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Abstract: The sealing performance of metal seals in all-metal angle valves significantly
affects their reliability and the safety of the entire fluid system. This study investigates
a DN40 all-metal angle valve, analyzing the contact characteristics between the sealing
ring and valve head cone surface, focusing on microscopic surface morphology. Finite
element analysis and laboratory experiments were conducted on sealing rings with surface
roughness values of 1.6 um, 0.4 um, and 0.2 um. Additionally, leakage rates were measured
experimentally to verify the model’s accuracy. The results show that reducing surface
roughness to 0.2 pm lowers the valve’s leakage rate to 1.28 x 10~11 Pa-m3/s, meeting
ultra-high vacuum requirements. Compared to 0.4 pm, the leakage rate of 0.2 pm was
reduced by 45.9%. The sealing performance of the 1.6 um metal sealing ring was relatively
poor and failed to meet ultra-high vacuum requirements. These findings align well with
theoretical predictions. Further analysis revealed that lower surface roughness increases
the effective contact area between the sealing ring and valve head cone, reducing leakage
and improving overall sealing efficiency. These results suggest that optimizing surface
roughness in sealing ring design can enhance valve performance, improving reliability and
efficiency in industrial applications, particularly in vacuum systems and high-performance
fluid control.

Keywords: elastic metal sealing; surface roughness; finite element analysis; leakage rate;
sealing performance

1. Introduction

The angle valve, as a common fluid control device, plays a crucial role in industrial
production and fluid pipeline systems. It is sealing performance that directly determines the
operational efficiency and safety of the system. With their sealing structure, metal sealing
rings have become one of the most widely used sealing materials due to their superior
sealing performance, as well as notable features such as high temperature resistance and
corrosion resistance [1,2]. These characteristics make them highly favored in applications
involving high temperatures, high pressures, and corrosive media. However, despite the
widespread use of metal sealing rings in angle valves, their leakage characteristics still
present certain challenges. Leakage issues not only have the potential to cause energy waste
and environmental pollution but may also lead to safety accidents, posing significant risks
to the operation of the system [3]. Therefore, in-depth research on the leakage characteristics
of metal sealing rings in angle valves is of significant importance not only for improving
sealing designs and enhancing system efficiency but also for increasing the overall safety
of the system [4,5].
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Metal sealing rings are commonly classified into various types, including C-rings,
O-rings, B-rings, and W-rings, based on their cross-sectional configurations [6]. Each type
exhibits distinct properties and performance characteristics due to the inherent differences
in their geometrical design [7]. In the performance of sealing elements and optimization of
metal sealing structures, Kim et al. [8] employed a real-coded genetic algorithm to optimize
the design of O-ring seals, aiming to improve their elastic recovery. The performance of
these optimized seals was validated through experimental testing, demonstrating enhanced
sealing efficiency. Similarly, Gao et al. [9] developed a set of deformation coordination
equations for B-ring seals, identifying key factors that significantly influence their sealing
capabilities. Cheng et al. [10] utilized finite element analysis to simulate the mechanical
behavior of combined sealing rings under varying load conditions, further exploring
how structural parameters affect their overall sealing performance. Y. S. Lee et al. [11]
optimized the O-ring structure using a modified genetic algorithm (RCGA) to improve
stress distribution and compression-rebound characteristics. Yan Hui [12] identified sealing
gap height as a key factor affecting the leakage characteristics of O-rings and proposed
a leakage model based on the parallel plate formula. Blanton et al. [13] analyzed the
impact of parameters such as medium pressure and temperature on the leakage of silver-
plated spring C-type sealing rings. Tsujikawa H et al. [14] tested the leakage of C-type
seals with different coating materials, finding that WC-Co-coated C-type seals exhibited
excellent sealing performance. A leakage rate calculation model and thermo-mechanical
coupling analysis were used to assess the failure probability of the sealing ring and perform
parameter sensitivity analysis. Huang et al. [15] investigated an improved O-ring with a
metal core and analyzed its sealing performance under high-pressure conditions. The study
found that the reinforced O-ring experienced less deformation under pressure, leading
to improved sealing performance. El Bahloul et al. [16] utilized finite element analysis
(FEA) to investigate the impact of external loads on sealing performance and calculated the
variations in contact stress and equivalent stress. The findings provide valuable insights
for the design of sealing rings and composite sealing structures.

A large number of studies have shown that the leakage rate is influenced by various
factors such as contact stress, contact area, contact width, and surface morphology between
the contact surfaces. Gu et al. [17] examined the influence of surface roughness and
wettability on the leakage rate of static seals. The study revealed that an increase in
contact pressure leads to a reduction in leakage rate, while an increase in surface roughness
results in a higher leakage rate. Wu et al. [18] analyzed the effect of the microscopic
morphology of metal sealing contact surfaces on leakage rate. The results indicated that
as surface roughness increases, the leakage rate follows an exponential growth trend. Dai
et al. [19] investigated the effect of surface texture (grinding direction) on leakage and
found that grinding marks parallel to the leakage direction increase the leakage rate, while
grinding marks perpendicular to the leakage direction reduce leakage. Nurhadiyanto and
Gong [20,21] used contact stress as an important parameter for evaluating leakage rates in
gasket optimization design. Persson et al. analyzed how the microscopic actual contact area
changes with variations in sliding velocity and nominal contact pressure, predicting that in
most cases, the contact area is linearly related to the load [22,23]. They also investigated
the effect of contact stress on the leakage behavior of metal sealing rings [24]. Additionally,
Haruyama et al. explored the relationship between contact width and leakage rate, finding
that an increase in contact width significantly reduces the leakage rate [25].

Existing studies on metal sealing performance primarily focus on structural opti-
mization, material properties, and the influence of surface morphology on leakage rates.
While efforts have been made to optimize sealing parameters and analyze contact pressure
distribution and elastic recovery, research remains largely constrained to macroscopic
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assessments, overlooking the role of microscopic surface contact deformation. Moreover,
the evolution of equivalent stress distribution, contact stress variations, and real contact
area under different operating conditions remains inadequately explored, necessitating
further investigation.

To address these gaps, this study integrates theoretical modeling, finite element analy-
sis (FEA), and experimental validation to systematically examine metal sealing mechanisms.
The key objectives include: (1) developing an analytical model incorporating microscopic
contact mechanics to quantify surface roughness effects; (2) employing FEA to assess the
evolution of stress distribution and real contact area under varying roughness conditions;
and (3) designing a sealing performance testing apparatus to evaluate mechanical and
leakage characteristics under applied loads. By correlating experimental findings with
numerical simulations, this study aims to elucidate the role of microscopic surface features
in sealing efficiency and provide a theoretical foundation for optimizing sealing design and
reliability in engineering applications.

2. Mechanism Analysis of Metal Seal Ring Sealing and Finite Element
Model Development

2.1. Mechanism Analysis of Metal Seal Ring Sealing

The metal sealing ring studied in this paper is a key component in the ultra-high vac-
uum angle valve. Its sealing structure, as shown in Figure 1, consists of major components
such as the valve head, O-ring, and valve body. The specific structural parameters of the
metal sealing ring are listed in Table 1. This sealing structure successfully converts and
amplifies the radial force and the normal force acting on the conical surface through a
carefully designed conical geometry, thus significantly enhancing the sealing performance
efficiency and reliability under relatively low axial load conditions.

Valve head

Valve body

9

Figure 1. Structural diagram of the metal sealing ring.



Processes 2025, 13, 968 4 of 21

Table 1. Structural parameters of the metal sealing ring.

Structural Parameters Parameter Values Units

Valve head half apex angle « 11.15 °
Inner diameter of the sealing ring d, 371 mm
Outer diameter of the sealing ring d, 41.1 mm
Arcradius r 1 mm
Plane height h 0.65 mm
Plane width g 1.1 mm

Chamfer angle 6 132.9 °

The sealing ring adopts a line-contact sealing design with double arc surfaces and
double conical surfaces. This design forms a reliable sealing performance through the
extrusion effect. The line contact between the double conical and double arc surfaces
ensures good conformity at the sealing position. However, in practical applications, due to
the elastic—plastic deformation of the material, line contact often cannot form a continuous
contact surface at the sealing position. Under the action of axial compression, the sealing
contact area undergoes plastic deformation, forming an annular closure sealing band with
a certain width. The existence of this sealing band ensures effective sealing functionality
and plays a crucial role in the stability and durability of the sealing performance.

2.2. Development of the Integrated Sealing Model

The material of the O-ring metal seal used in this study is the deformed high-
temperature alloy GH4169. The material properties [26] were obtained from relevant
literature, as listed in Table 2. In the annealed state, the hardness is 200-220 HB, and in
the age-hardened state, it ranges from 300-350 HB. The elongation is between 30 and 40%.
The main composition consists of nickel (50-55%), chromium (17-21%), and molybdenum
(2.8-3.3%). GH4169 possesses excellent high-temperature strength, oxidation resistance,
and ductility, making it widely used in aerospace and other high-performance applications.

Table 2. Basic mechanical properties of GH4169.

Temperature T/K  Tensile Strength o,/MPa Yield Strength o,/MPa Elastic Modulus E/GPa
293 1465 1265 203

2.2.1. Contact Pair Setup

The analytical model in this paper takes the inclined conical surfaces of the valve head
and conical hole as the primary contact surfaces, and the arc surface of the sealing ring
is set as the contact surface, ensuring that the mechanical behavior of key areas can be
accurately simulated and analyzed. In this study, a friction coefficient of 0.15 is selected,
and the contact model algorithm employs an enhanced Lagrangian method. The choice
of this friction coefficient is based on the research presented in reference [27], where this
setting was applied to simulate the sealing performance of the GH4169 sealing ring. This
value has been widely used in similar finite element analysis models to simulate the sealing
contact behavior.

2.2.2. Model Simplification and Structured Mesh Division

Given the symmetry of the model in terms of structural design, load distribution, and
boundary conditions about the centerline axis, a 2D planar sealing model was constructed
using the Design Modeler module to optimize computational resources and improve the
convergence efficiency of the solution. The geometric behavior was set to an axisymmetric
form to achieve simplified modeling and efficient computation. While a full 3D analysis



Processes 2025, 13, 968

50f21

(@)

would provide a more detailed representation, the computational resources required for
such an analysis would result in excessive computation times, exceeding the capacity of
the available equipment and the project’s time constraints. The 2D axisymmetric model
was deemed sulfficient, as it accurately captured the primary mechanical characteristics of
the sealing ring under actual operating conditions. Comparative tests with 3D analysis
showed that the error in stress values was within an acceptable range of +0.2%. Therefore,
the 2D axisymmetric model was chosen for this study, balancing computational efficiency
with the need for accuracy.

When determining the mesh size of the model, a sensitivity analysis needs to be
performed initially [28]. Since this study primarily focuses on analyzing the stress dis-
tribution of the metal sealing ring, and considering that the sealing ring has relatively
small dimensions with a complex stress state, a finer mesh is required to accurately capture
the mechanical behavior. Due to the intricate stress distribution within the sealing ring,
insufficient mesh refinement may result in significant local stress variations, affecting the
accuracy of the simulation results. Therefore, an appropriate mesh density must be ensured
to balance computational efficiency and result accuracy.

Based on the actual dimensions of the model and engineering experience, the initial
mesh sizes for the valve head, conical hole, and sealing ring are set to 0.3 mm, 0.3 mm, and
0.15 mm, respectively. After applying the constraints and loads, the first finite element
calculation is performed, and the maximum equivalent stress (von Mises) on the contact
surface is recorded. Subsequently, the mesh size is gradually reduced by a certain pro-
portion (each time reducing by 1/8 of the original size), and the finite element calculation
is repeated, recording the maximum equivalent stress for each iteration. To ensure the
reliability of the results, the convergence criterion is set such that when the variation in the
maximum equivalent stress between two consecutive iterations falls below 3%, the mesh
is considered sufficiently refined. The smaller mesh size obtained under this criterion is
selected as the final mesh size for subsequent simulation calculations.

Based on the sensitivity analysis above, the final mesh sizes for the cone tip, cone
hole, and sealing ring were determined to be 0.1 mm, 0.1 mm, and 0.05 mm, respectively.
Additionally, to improve the accuracy of the computational results, a threefold mesh
refinement was applied to the beveled and curved edges in the structural contact region,
enabling point-to-point contact. This refinement was aimed at constructing a reasonable
two-dimensional finite element mesh structure. The mesh division for the local region is
shown in Figure 2.

Metal sealing ring

Valve body conical
surface

Valve head conical surface
L]
I—» X
0.000 5.000 10.000 (mm)
I
2.500 7.500

Figure 2. Cont.
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Figure 2. Finite element simulation mesh model: (a) overall mesh model; (b) local mesh model.

Due to the potential for local yielding of the sealing ring during operation, the sealing
structure typically relies on localized plastic deformation to achieve effective sealing. There-
fore, the contact stress of the overall structure becomes a critical parameter in determining
the sealing performance.

2.2.3. Boundary Conditions

Considering the structural and loading symmetry about the central axis, the following
symmetric boundary conditions are applied to the model: a fixed constraint is applied to
the bottom edge of the tapered hole, as shown in the blue section of Figure 2a; the left
edge of the valve head is constrained in all degrees of freedom except for displacement in
the Y direction, as indicated by the green section of Figure 2a; and the cross-section of the
sealing ring is constrained in the Z-direction displacement and in the rotational degrees
of freedom about the X and Y axes, as represented by the gray mesh section in Figure 2b.
Additionally, a displacement load is applied to the upper side of the valve head, shown in
red in Figure 2a, to simulate the downward motion of the tapered valve stem during the
vacuum valve’s actual closing process.

According to the pressure test experiment on the same DN40 all-metal angle valve
reported in reference [29], the tapered head is subjected to a vertical downward load of
2.2 MPa when the valve is closed. Considering potential plastic deformation in the sealing
contact region, the Large Deflection function is enabled for analysis.

3. Simulation of Microscopic Surface Topography and Development of a
Preloading Model

3.1. Fractal Theoretical Analysis for the Construction of a Three-Dimensional Rough Surface Model

The components, when considered as a whole and resembling a specific geometric
form, are referred to as fractals. This fractal characteristic is of significant importance when
describing complex surface topographies. The rough peaks on the surface of metal sealing
rings typically follow a Gaussian distribution, and the microscopic rough surface exhibits
prominent self-affine characteristics. A self-affine surface refers to a surface whose statistical
properties remain invariant under a scale transformation, meaning that the surface exhibits
the same roughness at different scales, but the magnitude of roughness varies with the
scale of observation. These self-affine features make it challenging for traditional simple
geometric models to accurately represent the surface morphology. The introduction of the
multivariable Weierstrass-Mandelbrot (W-M) model effectively overcomes this limitation.
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By incorporating complex mathematical descriptions, the W-M model offers a more accurate
representation of rough surfaces, capturing the microscopic features of three-dimensional
rough surfaces with greater precision.

When characterizing the three-dimensional rough surface morphology, the modified
two-variable Weierstrass—-Mandelbrot (W-M) function can be used. This function effectively
simulates the self-affine characteristics of three-dimensional rough surfaces, making it
an important tool for studying complex rough surface topography. The mathematical
expression of the W-M function is as follows [30,31]:

W max
z(x,y) = L(G/L)>*2(Ins/W)Y/2. ¥ ”z §(Ps=3)1. {08 O,y — "
m=1 n=0

cos{ZmS” (22 + y2)1/2/L- coslarctan(y/x) — tm /W] + Opn}}

In Equation (1), z(x,y) represents the random surface height; L is the total length
of the sample; G is the scale factor for the response height; D; is the fractal dimension,
with a range of 2 to 3; ¢ is the scaling factor for frequency density; W represents the
number of frequency wave superimpositions; #imax is the maximum value of 7, defined
as Nmax = int[log(L/Ls)/logd]; Ls is the minimum identifiable length, which is taken as
1 x 107° m; and Om,n is the parameter term that introduces randomness.

The morphological characteristics of the simulated rough surface determine the fractal
dimension Ds and scale factor G, which characterize the fractal properties of the rough
surface. These parameters serve as key indicators for describing surface features, reflecting
geometric complexity and height variation patterns while remaining unaffected by changes
in resolution. Therefore, by establishing a geometric leakage model based on fractal
characteristics, determining the corresponding fractal dimension D; and scale coefficient
G under different roughness conditions allows the geometric model to more accurately
simulate the actual rough surface morphology.

As shown in Figure 3, the relationship curves between the surface roughness, frac-
tal dimension, and scale coefficient at a specific cross-section are presented. The figure
indicates a certain correlation between the surface roughness, fractal dimension D, and
scale coefficient G [32,33]. When the scale coefficient G is fixed, an increase in the fractal
dimension D; leads to a decreasing trend in surface roughness, which gradually stabilizes.
Conversely, when the fractal dimension D; is fixed, an increase in the scale coefficient G
initially causes a rapid rise in surface roughness, followed by a gradual deceleration in
the growth rate. Therefore, by appropriately setting the specific values of Ds and G, point
cloud data corresponding to different roughness levels can be generated to meet specific
research needs.

3.2. Surface Observation Experiment of Sealing Ring Specimens

To ensure the scientific rigor and reliability of this study, as well as the accuracy of
the simulation results, a surface morphology observation experiment was conducted to
examine the surface characteristics of three metal sealing rings with different roughness
levels. As shown in Figure 4, the three metal sealing rings used in the microscopic surface
morphology simulations are displayed from left to right as Specimen 1, Specimen 2, and
Specimen 3. These specimens were analyzed to investigate the effects of surface roughness
on sealing performance.
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Surface Roughness /(pum)
Surface roughness/(um)
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Fractal Dimension Height coefficient/(m)
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Figure 3. Relationship between fractal dimension, scale coefficient, and surface roughness.
(a) Relationship between fractal dimension and surface roughness. (b) Relationship between scale
coefficient and surface roughness.

Sample 1 Sample 2 Sample 3

/

20 mm

Figure 4. Metal sealing ring samples with three different surface topographies.

As shown in Figure 5, the experimental procedure for observing the surface mor-
phology of Specimen 1 using a VR-3000 machine vision three-dimensional profilometry
system is presented. This system accurately measures and records the surface roughness
characteristics of the metal sealing rings. The purple-red area in the figure represents the
portion selected from the scanned region of the specimen that is suitable for analysis using
the surface morphology analysis system. The analysis is then conducted, and relevant
information regarding the surface morphology of the specimen is obtained.

Figure 5. Observation of surface topography using a 3D profiling system.

A three-dimensional profilometry system was employed to individually measure
the three sealing ring specimens, obtaining their corresponding scale coefficient, fractal
dimension, and surface roughness. The results are summarized in Table 3.
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Table 3. Experimental results of surface observation for sealing ring specimens.

Experimental Sample Ds G/m Ra/pm
Sample 1 (sealed) 24 5.1 x 10~ 1.6
Sample 2 (sealed) 2.42 2.15 x 10712 0.4
Sample 3 (sealed) 2.44 1.27 x 10712 0.2

3.3. Simulation of Rough Surface Point Cloud Dataset Based on Fractal Theory

To reduce computational complexity and improve computational efficiency, the con-
tact area between the sealing ring and the valve body was discretized into small elements
(20 um). Therefore, a planar surface morphology model was established, without consid-
ering the variation in the sealing ring’s rough surface along the circumference. Based on
the Weierstrass-Mandelbrot (W-M) function, a metal rough surface model was constructed
in MATLAB R2021b. By setting different surface roughness parameters, corresponding
three-dimensional rough surface models were generated, along with surface point cloud
data under various roughness conditions. As shown in Figure 6, the simulated surface
morphology of the contact area is presented for three different roughness levels.

7

1077

z/n

Figure 6. Surface topography simulation under different roughness conditions: (a) microscopic
surface simulation of Ra 1.6 um; (b) microscopic surface simulation of Ra 0.4 um; (c) microscopic
surface simulation of Ra 0.2 um.

The MATLAB simulation provides an intuitive visualization of surface morphology
variations under different roughness conditions. These simulation results provide fun-
damental data for investigating the influence of rough surface characteristics on sealing
performance. Additionally, the generated point cloud data can be directly applied to contact
mechanics analysis, laying a solid foundation for subsequent research.
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3.4. Surface Reconstruction Based on NURBS Modeling

Following Versprille’s Non-Uniform Rational B-Splines (NURBS) method, a modeling
approach based on NURBS was employed to reconstruct the rough surface of the metal
sealing ring. The mathematical formulation is given as follows [34]:

m n
Y X N; k(u) ( Y WijPij
i=0j=0
p(u’ v) m n (2)
L X Nik(u)Nji(u)wij
i=0j=0

where p(u,v) represents the surface height, p;; denotes the control vertices of the surface, and
m, n are the orders of the NURBS curves in the u and v parametric directions, respectively.
The indices [ =0,1,...,,mand j=0, 1, ..., n correspond to the control vertex weighting
factors. k and [ are the degrees of the NURBS curves in the u and v directions, while Nj x,,
and Nj ) represent the basis functions of the NURBS curves.

Based on the NURBS surface modeling approach, the point cloud data obtained from
experiments were imported into the 3D design software CATIA V5 to reconstruct the solid
rough surface model. This method accurately represents complex surface morphology,
ensuring high accuracy and realism in the model. As shown in Figure 7, the reconstructed
surface morphology of a metal sealing ring with a surface roughness of 1.6 pum is presented
using the point cloud dataset.

Figure 7. Simulation of surface reconstruction with a surface roughness of 1.6 um.

3.5. Development of a Preloading Model for Microscopic Contact Regions

Relative displacement, rough surface morphology, and microscopic contact area
are key indicators for characterizing contact behavior, playing a crucial role in evalu-
ating the sealing performance of metal sealing rings. Based on these indicators, this
study further explores the effect of surface roughness on sealing performance and its
engineering applications.

In practical engineering applications, the surface roughness of metal sealing rings is
typically significantly higher than that of the valve head taper. This roughness difference
allows for a simplified analysis of sealing performance. To reduce computational complex-
ity and improve efficiency in contact analysis, it is assumed that the sealing ring surface is
rough, while the valve head taper is an idealized rigid and smooth plane. Although this
assumption simplifies the actual surface conditions, practical applications have demon-
strated that it maintains computational accuracy while meeting engineering requirements,
thereby providing a reliable basis for the quantitative analysis of sealing performance.
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Further research focused on the geometric simplification of the rough sealing ring
surface to establish a preload model based on rough surface morphology. This model not
only provides an intuitive description of the compression and deformation behavior of the
rough surface under contact stress but also, through geometric simplifications, accurately
simulates the physical characteristics of asperities on the contact surface. The preload
model enables precise characterization of rough surface contact behavior, forming a robust
theoretical foundation for subsequent contact performance analysis.

Moreover, the preload model effectively transforms complex surface morphology into
representative geometric parameters, significantly simplifying the computation of contact
stress distribution. This approach is applicable to the performance evaluation of various
sealing structures and facilitates further optimization of sealing designs. This model enables
detailed analysis of stress distribution and deformation behavior of rough surfaces under
different loading conditions, providing insights into the influence mechanism of roughness
parameters on sealing performance. As shown in Figure 8, the finite element software
ABAQUS was used to simulate the deformation behavior of the microscopic surface under
applied loads.

Rigid smooth surface

S

2pum Metal micro-rough surface
[ simulated by CATIA

Figure 8. Micro-surface deformation simulation model under load.

In summary, considering the surface roughness of the sealing ring as the research
focus and establishing a preload model through geometric processing not only offers an
efficient computational approach for analyzing sealing performance but also helps address
practical challenges in evaluating sealing performance under complex operating conditions.
Future research can incorporate the elastic—plastic properties of different materials to further
optimize the model, enhancing its applicability to more complex engineering environments.

In this study, the finite element method (FEM) was employed for numerical simulation
analysis, with the contact load determined from the contact stress o, obtained in the
overall structural analysis. The contact process was precisely modeled and solved, yielding
displacement data for the deformed rough surface. These results provide critical support
for the study of surface deformation characteristics.

4. Analysis of Simulation Results

4.1. Finite Element Simulation Analysis of the Sealing Region in Metal Sealing Rings
4.1.1. Equivalent Stress

In Figure 9, the von Mises stress distribution of the sealing ring under different axial
loads applied to the valve head is presented. The results indicate that the equivalent stress
in the metal sealing ring is symmetrically distributed about its geometric center, providing
a basis for simplifying the subsequent contact stress and contact state analysis. Figure 9d
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illustrates the von Mises stress distribution when an axial load of 2.2 MPa is applied to the
valve head, revealing a maximum stress of 548.95 MPa in the contact region. Since this
value is lower than the yield strength of the material, the metal sealing ring undergoes
only elastic deformation under the given loading conditions. However, if the applied stress
exceeds the yield strength, plastic deformation will occur, leading to the accumulation
of irreversible deformations. This progressive plastic strain can compromise the sealing
integrity, ultimately resulting in sealing failure.

Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress

Unit: MPa
Time:2s

190.07 Max
169.15
148.23
127.31
10639
85473
64,554
43.635
22715
1.7961 Min

Unit: MPa
Time: 2 s

405.33 Max
360.77
31621
271.66

2271

182.54
13799

9343

48873
4.3169 Min

@) (b)

Type: Equivalent (von-Mises) Stress Type: Equivalent fvon-Mises) Stress

Unit: MPa
Time:2 s

479.19 Max
42653
37386

3212

263,54
21587
163.21
11055
57.882
5.2186 Min

Unit: MPa
Time:2 s

548.95 Max
438.63
428.32
363

307.63
247.37
187.05
12673
66417
6.1008 Min

() (d)

Figure 9. Von Mises stress distribution of the sealing ring at different axial loads. (a) Pressure load of
0.6 MPa (b) Pressure load of 1.4 MPa (c) Pressure load of 1.8 MPa (d) Pressure load of 2.2 MPa.

A comparison of equivalent stress distributions under different loading conditions
shows that the maximum stress consistently occurs in the contact region, while the overall
stress distribution remains similar. This phenomenon is attributed to the compression
of the sealing ring between the valve head and the valve seat. Moreover, the maximum
equivalent stress increases linearly with the axial load.

The black contour line in the figure represents the initial position of the metal sealing
ring. By comparing the initial and deformed positions, it is observed that the sealing
ring rotates counterclockwise around its contact point with the valve seat as the axial
load increases. Furthermore, the degree of counterclockwise rotation increases with the
axial load.

4.1.2. Contact Stress

Due to the symmetric stress distribution about the geometric center of the sealing ring
under loading, the contact stress analysis focuses only on the contact region between the
metal sealing ring and the valve head taper. This approach reduces computational resource
consumption and enhances numerical convergence.

Figure 10 presents the contact stress distribution of the sealing ring under different
axial loads, showing a gradient decrease from the peak at the center toward the edges. This
phenomenon occurs because the axial load applied to the valve head is concentrated within
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a narrow, closed annular contact band. By dividing the stress distribution into upper and
lower regions at the central peak, it is observed that the upper region is wider than the
lower region. This difference arises from the transition from line contact to surface contact
as the sealing ring undergoes counterclockwise rotational deformation. Additionally, the
slope of the stress gradient in the upper region is gentler than that in the lower region,
indicating that stress values are generally higher in the upper region. This further suggests
that the direction of compressive force also shifts counterclockwise during the rotational

deformation of the sealing ring.

Type: Pressure
Unit: MPa
Time:2 s

- 351.82 Max

31273
273.64
23455
195.46
15637
117.27
78.183
39.092
H 0 Min

Type: Pressure

Unit: MPa
Time:2 s

- 786.21 Max

69886
6115
52414
43679
349.43
26207
17471
87.357
= 0 Min

Type: Pressure
Unit: MPa
Time:2 s

667.79 Max
593.59
519.39
44519
37099
29679
2226
1484
74198
0 Min

(b)

@)

Type: Pressure
Unit: MPa
Time:2 s

886.24 Max
781.77
639.3
590.83
49236
39389
295.41

19694
98.472
T Min

(c) (d)

Figure 10. Contact stress distribution of the sealing ring under different axial loads. (a) Pressure load
of 0.6 MPa; (b) pressure load of 1.4 MPa; (c) pressure load of 1.8 MPa; (d) pressure load of 2.2 MPa.

Figure 10d shows the von Mises stress distribution when an axial load of 2.2 MPa is
applied, where the maximum stress in the contact region between the sealing ring and
the valve head taper reaches 886.24 MPa. Since the maximum stress of 886.24 MPa does
not exceed the yield strength of GH4169 (1265 MPa), the metal sealing ring remains in an
elastic deformation state, and its structural integrity will not be compromised.

4.1.3. Contact Area
Figure 11 illustrates the contact states between the sealing ring and the valve head taper

under different axial loads. Despite variations in the axial load applied to the valve head, the
contact state remains nearly identical. This is because, once contact is established between
the valve head taper and the sealing ring, the sealing ring undergoes counterclockwise
rotation around its contact point with the valve seat during loading. Consequently, the
arc surface of the sealing ring maintains line contact with the valve head taper. Due to the
material properties of the metal sealing ring, elastic deformation remains minimal, resulting
in negligible changes in the contact state and contact area as the axial load increases.
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Figure 11. Contact state between the sealing ring and the valve head taper under different axial loads.
(a) Pressure load of 0.6 MPa; (b) pressure load of 1.4 MPa; (c) pressure load of 1.8 MPa; (d) pressure
load of 2.2 MPa.

Figure 12 presents the variation curves of equivalent stress, contact stress, and contact
area under increasing axial loads at a temperature of 20 °C. The results indicate that both
equivalent stress and contact stress exhibit a distinct linear growth trend with increasing
axial load. This trend suggests that, within the design load range, the mechanical response
of the sealing ring remains highly linear, with contact stress variations primarily driven by
the increase in axial load.
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Figure 12. Variations in von Mises stress, contact stress, and contact area with axial load.

This phenomenon can be explained using contact mechanics principles. As the axial
load increases, the pressure on the sealing ring’s contact surface also rises, leading to a
linear increase in contact stress. Simultaneously, equivalent stress, as an indicator of the
overall structural stress state, also increases proportionally with the rise in contact stress.



Processes 2025, 13, 968

15 of 21

The observed linear relationship within the design load range suggests that the sealing ring
structure does not exhibit significant yielding or nonlinear deformation in this range.

The contact area plays a crucial role in determining leakage rates. Finite element
simulations were conducted to obtain the variation curve of contact area during loading.
The results show that, after initial contact is established between the metal sealing ring and
the valve head taper, the contact area remains nearly constant. This finding implies that,
when performing microscopic surface morphology simulations for the same type of sealing
ring, reconstructing the rough surface may be unnecessary, thereby simplifying leakage
rate calculations and improving computational efficiency.

4.2. Finite Element Simulation Analysis of Microscopic Preloading Model Results

The simulation results are shown in Figure 13. In the microscopic contact model, as
the contact stress increases, the conformity between the valve head and the sealing ring
surface gradually improves, significantly enhancing surface compression, which follows
a distinct trend of relative displacement variation. The contact analysis results indicate
that the relative displacement of the contact surface increases with increasing contact stress.
However, this growth trend gradually slows down, primarily due to changes in surface
roughness and load-bearing capacity during the contact process.

(d) (e) )

Figure 13. Deformation of rough surfaces under different loading conditions: (a) 1.6 um, 0 MPa;
(b) 1.6 um, 300 MPa; (c) 1.6 um, 600 MPa; (d) 1.6 um, 886 MPa; (e) 0.4 um, 886 MPa; (f) 0.2 um,
886 MPa.

At the initial stage of contact, due to the relatively high surface roughness of both
surfaces, the actual load-bearing area is primarily concentrated on a limited number of
sharp asperities. These asperities have extremely small contact areas due to their geometric
characteristics, resulting in relatively weak load-bearing capacity. As the contact stress
increases, the pressure is concentrated in these localized areas, leading to a highly non-
uniform stress distribution. This pressure concentration effect induces significant local
deformation of the asperities, causing a rapid increase in overall axial displacement during
the early stage.

This phenomenon can be explained from the perspective of contact mechanics: within
the limited contact area, the applied external force is concentrated on a small number
of roughness peaks, causing their contact stress to significantly exceed the material’s
yield strength, thereby resulting in plastic deformation or significant elastic deformation.
Meanwhile, other asperities that have not yet come into contact do not contribute to the
overall deformation, meaning that the initial displacement is mainly dominated by the
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severe deformation of a few asperities. This stage of displacement characteristics directly
reflects the initial influence of surface roughness on the contact interface.

As shown in Figure 14, which depicts the relative displacement of the rough surface
under varying contact stresses, with the further increase in contact stress, more asperities
on the rough surface gradually begin to bear the load, leading to expansion of the contact
area and a significant enhancement in the overall load-bearing capacity of the surface.
During this stage, as contact pressure is progressively distributed across more asperities,
the local stress concentration effect is effectively alleviated, resulting in notable changes in
the overall deformation characteristics of the rough surface. This transition manifests as a
gradual deceleration in the rate of axial displacement growth.
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Figure 14. Relative displacement of rough surface affected by contact stress variation.

From a mechanical perspective, as the contact area expands, the effective contact
stiffness of the surface increases, and the unit deformation of individual asperities begins
to decrease. The involvement of more contact points not only distributes the overall load
but also improves the uniformity of surface pressure, causing the localized deformation of
the rough surface to stabilize over time. This process marks the transition of the contact
interface from an initially uneven state to a more uniform load-bearing condition.

When the contact interface approaches a more uniform state, the trend of displacement
growth gradually stabilizes. This phenomenon suggests that the compression deformation
of rough asperities reaches a limit, beyond which further increases in contact stress no
longer significantly alter the axial displacement. At this stage, the contact surface enters a
relatively stable deformation and load-bearing state, which not only reflects the regularity of
rough surface deformation but also provides a theoretical basis for contact interface design.

Furthermore, surface roughness plays a crucial role in contact behavior. Lower surface
roughness (i.e., a smaller Ra value) results in a smoother surface with fewer asperities
involved in contact. Under the same contact stress, more contact points contribute to
load distribution, thereby improving the overall load-bearing performance. Additionally,
smoother surfaces can distribute stress more evenly, reducing localized deformation and
significantly lowering relative displacement.

In practical sealing cycles, the sealing surface undergoes wear due to friction. As the
number of operating cycles increases, the wear causes the surface roughness to gradually
increase from its initial state. This increase in roughness can lead to a higher leakage rate
compared to the initial state, potentially resulting in a reduced valve maintenance cycle
and increased operational and maintenance costs in industrial production. Therefore, it is
essential to fully consider this factor during valve design and operation. This highlights the
significant impact of wear-induced changes in surface roughness on sealing performance,
which cannot be ignored in long-term use.
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5. Experimental Analysis
5.1. Experimental Setup

As shown in Figure 15, the leakage rate testing setup for the elastic metal sealing ring
is capable of measuring the helium leakage rate of the metal sealing ring under different
axial loads and surface roughness conditions, corresponding to the all-metal angle valve.
This setup simulates the sealing performance of the elastic metal sealing ring under real
operating conditions. The leakage rate testing apparatus used is the PHOENIX Quadro
model from LEYBOLD, Germany. This machine can be directly connected to the DN40
all-metal angle valve used in this study. If leakage rate testing for other valve models is
required, the apparatus can be connected via an adapter pipeline for testing. This setup
simulates the sealing performance of the elastic metal sealing ring under real operating
conditions. The experimental system primarily consists of the test apparatus, a helium
tank, and a helium mass spectrometry vacuum leak detection system, which are used
to systematically measure the sealing performance of the sealing ring under complex
working conditions.

Figure 15. Experimental setup for leakage rate testing of metal sealing ring.

5.2. Experimental Procedure

(1) Preparation of Experimental Equipment

First, we assembled all components of the valve, except for the sample to be tested, and
we placed the assembled valve body on the leak detection workstation. Next, we connected
the valve assembly to the helium mass spectrometer vacuum leak detection system using
the appropriate connecting parts, ensuring the sealing performance of the testing setup
and the stability of the operation to guarantee the reliability of the experimental data.

(2) Equipment Inspection and Workbench Cleaning

We checked the operational status of all experimental equipment and instruments to
ensure they were in normal working mode. Simultaneously, we cleaned the workbench to
remove any debris, oil, or other contaminants that may interfere with the accuracy of the
experiment, ensuring a clean experimental environment and standardized testing process.

(3) Preliminary Test Installation

We correctly installed Sealing Sample 1 into the valve body to be tested, ensuring the
installation position was accurate and secure. Then, we closed the ultra-high vacuum angle
valve and started the vacuum pump and leak detector at room temperature to enter the
vacuum leak detection state.
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(4) Leakage Testing

When the leak detector showed that the system vacuum had reached a level lower than
1 x 1071° Pa, a helium gas gun was used to blow helium gas around the all-metal angle
valve. The leakage rate displayed on the leak detector was closely monitored to determine
whether any abnormal leakage occurred. If no abnormal leakage was detected, the leakage
rate data were recorded, and the test for the Sample 1 sealing ring was considered complete.

(5) Sample Replacement and Repeat Testing

We shut down the testing equipment and replaced Sealing Sample 1 with Sealing
Samples 2 and 3, ensuring that the replacement process caused no damage or contamination.
We repeated the testing process according to steps (3) and (4), recording the leakage rate
data for Sealing Samples 2 and 3.

5.3. Experimental Data and Analysis

A vacuum leak test was conducted following the leak detection test procedure at a
constant load of 2.2 MPa under ambient conditions at 20 °C. The experiment was carried
out in a temperature and humidity-controlled environmental chamber. The temperature
was maintained at 20 °C using a high-precision temperature control system, with fluctua-
tions kept within £0.2 °C. Humidity was regulated using specialized dehumidification and
humidification equipment, maintaining a relative humidity of 50%, with fluctuations con-
trolled within £5%. These controlled environmental conditions ensured that the influence
of ambient conditions on the metal sealing performance remained within a manageable
range. During the test, the leakage rates of sealing structures with sealing rings of different
surface roughness values were measured to analyze the effect of surface roughness on
sealing performance.

The uncertainty in the leakage rate measurement primarily arose from the accuracy
error of the measuring instruments. The PHOENIX Quadro, used in the test, has a measure-
ment error of +£0.5%. Additionally, slight fluctuations in environmental temperature could
also influence the measurement results. To ensure the repeatability of the measurements,
the instruments were calibrated according to the standard operating procedure before each
measurement. Over 10 measurements were conducted on the same specimen, and the
relative standard deviation of the results was maintained within £0.3%. The results of the
surface morphology observation and sealing performance tests for the three metal sealing
specimens are summarized in Table 4.

Table 4. Surface roughness and leakage rate corresponding to three test samples.

Experimental Sample Ra/pm Helium Leakage Rate/(Pa-m3/s)
Sample 1 (sealed) 1.6 1.41 x 107°
Sample 2 (sealed) 04 2.37 x 1071
Sample 3 (sealed) 0.2 1.28 x 10~ 11

In the experiment, metal sealing rings with different surface roughness values exhib-
ited significant differences in sealing performance.

These data indicate that as the surface roughness of the sealing ring decreases, the
helium leak rate decreases significantly, resulting in a substantial improvement in sealing
performance. The first metal sealing specimen did not meet the ultra-high vacuum (UHV)
equipment requirements, with a leak rate an order of magnitude higher than those of the
second and third specimens, which met the UHV standards. A comparative analysis of the
microscopic rough surfaces corresponding to L(He);, L(He),, and L(He)3 under the same
load level revealed that metal sealing rings with lower roughness values generate more
microscopic contact areas, thus significantly enhancing sealing performance. These results
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suggest that reducing the surface roughness of metal sealing rings is a key approach to
improving sealing performance.

6. Conclusions

(1) A finite element model of the DN40 all-metal angle valve was established, re-
vealing that the equivalent stress and contact stress of the sealing ring are symmetrically
distributed about the geometric center and increase linearly with the axial load applied
to the valve head. Additionally, after contact is established, the sealing ring undergoes a
counterclockwise rotation, leading to a contact area variation of less than 0.5% with the
valve head taper, which remains relatively stable.

(2) The Weierstrass—-Mandelbrot function was employed in MATLAB to generate point
cloud data with different surface topographies. Using the non-uniform rational B-spline
(NURBS) method, a three-dimensional rough surface model of the metal sealing ring
was developed in CATIA. Subsequently, a preload model incorporating rough surface
morphology was developed in ABAQUS using appropriate simplifications.

(3) The influence of surface roughness on the sealing performance of the elastic metal
sealing ring was systematically validated by integrating experimental data. The results
indicate that reducing the surface roughness to 0.2 um enhances sealing performance by
45.9% compared to the 0.4 um sealing ring, demonstrating significant superiority over the
1.6 um sealing ring. The experimental findings align well with theoretical predictions.

(4) Further analysis reveals that reducing surface roughness significantly increases the
effective contact area between the sealing ring and the valve head taper, thereby reducing
leakage and improving sealing performance. Future research may explore the evolution
of sealing performance under different material combinations, particularly in complex
conditions such as high temperature, high pressure, and cyclic loading. Broadening the
applicability of these conclusions will further strengthen the comprehensiveness and depth
of this research. This study offers theoretical support for optimizing high-performance
metal sealing structures and lays a foundation for the application of angle valves in high-
end equipment manufacturing, aerospace, and ultra-high vacuum systems.
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