slip regions. The X-ring’s change of the peak contact pressure and the peak Mises stress 
(collectively referred to as “peak stress”) during 0–3 T are investigated when Af is 0.2 mm, 
as shown in Figure 7. At 0.75 T, the peak stress of the X-ring begins to change periodically 
with a period of 1 T. During each fretting period, taking 0.75–1.75 T as an example, the 
peak stress values of adjacent locations are different, which further verifies that the X-ring 
runs in the sticking region when the Af is 0.2 mm. 

 
Figure 7. The peak contact pressure and peak Mises stress changes during 0–3 T (Af = 0.2 mm). 

Additionally, Figure 8 reflects the change in the peak stress of the X-ring during 0–3 
T when Af is 1.2 mm. At 0.5 T, the peak stress of the X-ring begins to change periodically 
with a period of 1 T. During each fretting period, taking 0.5–1.5 T as an example, the peak 
stress of 0.5 T is equal to 0.75 T. During 0.75–1 T, the peak stress increases significantly. 
The peak stress of 1.25 T equals that of 1 T. During 1.25–1.5 T, the peak stress decreases 
substantially. Eventually, the peak stress of 1.5 T equals the peak stress of 0.5 T. These 
rules are entirely consistent with the peak Mises stress variation rule in Section 4.1. 
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Figure 8. The peak contact pressure and peak Mises stress changes during 0–3 T (Af = 1.2 mm). 

In conclusion, when the Af increases from 0 mm to 2 mm, the fretting of the X-ring 
runs in the sticking region, the mixed slip region, and the gross slip region successively. 
The critical fretting displacements into the mixed slip region and the gross slip region for 
the inward and outward strokes are all the same, 0.4 mm and 1.2 mm, respectively. The 
larger the Af is within a specific range, the earlier the X-ring enters the fretting cycle. The 
fretting period of the X-ring is not affected by the Af and always remains 1 T. 

4.3. Effect of Friction Coefficient 
The Cf directly affects the contact surface friction between the X-ring and cover. As 

the Cf increases, so does the friction, which in turn aggravates the surface damage of the 
X-ring, thus worsening the fretting performance of the X-ring and reducing the service life 
of the combined seal structure. The influence of Cf on the fretting characteristics of X-ring 
will be investigated in this section. The Af is 1.2 mm, the Ph is 35 MPa, and the Rp is 10%. 

Figure 9 demonstrates the relationship between the peak contact pressure of the X-
ring and Cf during 1–2 T. When the Cf increases from 0.03 to 0.07, the peak contact pressure 
of 1 T, 1.25 T, and 2 T increases significantly. In comparison, the peak contact pressure of 
1.5 T and 1.75 T decreases substantially. The main reason is that during 1–1.25 T and 1.75–
2 T, the friction of the cover on the X-ring is along −y. Furthermore, the Ph is always along 
−y, and its value remains constant. As the Cf increases, friction increases, increasing the 
net force exerted on the X-ring along −y. Consequently, the squeezing effect along −y on 
the X-ring is enhanced, so the peak contact pressure of 1 T, 1.25 T, and 2 T increases. Dur-
ing 1.25–1.75 T, the friction of the cover on the X-ring is along +y. When the Cf increases, 
the friction increases, decreasing the net force exerted on the X-ring along −y. Conse-
quently, the squeezing effect along −y on the X-ring is weakened, so the peak contact pres-
sure of 1.5 T and 1.75 T decreases. Besides, when the Cf is 0.06, the peak contact pressure 
of 1.25 T is slightly greater than 1 T, and that of 1.75 T is slightly less than 1.5 T. When the 
Cf is 0.07, the peak contact pressure of 1.25 T is significantly greater than 1 T, and that of 
1.75 T is substantially less than 1.5 T. This result implies that changes in the Cf may alter 
the fretting running region of the X-ring. Specifically, the critical fretting displacement of 
the X-ring running into the gross slip region increases with the increase of Cf. 
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Figure 9. Relationship between peak contact pressure and Cf during 1–2 T. (a) Schematic diagram 
of the forces on the X-ring during 1–1.25 T and 1.75–2 T; (b) Schematic diagram of the forces on the 
X-ring during 1.25–1.75 T. 

Figure 10 reflects the relationship between the peak Mises stress of X-ring and Cf 
during 1–2 T. When the Cf increases from 0.03 to 0.07, the peak Mises stress increases at 
most locations. Therefore, the peak Mises stress of the X-ring could be reduced by decreas-
ing the Cf appropriately, thus reducing the possibility of failure due to crack or elasticity 
loss. 

 
Figure 10. Relationship between peak Mises stress and Cf during 1–2 T. (a) Mises stress diagram of 
X-ring at 1.25 T when Cf is 0.03; (b) Mises stress diagram of X-ring at 1.25 T when Cf is 0.05; (c) Mises 
stress diagram of X-ring at 1.25 T when Cf is 0.07. 

As the O-ring also has a reciprocating periodicity of fretting [18], the minimum (Min) 
peak contact pressure, as well as the maximum (Max) peak Mises stress of the X-ring and 
O-ring during 1–2 T, can be used as the primary basis for determining the similarities and 
differences in the fretting characteristics of these two types of rubber rings. Figure 11 
shows the Min peak contact pressure and Max peak Mises stress of X-ring and O-ring at 
various Cf during 1–2 T. When the Cf increases from 0.03 to 0.06, the decreasing trend in 
the Min peak contact pressure of the X-ring is more significant than that of the O-ring. The 
Min peak contact pressure of the X-ring is always higher than that of the O-ring. These 
imply that the fretting sealing characteristics of the X-ring are more excellent than those 
of the O-ring. When the Cf is 0.07, the Min peak contact pressure of the X-ring is slightly 
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lower than that of the O-ring, which can be inferred that the O-ring may have better fret-
ting sealing characteristics in a higher Cf. In addition, the increasing trend of the Max peak 
Mises stress of the X-ring is weaker than that of the O-ring. The Max peak Mises stress of 
the X-ring is always lower than that of the O-ring. These signify that crack or elasticity 
loss inside the X-ring is less likely to occur. 

 
Figure 11. Min peak contact pressure and Max peak Mises stress of X-ring and O-ring at various Cf 
during 1–2 T. 

To sum up, during 1–2 T, when the Cf increases from 0.03 to 0.07, the peak contact 
pressure at 1.25 T increases substantially and is always the Max. In comparison, that at 
1.75 T decreases significantly and is always the Min, which means that the hydrogen leak 
is more likely to occur at the limit location of the outward stroke. Moreover, the peak 
Mises stress increases at most locations. Thus, the Cf should be controlled at a smaller 
value. Additionally, the fretting characteristics of the X-ring are generally better than 
those of the O-ring when Cf is in the range of 0.03–0.07. 

4.4. Effect of Hydrogen Pressure 
In practical applications, the rubber X-ring directly interacts with high-pressure hy-

drogen gas. With the increase of Ph, the effect of hydrogen swelling on rubber X-ring be-
comes more significant, thus affecting the fretting characteristics of the X-ring. Therefore, 
the fretting characteristics of the X-ring are closely related to Ph. The effect of Ph on the 
fretting characteristics of the X-ring will be explored in this section. The Af is 1.2 mm, the 
Cf is 0.05, and the Rp is 10%. 

Figure 12 displays the relationship between the peak contact pressure of the X-ring 
and Ph during 1–2 T. When the Ph increases from 25 MPa to 45 MPa, the peak contact 
pressure increases at all locations. Specifically speaking, the five curves are almost parallel 
to each other with equal spacing, indicating that the X-ring’s peak contact pressure in-
creases linearly with increasing Ph, and the direct proportionality coefficient is approxi-
mately equal to 1. It signifies that the difference between the peak contact pressure and Ph 
does not vary with Ph. For example, when Ph is 30 MPa, the difference between the two 
pressure is 4.0544 MPa at 1.5 T. When Ph is 35 MPa, the difference between the two pres-
sure is 3.9161 MPa at 1.25 T. These two numbers are very close. As a consequence, if the 
fretting sealing performance of the X-ring is evaluated only from the difference between 
the peak contact pressure and Ph, it can be considered that the fretting sealing performance 
of these five groups of X-rings is similar under 25–45 MPa. In addition, the peak contact 
pressure at 1.75 T is always minimal, representing that hydrogen leakage is most likely to 
occur at the limit location of the outward stroke. 
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Figure 12. Relationship between peak contact pressure and Ph during 1–2 T. 

Figure 13 exhibits the relationship between the peak Mises stress of X-ring and Ph 
during 1–2 T. When the Ph increases from 25 MPa to 45 MPa, the peak Mises stress in-
creases at most locations. It suggests that high-pressure hydrogen intensifies the possibil-
ity of crack or elasticity loss in the X-ring. In particular, the peak Mises stress at 1.5 T and 
1.75 T of the X-ring is close to coincidence when Ph is 25 MPa and 30 MPa, respectively. 
Because at lower Ph values, the degree of swelling due to dissolved hydrogen of the X-
ring is diminished, thus weakening the effect of hydrogen pressure on the Mises stress of 
the X-ring. 

 
Figure 13. Relationship between peak Mises stress and Ph during 1–2 T. 

Figure 14 manifests the Min peak contact pressure and Max peak Mises stress of X-
ring and O-ring at various Ph during 1–2 T. When the Ph increases from 15 MPa to 35 MPa, 
the linear increase in the Min peak contact pressure of the X-ring is similar to that of the 
O-ring. When the Ph is 25 MPa, the Min peak contact pressure of the X-ring and O-ring is 
equal. These results mean that the fretting sealing characteristics of the X-ring and O-ring 
are similar under 15–35 MPa. Additionally, at lower pressures (such as 15 MPa), the Max 
peak Mises stress of the X-ring is similar to that of the O-ring. In comparison, at higher 
pressures (such as 35 MPa), the Max peak Mises stress of the O-ring is much greater than 
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that of the X-ring. It implies that the failure behavior of forming cracks or elasticity loss 
inside the O-ring is more likely to occur under high-pressure conditions. 

 
Figure 14. Min peak contact pressure and max peak Mises stress of X-ring and O-ring during 1–2 T 
in various Ph. 

On balance, during 1–2 T, when Ph is in the range of 25–45 MPa, the peak contact 
pressure of the X-ring increases linearly with the rise in Ph, and the direct proportionality 
coefficient is approximately equal to 1. The X-ring is more susceptible to crack or elasticity 
loss under a higher Ph, such as 45 MPa. The effect of Ph on the peak Mises stress decreases 
when Ph is lower, such as 25 MPa. Furthermore, when the Ph is in the range of 15–35 MPa, 
the fretting characteristics of the X-ring are slightly superior to those of the O-ring. 

4.5. Effect of Pre-Compression Ratio 
Pre-compression is necessary to ensure the sealing function of the combined seal 

structure. Choosing an appropriate Rp can effectively improve the fretting characteristics 
of the rubber ring. Generally speaking, the Rp of the rubber ring in the static seal is between 
10% and 20%, and the Rp allowed in the fretting seal is slightly lower than that in the static 
seal. Rp’s influence on the X-ring’s fretting characteristics will be investigated in this sec-
tion. The Af is 1.2 mm, the Cf is 0.05, and the Ph is 35 MPa. 

Figure 15 shows the relationship between the peak contact pressure of the X-ring and 
Rp during 1–2 T. As the Rp increases from 10% to 14%, the peak contact pressure increases 
at all locations. The peak contact pressure at 1 T, 1.25 T, and 2 T increases substantially, 
while at 1.5 T and 1.75 T increases slightly. This indicates that increasing the Rp can effec-
tively improve the fretting sealing performance of the X-ring, especially during the inward 
stroke. Additionally, the peak contact pressure at 1.75 T is always minimal, denoting that 
hydrogen leakage is most likely to occur at the limit location of the outward stroke. Rp 
andPh’s effect on the X-ring’s fretting sealing characteristics is similar. 
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Figure 15. The relationship between peak contact pressure and Rp during 1–2 T. 

Figure 16 demonstrates the relationship between the peak Mises stress of the X-ring 
and Rp during 1–2 T. The peak Mises stress of 1 T, 1.25 T, and 2 T decrease slightly, while 
the peak Mises stress of 1.5 T and 1.75 T increases significantly when the Rp increases from 
10% to 14%. It implies that decreasing Rp can effectively reduce the possibility of crack or 
elasticity loss in the X-ring at the limit location of the outward stroke. 

 
Figure 16. The relationship between peak Mises stress and Rp during 1–2 T. 

Figure 17 displays the Min peak contact pressure and Max peak Mises stress for X-
ring and O-ring at various Rp during 1–2 T. When the Rp increases from 10% to 14%, the 
increasing trend of the Min peak contact pressure of the X-ring is similar to that of the O-
ring. The Min peak contact pressure of the X-ring is always higher than that of the O-ring, 
signifying that the fretting sealing characteristics of the X-ring are superior to those of the 
O-ring. In addition, the decreasing trend of Max peak Mises stress of the X-ring is similar 
to that of the O-ring. The Max peak Mises stress of the X-ring is always lower than that of 
the O-ring, indicating that crack or elasticity loss inside the X-ring is less likely to occur. 
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Figure 17. Min peak contact pressure and max peak Mises stress of X-ring and O-ring during 1–2 T 
in various Rp. 

To summarize, during 1–2 T, when the Rp is in the range of 10–14%, the peak contact 
pressure of the X-ring increases with the Rp, thus improving the fretting sealing charac-
teristics. Furthermore, the X-ring’s peak Mises stress at the outward stroke’s limit location 
increases with Rp, aggravating the degree of crack or elasticity loss. Besides, with Rp in 10–
14%, the X-ring has better fretting characteristics than the O-ring. 

5. Conclusions 
In this paper, a numerical model is proposed to study the fretting behavior of the 

rubber X-ring in a high-pressure hydrogen environment by incorporating the influence of 
swelling induced by the solute hydrogen. Further investigation discloses the stress distri-
bution of the fretting seal and the influence of various factors (Af, Cf, Ph, and Rp) on the 
fretting characteristics of the X-ring. Moreover, the similarities and differences in the fret-
ting characteristics of the X-ring and O-ring are also summarized. Overall, the following 
conclusions can be drawn: 
(1) It is found that the contact surface of the X-ring and cover has two segments of con-

tinuous node elements with contact pressure higher than Ph during 0-2 T, indicating 
the X-ring can play a fretting sealing role in the seal component. The Mises stress is 
asymmetrically distributed during the fretting with a cyclic period of 1 T. The stress 
concentration zone’s evolution inside the X-ring is closely related to the cover’s drag 
direction and the wedge-ring’s blocking effect. 

(2) As the Af increases from 0 mm to 2 mm, the fretting of the X-ring runs sequentially 
in the sticking region, the mixed slip region, and the gross slip region. The critical 
fretting displacements of the X-ring running into the mixed slip region and the gross 
slip region are 0.4 mm and 1.2 mm, respectively. Within certain limits, the X-ring’s 
location starting to enter the fretting cycle advances as the Af increases, and the fret-
ting period remains constant. 

(3) In a specific range, the peak contact pressure of the X-ring could be enhanced with 
the increase of the Ph and Rp, leading to the better fretting sealing performance of the 
combined seal structure. Compared with the inward stroke, the hydrogen leak is 
more likely to occur on the outward stroke during X-ring fretting. Meanwhile, with 
the increase of the Cf and Ph, the peak Mises stress of the X-ring increases considera-
bly, exacerbating the possibility of failure due to crack or elasticity loss. 

(4) The similarities and differences in the effect of Cf, Ph, and Rp on the fretting behavior 
of these two types of rubber rings show that rubber X-ring has better fretting charac-
teristics than rubber O-ring. This result implies that the X-ring may be an alternative 
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to the O-ring in high-pressure hydrogen storage systems’ static and fretting seal 
structure. 
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