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Abstract: Bolted joints structures are critical fastening components widely used in mechanical equip-
ment. Under long-term loading conditions, the bolted joints interface generates strong nonlinearities
within the system. The nonlinear stiffness inside the bolt leads to changes in the stiffness of the
whole system. This affects the dynamic characteristics of the whole system. It brings challenges
and difficulties to the performance prediction and reliability assessment of the equipment. A cross-
scale theoretical model study based on the microscopic contact mechanism can provide a more
comprehensive understanding and cognition of the degradation behavior of bolted joints interfaces.
The current development status and deformation process of asperity models are summarized. The
research progress of statistical summation model and contact fractal model based on microscopic
contact mechanism is analyzed. The experimental methods for parameter identification of connection
interfaces are reviewed. The study of numerical modelling of bolted joints structures from the surface
contact mechanism is briefly described. Future research directions for cross-scale modelling of bolted
joints structures are outlined.

Keywords: bolted joints interfaces; cross-scale; asperity; statistical summation models; contact
fractal models

1. Introduction

Bolted joints structures are key fastening parts and connecting units that are widely
used in mechanical equipment. The bolted joints structure plays an important role in
connecting various parts and transferring loads in the complete piece of engineering equip-
ment. At the same time, bolts have the advantages of easy disassembly and high reliability.
However, as the bolted joints structure is subjected to long-time loading conditions, its
connection interface will cause the system to generate strong nonlinearities. At the same
time, there is additional energy dissipation. This causes changes in the stiffness of the whole
system, thus affecting the dynamics of the whole system [1]. Wu and Zhu [2] analyzed the
modeling method of bolted joints structure in modal calculation by finite element method,
which provided theoretical support for the dynamic analysis of bolted joints structure.

Existing equivalent linearized connection structure dynamics analysis meets most of
the engineering needs, but there are problems due to experimental conditions or model
parameters calibration under the premise of the difficulty of extrapolation. It is difficult
to explain the corresponding mechanism of nonlinear dynamics of the internal contact
behavior of the connection structure, so, for the bolted joints, structural connection interface
of the research is of great significance.

The general schematic diagram of the bolt joints structure of complex equipment is
shown in Figure 1. Its connection interface is the bolded part of the figure. When the
connection structure is subjected to the tensile load applied from both sides, the connection
interface will have a stick zone and a slip zone. The mechanical friction microscopic
contact model of its connection interface is shown in Figure 2. When the bolted interface is

Coatings 2024, 14, 539. https:/ /doi.org/10.3390/ coatings14050539

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings14050539
https://doi.org/10.3390/coatings14050539
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings14050539
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14050539?type=check_update&version=2

Coatings 2024, 14, 539

2 0f29

subjected to normal contact load, there will be normal damping characteristics and normal
contact stiffness; when subjected to tangential load, tangential damping characteristics
and tangential contact stiffness will be generated [3]. Jin Jing et al. [4] proposed a method
of using local cooling and equivalent friction to jointly load the prestressing of a bolted
joints structure, which simulated the distribution of stress in the pretensioned bolted joints
structure. They provided a new method for the simulation of bolted joints structure.

Stick Zone

=

Slip Zone

Figure 1. Schematic diagram of the bolt connection structure [1].
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Figure 2. Microscopic contact model of mechanical friction at the connection interface. (a) When the
two bonding surfaces are in contact. (b) When tangential micro-slip or macro-slip occurs on the two
bonding surfaces [1].

Many scholars have conducted a lot of work on the contact characteristics of this
connection interface. The key problems in the study of bolted joints structures lie in how to
accurately represent the contact slip mechanism of rough surfaces, how to establish nonlin-
ear models corresponding to different mechanical behaviors at the connection interface,
and how to calculate the complex nonlinear mechanical problems at the interface of the
connection structure.

To solve these three problems, most of the scholars who study bolted joints structures
most commonly use the following two technical routes. One type of modeling is “top-down”
modeling from experimental phenomena. This is in the form of an abstract mathematical
model with nonlinear system identification methods to study the effect of connecting
interfaces on structural dynamics. Using this route, the parameters in the mathematical
model are determined. The top-down modeling is usually an image-only model, and
common models [5] include the Iwan model, Lugre brush model, and Valanis model. The
models are shown in Figure 3.

The other is a “bottom-up” modeling approach that starts from the microscopic
contact mechanism. This method starts from the analysis of the contact behavior of a single
asperity for forward modeling. The entire rough contact surface is then analyzed using
statistical summation or contact fractal modeling. In turn, an intrinsic model that can
reflect the mechanical characteristics of the contact is established from the microscopic
contact mechanism. The model is mainly divided into contact fractal model and statistical
summation model.
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Figure 3. A common image-only model for connection structures. (a) Iwan model. (b) Lugre brush
model. (c) Valanis model [5].

With the in-depth study of bolted joints structures, scholars at home and abroad
have found that there are contact mechanical characteristics of the connection interface at
different scales. As such, they gradually carry out the cross-scale study of the connection
structure. The “cross-scale” of bolted joints structures is mainly reflected in the following
two parts.

1. The characteristic lengths of bolted structural components are usually in the order of
10° to 10! m, the scale of the connection structure is usually in the order of 1072 m,
and the scale of the asperity of the actual rough surface of the connection interface is
usually in the order of 107> to 107° m.

2. The time to reach the steady-state response of complex equipment under dynamic
loading is typically on the order of 10° to 10! s, while the time step describing the slip
behavior of the bonded surfaces is on the order of 107 s.

For cross-scale studies, most of the current studies adopt the “bottom-up” approach to
establish the intrinsic model.

This “top-down” modeling approach describes the energy dissipation and damping
characteristics of connected structures. One such model, the Iwan model [6], can be
represented as a model with N Jenkins cells side-by-side, as shown in Figure 4. All spring
coefficients are the same and equal to k (ky, kp... ky). The slider has no mass and is
subjected to a normal force Fp;. The subscripted letter I indicates the index of the slider,
ranging from 1 to n. The fork symbol on the slider indicates the direction of the normal
force. All coefficients of friction between the sliders and the plane are the same, denoted
by m. Therefore, the critical friction f;* that causes sliding for each slider can be calculated
as follows:

The model is capable of determining the hysteresis lines obtained from tangential
loading, unloading, and reloading of bolts. The model is also able to accurately characterize
the nonlinear dynamics of microscopic and macroscopic slips of bolted joints by means of
a power relationship for energy dissipation and a six-parameter density function for the
residual stiffness phenomenon. The six-parameter density function of the residual stiffness
phenomenon can be accurately obtained from the six-parameter Iwan model by means of,
among other things, the bone-line equation. This function clearly and accurately charac-
terizes the nonlinear dynamics of microscopic and macroscopic scale slips in bolted joint
structures. However, it is difficult to explain the nonlinear dynamics response mechanism
of the contact behavior inside the connection by this method [7].
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Figure 4. Schematic of the Iwan model [6].

The “bottom-up” modeling approach can be used to establish the mechanical model
of the rough connection interface of the connection structure based on the influence of the
micro- and micro-contact mechanism of the rough surface and the morphology features.
Micro-scale modeling of rough surfaces is an important method to reveal the degradation
mechanism of the joint structure. At the microscopic roughness scale, the static-dynamic
characteristics of bolted joint interfaces can be better described and analyzed from the
internal contact mechanism and geomorphic features of the bond surface. However, the
accuracy of the model is affected by factors such as surface geomorphologic parameters.
Therefore, cross-scale modeling of bolted interfaces in complex equipment has strong
research needs and research significance.

The purpose of this paper is to understand and study more comprehensively the
connection interface of the whole bolted joint structure. This paper focuses on the asperity
theory model, the contact fractal model, as well as the statistical summation model and
the interface experimental parameter identification method. The current research status of
cross-scale modeling of the connection interface of complex equipment bolted connection
interfaces on the microscopic amorphous scale is reviewed and analyzed. The difficulties in
building cross-scale models are Micro Cognitive Mechanisms and Design of Experiments
and Simulations. The main part of the full text is also shown in Figure 5.
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Figure 5. Overview of the focus section of the article.

2. Body
2.1. Theoretical Modeling of Asperity

The problem of contact interface of connecting structure is actually the contact problem
between two rough surfaces. On the macro level, the contact problem between two rough
surfaces is mainly affected by the contact mode of the two surfaces, the form of load, and
the material properties; on the micro level, the nature of the contact between two rough
surfaces is the mutual contact between the two surfaces, the deformation stage of the
asperity, stress-strain relationship, and the material properties of the asperity, all of which
need to be considered as a key point of the asperity contact. Therefore, the basic problem of
contact mechanics is the elastic-plastic contact between spherical or aspherical asperities on
rough surfaces under tangential or normal loads. To better explain the contact mechanism
between two rough interfaces in the microscopic view, it is crucial to establish a suitable
theoretical model of asperities. Currently, the two most common assumptions are the
smooth plane assumption and the interaction assumption:
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The smooth plane assumption assumes that the contact between the asperity and a
smooth rigid flat plate is carried out, and the elastic-plastic changes and contact mechanical
characteristics of the asperity subjected to normal and tangential loads are analyzed, as
shown in Figure 6.

0

Rigid smooth flat

R

.
A
- - . - - -—
- -
-

Mean of asperities heights

Mean of rough surface heights

Equivalent rough surface

Figure 6. Schematic diagram of the smooth plane assumption [8].

The interaction assumption assumes that the two asperities on the upper and lower
surfaces are in contact with each other. Both asperities are deformed under normal load,
which is categorized into peak-to-peak contact and side contact, as shown in Figure 7.
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Figure 7. Schematic diagram of interaction assumptions. (a) Peak-to-peak contact. (b) Side contact.

Hertz [9] was the earliest researcher of contact problem. In 1881, Hertz proposed
“Hertz contact”, which analyzed and theoretically solved many common elastomeric
contact stresses. In Hertz’s elastic contact theory, Hertz derived the analytical solution for
the elastic contact of two arbitrary surfaces. According to the classification in the Hertz
contact theory, the theoretical model of the asperity can be obtained: the rough surfaces
in contact with each other are composed of a large number of asperities. The asperities
on the two rough surfaces are regarded as elastic spheres. The asperities undergo the
corresponding deformation and generate stress when the two surfaces are in contact, so
as to obtain the relationship equations between the contact load F, the contact area A, the
average base pressure P, and the amount of deformation ¢ as follows:
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where E is the composite modulus of elasticity, ¢ is Poisson’s ratio, and J. is the critical
contact deformation.

In order to satisfy the conditions for the theoretical solution, the Hertzian contact
theory contains a number of assumptions to facilitate the characterization of the contact
properties of asperities:

(1) The material of the asperity is assumed to be uniformly distributed and isotropic.

(2) Itis assumed that the material of the asperity produces only minor deformations of
full elasticity.

(38) Consider only the stresses of a single asperity and do not consider the effects of other
neighboring amorphous bodies in the same plane.

(4) A single asperity is subjected to normal contact loads only, without considering
friction between rough surfaces. After the emergence of Hertz contact theory, due to
its simple and practical characteristics, many scholars have used the theory to simplify
the calculation. Based on Hertz’s theory, the contact model has evolved from the
initial consideration of only the elastic deformation stage of spherical asperities to
the present more complex contact model that considers many surface morphology
characteristics and material parameters. Material parameters mainly contain friction
energy loss, asperity geometry and size, asperity interaction, substrate deformation,
hardening of the material, surface adhesion, non-uniform distribution of load, scale
effect of the mechanical behavior of the material, and horizontal distance of the
surface asperity. This large number of considerations needs to take into account the
continuous deformation process of the asperity, so the theoretical models for the
cases of fully elastic, fully plastic, and elastoplastic deformation of the asperity are
gradually improved.

2.1.1. Theoretical Modeling of Fully Elastic and Fully Plastic Deformation Stages of Asperities

Hertz’s theory is the basis of classical contact mechanics. His theoretical model
of asperity includes the relationship between the load on asperity and the amount of
deformation and radius. Here, however, the deformation of asperity is small and fully
elastic. When the deformation reaches a certain value, asperity deforms plastically. The
constraint models for the elastic and plastic phases are completely different. The stress-
strain relationship in the fully elastic stage is the linear one, while most of the cases in the
fully plastic stage are nonlinear. The elastic and plastic phases have completely different
constitutive models; the stress-strain relationship in the fully elastic deformation phase
is linear, while most of the cases in the fully plastic deformation phase are nonlinear.
Many scholars base their work on Hertz’s contact theory. The fully elastic deformation
stage and the fully plastic deformation stage of the asperity are theoretically modeled.
The fully elastic deformation stage and fully plastic deformation stage of the amorphous
body after being subjected to tangential or normal load were investigated. All the studies
aim at a more comprehensive and accurate characterization of the contact state between
rough contact surfaces. This greatly enriches the study of amorphous properties at contact
interfaces. Hertz used an analytical solution to obtain an intrinsic model of the asperity.
Hertz regarded the asperity as a contact between two spheres. Jung Ching Chung regarded
the shape of the asperity as an ellipsoid and gave a finite element model of the equivalent
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nonstress and displacement formed when an ellipsoid of different ellipticities on an ideal
elastic-plastic material is in contact with a rigid plane; this established a theoretical model
of the contact between an ellipsoid and a rigid flat plate [10], which is shown in Figure 8.
Jung Ching Chung used a finite element and numerical solution to obtain an intrinsic
model of the asperity.

Rigid Flat

After
Deformation

Before
Deformation

Deformable
Ellipsoid

Figure 8. Schematic diagram of the contact between the rigid plane and the ellipsoid [10].

Kogut and Etsion [11] analyzed a sphere subjected to a rigid plane load that undergoes
fully elastic and fully plastic deformation by means of finite element method and found
the maximum tangential load present on the surface of the asperity at the onset of sliding.
Kogut concluded that the occurrence of sliding on the rough surface is a destructive
mechanism due to plastic deformation of the asperity that yields, which leads to the
occurrence of slipping, rather than slip based on the coefficient of friction. The “coefficient
of internal static friction” is defined, and a simple analytical equation is given for both
elastic and plastic cases. Kogut and Etsion used a semi-analytical method with finite
elements and solved analytically to obtain an intrinsic model of the asperity.

Halling and Nuri [12] elaborated on the importance of plasticity indices for deter-
mining the degree of elastic-plastic deformation of surface projections. This argument is
validated experimentally, and the methodology is extended to the ellipsoidal roughness
contact case and to the effect of work-hardening under a general roughness height prob-
ability distribution. The paper also shows how the model can be applied to the study of
the properties of multiphase composites. The arguments are based on Hertzian contacts
without traction but can be made with reasonable confidence for contacts with friction
coefficients less than 0.1. Wang et al. [13] argued that for micro- and nano-scale contact
problems, the effect of surface tension is particularly prominent. On the basis of solving
the point force on an elastic half-space with surface tension, the contact equations for
a rigid ellipsoid and an elastic substrate are given. The modeling approach adopted is
to consider the asperity as a rigid ellipsoid and the boundary in contact as a perfectly
elastic material. The corresponding singular integral equations are solved numerically by
Gauss—Chebyshev integral formulation. When the size of the contact region is comparable
to the length of the elastic capillary, surface tension significantly alters the distribution of
the contact pressure and reduces the contact area and indentation depth compared to the
classical Hertz’s prediction. Explicit expressions for the equivalent contact radius, indenta-
tion depth, and contact ellipse eccentricity with respect to the external load are generalized,
providing a basis for analyzing nanoindentation tests and contact on rough surfaces. Nuri
and Wang used the method of solving the analytical solution to obtain the intrinsic model of
the asperity.

Based on the Hertz contact theory, the above scholars have established different
geometries and rigidity assumptions of the asperity model to better study the contact
characteristics of the asperity in the case of small deformation of the fully elastic body.
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However, it is not possible to fully describe the contact mechanism of the contact surface
by only studying the contact characteristics under small deformation. Therefore, some
scholars, on the basis of Hertz’s theory, assumed that the asperity’s material is an ideal
elastic-plastic material, and developed the theoretical model of asperity in the perfectly
elastic stage and perfectly plastic stage, which describes the mechanical properties of the
asperity more comprehensively and more accurately.

Greenwood and Williamson [14,15] proposed a new elastic contact theory based on
the Hertz theory, which is more closely related to the actual surface than previous theories,
and demonstrated the effects between surface topographic features (the distribution of
asperities and the radius of curvature of the asperities) and contact deformation as well as
loading. Greenwood and Williamson used the method of solving the analytical solution to
obtain the intrinsic model of the asperity. A criterion for distinguishing between elastic and
plastic contact surfaces is established, and a new contact model, the GW contact model,
is developed. The theory also points to the existence of an “elastic contact hardness”, a
general hardness value that expresses the ability of a material surface to resist the plastic
deformation induced by the indentation of another object, whereas the GW model proposes
that this composite quantity, which applies during the elastic deformation phase and
depends on the elastic properties and morphology, plays the same role in elastic contact as
the conventional hardness does in plastic contact. Greenwood and Williamson also created
a new surface measurement system consisting of an analog-to-digital kernel sampling unit
acquisition computer that can experimentally measure surface voltages to measure the
parameters that characterize rough surfaces in theoretical models, as well as the radius
of curvature of asperities. These data measured by the system have revealed that contact
between surfaces is usually plastic. Greenwood and Williamson have been able to study the
distribution of roughness heights and other surface characteristics for a variety of surfaces
prepared by standard techniques. It is usually assumed that the actual area of contact
between two nominally flat metal surfaces is determined by the plastic deformation of
their highest projections. This immediately leads to the conclusion that the actual contact
area is proportional to the load and is independent of the surface contact area. Ciavarella
et al. [16] improved the GW elastic contact model by considering the interaction of the
asperities, while the model did not consider the elastic-plastic deformation phase of the
asperities. Archard [17] pointed out that plastic deformation cannot be the universal law
and introduced a model that showed that, contrary to earlier beliefs, the contact area
may be proportional to the load even in purely elastic contact. When the normal contact
load increases to a certain point, the Hertz small deformation solution will no longer
be validly applicable, at which point the maximum shear stress of the material reaches
a critical value and the contact deformation will begin to appear plastic [18]. To study
the plastic deformation process of the asperity, Abbott and Firestone created a plastic
contact model between rough surfaces, referred to as the AF model [19]. Plastic and elastic
contacts use completely different constitutive models; the size of the contact area is not
the same, the plastic contact area is twice as large as the elastic contact area, and the AF
model clearly reflects the influence and expression of the average contact pressure and
contact load. Ishlinskii [20] analytically investigated the average contact pressure of the
asperity at the stage of complete plastic deformation, and the average contact pressure of
the asperity was 2% of the equivalent force. The average contact pressure of the asperity
is 2.8 times the equivalent force. Tabor [21] found that during the deformation of the
material, when the fully elastic phase ends there is a yielding phase, which changes to
a fully plastic deformation phase, in which the contact radius and contact load of the
asperity increase exponentially. Matthews [22] found that in the phase of fully plastic
deformation, creep dominates, and deformation occurs only in the vicinity of the contact
surface. Chang et al. [23-25] proposed the classical CEB model to establish the critical
contact volume for the transition between the fully elastic deformation stage and the fully
plastic deformation stage. All the above scholars have analyzed the mechanical properties
of asperities in the fully elastic and fully plastic stages based on the Hertz elastic contact
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theory to create a theoretical model of asperities. All used the method of solving the
analytical solution to obtain the intrinsic model of the asperity. However, the deformation
process of the material is the existence of a transition stage from elasticity to plasticity; the
CEB model only establishes the critical points of fully elastic and fully plastic and does
not theoretically model the contact of the asperity throughout the elastic-plastic transition
stage. The theoretical modeling about the asperity still needs to be studied and analyzed
for the elastic-plastic deformation stage.

2.1.2. Theoretical Modeling of the Elastic-Plastic Phase of Asperities

Zhao et al. [26] proposed an elastic-plastic contact model for the asperity in two
nominal planar contacts and established a transition model for the asperity on the rough
contact surface from fully elastic deformation to fully plastic, referred to as the ZMC model.
The average contact pressure and deformation of the asperity as well as the contact area and
deformation of the rough surface are modeled by logarithmic and fourth-order polynomial
functions in the elastic-plastic deformation state. The computational results show that the
ZMC model is more complete in describing the rough surface contact compared with the
GW model and the CEB model. It also implies that the development of the theoretical
model for the elastic-plastic stage of the asperity is very important.

Kogut and Etsion developed the KE model [27], which is a finite element simulation
of a sphere in elastic-plastic contact with a plane. The contact model of the asperity in the
fully elastic phase, elastic-plastic transition phase, and fully plastic phase is obtained from
the simulation. The whole elastic-plastic phase in the model is divided into two phases, i.e.,
elastic-plastic phase I and elastic-plastic phase II. The KE model expresses the relationship
between the contact load, area, average contact pressure, and deformation of the asperity
at the two phases in the form of a segmented power-exponential function. The KE model
makes all the deformation phases connected as a whole, which is more accurate and realistic
compared with the CEB and ZMC models. They used a finite element and numerical
solution to obtain an intrinsic model of the asperity.

Jackson and Green [28] also analyzed the elastic-plastic hemispherical contact problem
by means of finite elements and established a hemispherical elastic-plastic contact model,
i.e., the JG model. They used a finite element and numerical solution to obtain an intrinsic
model of the asperity. Jackson’s results show that when the contact deformation is very
small, the result is very close to the theoretical solution of the Hertz contact. When the
contact deformation is too large, the result is not the same as the full plastic contact of
the AF model. According to the finite element simulation, it is easy to find that in the
elastic-plastic contact deformation stage, the JG contact model is closer to the simulation
results than the KE model and the ZMC model. The JG model can effectively study the
contact behavior of the asperity. The model is also adaptable to macroscopic contact.

Brake et al. [29,30] used the Von Mises yield criterion and Brinell hardness to deter-
mine the amount of elastic-plastic deformation and plastic deformation of the asperity.
Brake interpolated the elastic-plastic contact phase using Hermit polynomials to find the
relationship between the contact area and the average contact pressure and deformation of
the elastic-plastic phase.

Zhao et al. [31] improved his own ZMC model and proposed a new elastic-plastic
micro contact model based on his original model. The model is based on the fact that the
transformations between the elastic, elastoplastic, and plastic phases are continuous and
smooth throughout the deformation process. The model has a larger actual contact area
and smaller normal distance for the same plasticity index and loading conditions. As the
plasticity index increases and the load increases, the gap between this model and other
models increases.

Xu and Wang [32] used a modified Hermit interpolation method to fit the curve to the
elastic-plastic deformation stage. The method enhanced the continuity and smoothness of
the whole curve at the critical deformation. He modeled the entire contact interface based
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on the analytical approach of the GW model. The deformation and the elastic-plastic contact
area results are not uniform and contradictory in this model because of the interpolation.

Based on the theory of continuous media, Chen et al. [33] argued that the deformation
and force of an asperity at any stage should be smooth, continuous, and monotonic. He
established an elastic-plastic contact model based on the exponential function through
the mode of the first-order system step response function. The model can well solve the
feature that the functions of pressure and deformation of the asperity are not smooth
and continuous at different stages. However, while the model solves the discontinuity of
the demarcation point, it is also characterized by a large error in the curve of the whole
elastic-plastic stage. Wang et al. [34] also established a new microscopic contact model to
address the phenomenon of discontinuity and non-smoothness between different stages
of asperity. It fitted the new relational curves of elastic-plastic deformation stages by the
improved Hermit interpolation method, which transforms the relevant physical quantities
such as contact loads into logarithmic coordinates. By comparing the CEB model, the ZMC
model, and the KE model, the relationship between the plasticity index and the average
deformation is obtained. The elastic-plastic phase is mostly studied by means of the finite
element method and finding numerical solutions.

The above scholars have done a lot of research on the contact characteristics of asper-
ities. The most widely used ones include KE model, ZMC model, CEB model, and the
contact model established by Chao Xu and Dong Wang through the interpolation method.
The current typical elastic-plastic model is shown in Figure 9.

CHANG, BRAKE,
KE Model ZHAO Model

‘WHITE,
ERIT Model
A A
A=7nRw
4 . c 3
N ZEE R?*w?

Contact Functional Power
Pressure Interpolation Function

Finite Element
Polynomial Fitting

Figure 9. The classical asperity model.

In addition to the theoretical model of the deformation stage of asperities,
Zhang et al. [35] also investigated the wear mechanism of rough surfaces in contact with
each other. Zhang reviewed and analyzed the mechanical properties of the contact interface
from the perspective of asperity wear, as shown in Figure 10. They suggested future work
to consider more realistic geometries and material properties for modelling contact wear.

The contact deformation of asperities was also described by Li Biao et al. [36] when
they conducted a review of contact mechanics in tribological and contact damage-related
problems. Li Biao et al. also systematically described the application of contact mechanics
in various problems.

Bhushan [37] presents a comprehensive and systematic introduction to the analytical
solution of surfaces with well-defined height distributions and asperity geometries. He also
presents a comprehensive and systematic overview of numerical solutions for surfaces with
well-defined height distributions and asperity geometries. His review nicely summarizes
and generalizes the research methodology for 3D modelling of rough surfaces.
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Figure 10. Three wear modes of surface asperities: (a) slipping; (b) plastic grinding; and (c) break-
away; (d) mixed modes [35].

Salari and Beheshti [38] have summarized and generalized the current state of research
on contact mechanics of rough surfaces from the creep point of view. Their review details
the deformation effects of a single asperity when subjected to normal and tangential
loads. Numerical calculations under combined loading are usually only possible for small
deformations. It is difficult to converge numerically for large deformations in contact.

Flores [39] provided a comprehensive review of contact mechanics for dynamical
systems. The review considers regularized and non-smooth formulations and analyses the
basic features of each method.

Tichy and Meyer [40] provide a comprehensive summary of the tribology of solid
contact mechanisms. The frictional properties of rough surfaces are closely related to the
mechanical properties of asperities.

Ghaednia et al. [41] devoted a summary to the current state of research on the elastic-
plastic deformation phase of asperities. What is more remarkable is that the whole process
from sticking to slipping of rough surfaces when loaded with tangential loads is summa-
rized in that review.

The above model can visually describe the deformation process of elastic-plastic
asperity when subjected to tangential or normal load. However, there are still cases where
the critical points of elasticity and elastic-plasticity are not smooth and continuous in the
model. The model is still unable to correspond well between the model of asperity and the
actual mechanical properties of the interface.
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2.2. State of the Art of Theoretical Modeling of Connectivity Interfaces

The contact characteristics of the connection interface of the bolted joints structure
directly affect the static and dynamic characteristics of the whole connection system, while
the static and dynamic characteristics of the connection structure will directly affect the
mechanical characteristics of the whole complex equipment. Therefore, the study on the
stiffness and damping characteristics of the connection interface is crucial, in which the
establishment of a theoretical model on the connection interface is one of the important
methods to study the interface parameters.

Scholars have carried out a lot of research on the theoretical modeling of contact
stiffness and damping characteristics of contact interfaces, which mainly include statistical
summation model and contact fractal model. Both of them are a kind of “bottom-up”
modeling method through the theoretical modeling of the contact characteristics of the
asperity, which is then combined with the material properties of the rough surface of
the contact interface, the loading state, the asperity distribution law, surface roughness,
and other nonlinear factors, to establish the corresponding theoretical model, then obtain
the analytical model of the combined surface contact model, then obtain the preliminary
solution of the theoretical model by simulation, and then combined with the actual material
to obtain the theoretical model.

2.2.1. Statistical Summation Model

Assume that the rough surface consists of numerous asperities, each of which is a
sphere with the same curvature. Based on the Hertz theory, the functional relationship
between the load on a single asperity and the amount of penetration and contact area can
be calculated. Assuming that the distribution of countless asperities on the rough surface is
distributed according to a certain probability density function f(x), the contact behavior of
all asperities is summed up by integrating, i.e., the relationship between the normal contact
and deformation of the rough plane is obtained. Then the relationship between tangential
force and tangential displacement can be obtained based on Cullen’s friction law, which is
the statistical summation model.

The statistical summation model was first proposed by Greenwood and
Williamson [14,15], and the analytical model of rough surface contact applicable to normal
contact was established based on the method of statistical analysis. At the same time,
the judgment basis for distinguishing between elastic and plastic contact surfaces was
established. The GW model obtained the relationship between contact pressure, contact
area, and deformation of rough surfaces by studying the heights of various asperities
and the distribution of their surface features. The GW model is the first rough surface
model that considers the curvature heights of the asperities on the rough surfaces as ran-
domly distributed and statistically sums them up. After the GW model was proposed,
Chang et al. [22] and others optimized and improved it by supplementing the statistical
summation model with fully elastic and fully plastic models but did not consider the
elastoplastic deformation stage. Zhao, Maietta, and Chang et al. [22] fitted to obtain the
relationship equation between the average contact pressure and contact area of the asperity
in the elastoplastic stage. Whitehouse and Archard [26] approximated the asperity height
distribution as a Gaussian distribution and assumed the existence of autocorrelation at
the material surface. By introducing the exponential function of autocorrelation, the joint
distribution probability density function is established for the correlation between the
height of the asperity and the radius of curvature of the peak. The WA model is established
based on the GW model. Onions and Archard [42] optimized the assumptions in the distri-
butions and performed a more in-depth study based on the joint distribution probability
density function established in the WA contact model, establishing the OA contact model
as a result.

Based on the Hertz contact theory, Tang et al. [43] investigated the influence mech-
anism of the asperity in the case of deformation of the substrate through the interaction
assumption. Tang developed a theoretical model of contact mechanics for the bonding
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surface by statistical summation. Phan-thien [44] combined the GW model and Coulomb’s
law of friction to develop a tangential contact mechanics model for rough surfaces and
established the relationship between the tangential force and displacement relationship
between tangential force and displacement. The model is based on the theoretical research
framework of contact mechanics of the GW model. Mindlin [45] was the first to analyze
the tangential contact behavior for the contact between smooth elastomers. Mindlin ob-
tained the nonlinear relationship between tangential load and tangential displacement by
analyzing the tangential micro-slip behavior when two smooth elastomers are in contact
with each other with the expression as
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where f is the friction coefficient of the contact surface, a is the radius of the circular contact
area, T is the tangential load, J is the relative displacement, G is the shear modulus, N is
the normal load, and v is the Poisson’s ratio.

This is an extended study of the mechanical behavior of contact interfaces based on
the idea of statistical summation. When the asperity undergoes elastic deformation, as in
Figure 11, scholars have verified experimentally that microscopic slip behavior does exist
in the tangential direction of the interface [46,47].
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Figure 11. Forces on the contact surfaces in the fully elastic phase [8].

Jones [48] proposed a new tangential friction model for contact surfaces based on the
GW model, which highlights the mechanical behavior of the contact surfaces before slip.
Farhang [49] obtained the equations of the connected interface about the interface energy
dissipation based on the nonlinear relationship between tangential load and tangential
displacement obtained by Mindlin. He also solved the relationship between tangential force,
tangential displacement, and interfacial energy dissipation through the approximation of
the level expansion. The relationship between tangential force, tangential displacement,
and interfacial energy dissipation is solved by level expansion approximation.

You and Chen [50,51] used a modified exponential distribution to replace the Gaussian
distribution in the original GW model in response to the shortcomings of the existing
statistical summation model. A new rough surface model was established for the static
contact parameters of the rough surface under dry friction state by considering the fully
elastic phase, elastic-plastic phase, and fully plastic phase. Kragelsky and Demkin [52,53]
established a new model, referred to as the KD model. The model is to set the maximum
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height of the asperity on the rough contact surface as the reference height, assume that
the random distribution law of the asperity is in the form of a power function, and use
the difference between the height of the asperity and the reference height to correspond
to the distribution of the asperity. Wang and Xu [54,55] established a new rough surface
contact model by improving the KD model, assuming that the tangential slip behavior
of the asperity exists and satisfies the solution of Mindlin’s equation. They proposed a
stick-slip friction model of the bonding surface considering rough contact. The analyt-
ical form of the model is clear and simplified, and each parameter has corresponding
physical significance.

Megalingam and Mayuram [56] and others measured and described asperities based
on their various microscopic properties to derive mechanical expressions for asperities
in contact. They proposed a new contact model for a single asperity: the MM model.
The mechanical behavior of the whole rough contact surface is obtained by statistical
summation, and empirical relations are fitted. The parameters in the contact process can
be predicted by simulation, and a new contact model of the bonding surface obtained by
the statistical summation method is obtained. Meanwhile, compared with other classical
models, the KE model, JG model, and SM model [57] do not consider the elastic-to-plastic
transition process and other properties and mechanical behaviors of the material, and only
consider the Poisson’s ratio and its effect on the surface yielding. The MM model is a good
complement to these models, providing the properties they do not have.

Xu et al. [58] developed a new statistical summation model within the framework
of the simplified elliptic model of the GW model, the Nayak-Bush model [59-62], and
the Greenwood model [63]. Most of the classical statistical summation models are only
applicable to the early contact with small contact area, but not to the large contact with
large deformation. The newly developed model can find the relationship between the non-
contact area ratio and the average contact pressure as well as the average interfacial gap at
near complete contact. The model has a wide coverage of contact area and is a generalized
asymptotic solution model. Song et al. [64] developed a statistical summation contact
model that is more in line with the actual test situation by considering the interaction
between two rough surfaces with asperities. The relationship equation between contact
area and average contact pressure was obtained from the contact model.

The statistical summation model can visualize the relationship between the contact
parameters of a rough surface in contact. However, when verifying the accuracy of the
statistical summation model, it is necessary to measure the topographic characteristics of the
rough surface. Due to the different resolution and accuracy of the measuring instruments,
the results of the statistical summation model are also different, which makes the results
not unique.

2.2.2. Contact Fractal Model

Rough contact interfaces of connected structures have fractal characteristics such as
cross-scale, disorder, irregular randomness, and self-similarity. If the connection interface
is scaled up infinitely and repeatedly, the rough interface at each scale has similar dis-
tributional properties. The main distributional properties are manifested as multiscale
and discontinuous, with mathematical features of non-differentiability and statistical self-
affine [65], as shown in Figure 12. Therefore, the contact fractal model is also an important
part of the theoretical modeling of connected interfaces.

The earliest contact modeling of rough surfaces through fractal thinking was per-
formed by Majumdar and Bhushan [66]. They found that rough surfaces are characterized
by fractal features through experiments on roughness measurements. Based on the frac-
tal dimensions and feature length scale parameters, the new rough surface model MB
model was established based on the WM function, which satisfies all the properties and
requirements of the fractal. The expression for the WM function is:
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Figure 12. Qualitative description of the statistical self-affine profile of a rough surface profile [65].
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where z(x) is the height of the contour of the rough surface; L is the sampling length of the
fractal samples; A is the area of the fractal samples, where A = 12, G is the fractal roughness
scale parameter; D is the fractal dimension of the rough surface, 1 < D <2; 8 is usually a
constant greater than 1; 8" denotes the spatial frequency of the contour, which determines
the spectrum of the rough surface; and ¢, ,, is the random phase. The contact of the asperity
with a smooth rigid plane is shown in Figure 13.
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Figure 13. Schematic diagram of the contact between the asperity and the smooth rigid plane. (a)
Isolated contacts from contact. (b) Geometry of contacting asperities [66].

Yan and Komvoulos [67] developed a contact model (YK model) for 3D fractal sur-
face morphology based on the WM function to fractalize rough contact interfaces. The
contact interface in this model is dominated by elastic deformation, and at the same
time, it is highly generalizable and can be applied to other material behaviors with more
complex properties.

It is not difficult to find that the above two fractal models are based on the WM
function and are only applicable to the contact behavior during elastic deformation. Sub-
sequent scholars have carried out further studies on the fully plastic and elastic-plastic
deformation stages.

Zhang and Zhao [68] established a fractal rough surface model containing relevant
parameters such as roughness index and plasticity adhesion index based on the adhesion
produced by rough interfaces when plastic deformation occurs, combined with fractal
theory. However, the model only investigated the contact behavior of the asperity in the
plastic deformation stage and did not involve the elastic deformation stage and elastoplastic
deformation stage. Morag and Etsion [69] developed an elastic-plastic contact model for
asperities based on the MB model and demonstrated that the critical contact areas of
asperities in the elastic deformation stage to elastic-plastic deformation stage and the
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elastic-plastic deformation stage to plastic deformation stage were correlated with the
scales of the observed interfaces. However, the model ultimately failed to explain the
contact behavior of rough interfaces in the elastic-plastic deformation stage. Miao and
Huang [70] improved the MB model [65] to obtain a linear relationship between the contact
area and the contact load by summing up the mechanical characteristics of the contact
at different scales. They found that the larger the fractal roughness parameter is, the
larger the contact stiffness of the rough surface is. Yuan et al. [71] proposed a new fractal
contact model based on the MB model by considering the transition process of the rough
surface from elastic deformation to elasto-plastic deformation and then to the sequence
of complete plastic deformation. He obtained a modified model for the contact load and
area of rough surfaces based on the fractal theory by derivation. Cao et al. [72] also derived
the distribution function of the truncated area of the asperity by improving the MB model.
He proposed a friction coefficient model and verified the correctness of the model by
experiment. When the maximum truncation area is smaller than the critical truncation area,
pure plastic deformation occurs, and when the maximum truncation area is larger than the
critical truncation area, mixed deformation occurs.

Zhang et al. [73,74] established a fractal model for the contact stiffness of rough
connection interfaces by considering the contact mechanical properties of three deformation
stages. The model proposes that the fractal dimension and fractal roughness are important
factors affecting the contact stiffness of the connection interface, which provides a certain
theoretical basis for the subsequent study of stiffness degradation. The accuracy of the
contact stiffness model for rough surfaces is also verified by experiments in the study.

Wang et al. [75] established a new fractal theoretical model of normal contact stiffness
based on the classical MB model. First, the contact stiffness of a single asperity is obtained
by fractal, and then the frequency index is introduced to derive the contact stiffness model
of the rough connection interface at different deformation stages. This model can obtain the
relationship between the fractal dimension and the normal stiffness. However, the model
does not consider the interaction between individual asperities, which is not well solved in
the study of slip problems, and has certain limitations.

Liou and Lin [76,77] improved the YK model so that the model is not limited to the
fully elastic deformation stage. In the study, the distribution function of the height of the
asperity over the whole bond surface was combined to obtain the distribution function of
the corresponding contact area of the bond surface during the whole deformation process.
The relationship between the distribution function of the height of the asperity and the
value of the minimum clearance was also obtained.

Chen et al. [78] established a normal contact stiffness model based on the MB model
with modifications and simulated the bond surface of bolted joints structures to obtain
the fractal parameters through the structure function. The theoretical model was verified
by carrying out modal tests, but the model ignored plastic deformation in modeling, and
the error of the intrinsic frequency in the modal tests still reached more than 10%. The
model lacks the description of the contact behavior in other deformation stages, while the
accuracy still has room for improvement.

Huang et al. [79] modeled the normal contact stiffness, normal contact damping,
tangential contact stiffness, and tangential contact damping of a connected interface. The
model is based on a 2D or 3D fractal model and considers the interaction between the
asperities when stick-slip occurs at the connecting interface. Corresponding experiments
are designed to validate the computational results derived from the theoretical model.

Yang et al. [80] proposed an algorithm to calculate the fractal dimension by applying
wavelet transform coefficients for characterizing the fractal properties of machined surface
profile. The typical curve is constructed based on the M-B fractal function, and the wavelet
coefficients are extracted by wavelet decomposition. The fractal dimensions at different
scales and orders are compared, and the wavelet basis function and decomposition scale
with higher accuracy are selected. Yang et al. [81] also characterized the rough surface
asperity parameters by fractal theory based on fractal geometry theory and contact mechan-
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ics theory. The contact stiffness model of the asperity at each deformation stage was also
proposed. On this basis, a model for calculating the normal contact stiffness of mechanical
bond surfaces is proposed. The model reveals the relationship between the normal contact
load and normal contact stiffness of the bond surface under different plasticity indices.
Wang et al. [82] conducted several studies aimed at revealing the variation rule of dynamic
contact stiffness. The average contact stiffness of the asperity at each deformation stage
within one vibration cycle was modelled. The model considers the whole process of defor-
mation of a single asperity on two rough bonding surfaces. Based on the assumption of
Gaussian distribution, an analytical model of the dynamic contact stiffness of the whole
rough bond surface is established.

Fu et al. [83] established the normal static and dynamic contact model of the bonding
surface. The whole model is based on statistical contact theory and equivalent rough
contact surface assumption. The model also considered the deformation characteristics
of the asperity under loading, unloading, and dynamic loading. The normal static and
dynamic contact stiffness and contact damping per unit area are obtained by deriving
the model. A static unloaded contact model is developed based on the rough surface
elastic-plastic unloaded contact model of Kadin and Etsion. The functional relationship
between the residual deformation and the maximum deformation during unloading of the
asperity is introduced in the model. The functional relationship between the residual defor-
mation and the maximum contact load during unloading of the asperity is also introduced
in the model.

Tian et al. [84] established a functional relationship between the amount of local de-
formation and local contact load, pressure between two surfaces, and material property
parameters. The above three functions are established based on St. Venant’s principle
and Leff’s equation. The local deformations are due to asperity interactions. The func-
tional relationship is substituted into the KE elastic-plastic contact model to establish the
KE contact stiffness model considering the asperity interaction. Through the numerical
iteration method and experiments, it is shown that the established model is closer to the
experimental results.

Wang et al. [85] investigated the tangential damping of the bond surface when two
rough surfaces are in contact with each the other. The study is based on the joint action
of normal and tangential forces on the rough surfaces. First, the stick-slip characteristics
of the asperity throughout the deformation stage were obtained based on the KE model.
A statistical model for tangential contact damping of mechanically bonded surfaces is
established based on the GW statistical model. The model considers the stick-slip friction
behavior of the asperity. The tangential damping test of the bonding surface under the
action of dynamic tangential force is constructed. The test results are basically consistent
with the theoretical simulation rule of change and magnitude. Thus, the effectiveness of
the proposed tangential damping model is proved.

Gao et al. [86,87] developed a normal contact damping model by statistical meth-
ods. The model involves noncircular shoulder-to-shoulder contact and the interaction of
neighboring non-circle. In addition, the effects of normal static force, vibration frequency,
and mean separation amplitude on normal contact damping were investigated separately.
The contact damping of some classical models is compared with the results of the pro-
posed model. The effects of aspherical shoulder-to-shoulder contact and interaction are
obtained. A computational model is proposed for the interface normal damping. The
model investigates the transverse contact (shoulder-to-shoulder contact) between the upper
and lower surfaces in elastic and elastic-perfectly plastic phases. This is ignored by other
classical models.

Cheng and Yuan [88,89] investigated the real contact condition between rough surfaces
based on fractal theory. A fractal contact model between rough surfaces was established.
The analytical formula of the critical contact area of each asperity in the rough surface is
deduced. On this basis, the area distribution density function of the asperity is applied.
The relationship between the contact load and the real contact area on the contact surface
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was obtained. Yuan et al. [90] also established a mechanical model of cylindrical rough
surface based on fractal theory. The equivalent contour of the cylindrical rough surface with
respect to the fractal dimension D and the shape scale parameter G was simulated using
the W-M function. The existence conditions of each deformation stage of a single asperity
were deduced. The relationship between the mean number of parts of the cylindrical rough
surface and the scale of the asperity is obtained. The conventional area density distribution
function of the asperity is improved. The area density distribution function of asperity for
each frequency index is obtained.

Based on the fractal theory, Chen et al. [91] established a contact mechanics model for
unloading of rough surfaces. The mechanical expressions for the loading and unloading of
a single asperity in the whole process of deformation were derived. The authors carried out
the study based on the invariant rules of real contact area and total contact load between
the loading end point and unloading start point. The traditional area density distribution
function of the asperity is transformed. The area density distribution functions of the
asperity with different frequency indices during the loading and unloading contact process
are given by the transformation. The relationship between the real contact area of the rough
surface and the total contact load during the loading and unloading contact process is
finally obtained.

Chen et al. [92] simulated three-dimensional fractal bonding using bivariate W-M
functions based on fractal theory. A scale-dependent 3D fractal bond surface normal contact
stiffness model is established. Determine the density function of the area distribution of
each grade of asperity on the bonding surface. Derive the analytical expressions of normal
contact stiffness and normal contact load.

Yuan et al. [93] simulated a three-dimensional fractal rough surface using bivariate
W-M function based on fractal geometry theory. A three-dimensional fractal rough surface
elastic-plastic contact model was established. The density function of the area distribution
of each grade of asperity on the rough surface was determined. The relationship equation
between the total contact load and the real contact area was obtained. Yuan et al. [94] also
used the W-M function to generate a three-dimensional rough spherical surface. A fractal
mechanics model of rigid plane contact on a rough spherical surface was established. The
truncated area density distribution functions of asperity bodies with various frequency
indices on different contact areas were derived. The analytical expressions of the real
contact area and the total contact load are obtained.

Zhang et al. [95] proposed the contact theory based on the contact between a sphere
and a plane and the fractal contact theory of rough surface under certain premise as-
sumptions. The fractal model of normal contact stiffness of rough surface with scale
independence is theoretically given, and numerical simulation studies are carried out.
The defects and deficiencies of previous research works on the contact stiffness theory of
rough surfaces are pointed out [96]. A scale-independent fractal model for the contact
stiffness of the bonding surface is derived and numerically simulated. The simulation
results are consistent with the experimental study results. Based on the Hertzian contact
theory and contact fractal theory of a sphere and a plane, a fractal model of normal contact
stiffness of a mechanical bond surface with scale independence is theoretically given for
the first time [97]. Based on the tangential contact stiffness of a sphere in contact with a
plane and the fractal theory of rough plane contact, a fractal model of tangential contact
stiffness of the bonding surface with scale independence is theoretically proposed and
qualitatively and experimentally verified. The theory is based on three assumptions: (1) the
micromorphology of the rough surface is isotropic; (2) the interaction between the asperities
on the rough surface is negligible; and (3) the force on each asperity is proportional to the
magnitude of its contact area [98]. A fractal model for the contact stiffness of the bonding
surface with scale independence is also given based on the theory of contact between a
sphere and a plane and the fractal theory of contact on a rough surface [99].

Both use different approaches in the modeling process and therefore have their own
strengths and weaknesses, as described below:



Coatings 2024, 14, 539

19 of 29

Statistical summation contact modeling is expressive in its simplicity and computa-
tionally efficient. The statistical summation model is more oriented to the modeling of
purely geometric and physical parameters and is more widely applicable. The statistical
summation model is easier to model the contact stiffness from the microscopic point of
view, and the energy dissipation of the bolted joints structure is clearer. However, the
statistical summation model is more variable in the characterization of the roughness
parameters since the accuracy of the parameters depends on the sampling length and the
resolution of the instrumentation. The accuracy of the test apparatus is more demanding
and more accurate morphological features are needed to accurately represent the contact
stiffness and damping characteristics of the connection interface to improve the accuracy of
the modeling.

Fractal contact models are naturally multiscale in nature and are convenient for
cross-scale studies. The contact fractal model does not need to rely on the sampling
length and instrument resolution when characterizing the roughness parameters of the
connection interface, so the modeling accuracy is guaranteed. In the study of the dynamic
characteristics of the interface, the error of the results is small, and the contact stiffness
and damping characteristics of the interface can be better explained. However, the scope
of application of the fractal is narrow, and it is uncertain whether it can be applied to the
study of hysteresis behavior under tangential cyclic loading, which has certain limitations.

2.3. Overview of Experimental Methods for Connecting Interfaces

The study of connection interfaces from the microscopic scale can better explain the
degradation behavior of connection interfaces from the internal contact mechanism. To
make the established model reasonable and accurate, it is necessary to obtain accurate
morphological parameters through experiments. The parameters are introduced into the
established theoretical model to provide theoretical support for the reliability assessment
and degradation prediction of the connection structure.

2.3.1. Parameter Identification Experiments for Statistical Summation Models

From the microscopic contact mechanism, the bolted joints interface is generally re-
garded as a rough surface composed of a large number of asperities with uneven height
distribution. In the process of establishing the theoretical model through statistical sum-
mation, it is necessary to choose a suitable probability density function to integrate the
asperities on the whole rough surface to obtain the contact mechanical properties of the
whole connection interface. At present, most scholars generally obtain the morphology
image of the rough surface by experimental means, as shown in Figure 14. From there, the
distribution function of the asperity conforming to the surface topography is fitted by the
topographic image.

In 1936, E J. Abbott worked on the first exterior roughness profiler for shop use, and
in 1940 Taylor-Hobsong developed a successful stylus-type exterior profile measurement.
Subsequently, Whitehouse [100] revised and improved the method of measuring surface
profile; today’s mechanical probe-type profilometer is shown in Figure 15a. Its use of
mechanical probe-type profilometer can measure a large range of surface topography, but
can easily damage the surface being measured, and at the same time, it is less efficient.
Fan [101] used a Leica white light confocal interference microscope to sample the bonded
rough surface, as shown in Figure 15b. Multiple cross sections were randomly selected
from the specimen surface contour along a certain direction, and the 2D contour map was
obtained after extracting the contour data points on the cross sections. Liu et al. [102] used
a binocular laser scanner, as shown in Figure 15c. The 3D point cloud data is obtained
by scanning the surface and later visualizing the point cloud data in grid form. Cao
and Jing [103] used LEXT OLS4000 laser confocal microscope to test and capture the
surface morphology and surface roughness of the mechanical bonding surface with the
instrumentation, as shown in Figure 15d. The contour morphology of the rough surface
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was obtained, and then a contact stiffness model characterized from a microscopic point of
view was established based on the upper and lower limit parameters of the asperity scale.
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Figure 14. 3D rough surface topography [101].
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Figure 15. Diagram of precision instruments for measuring surface topography. (a) Mechanical

probe profilers [100]. (b) Leica white light confocal interference microscope [101]. (¢) Binocular laser
scanner [102]. (d) LEXT OLS4000 laser confocal microscope [103].

When establishing the statistical summation theoretical model, the degree of dispersion
between the statistical parameters is too high, and the error of the contour parameters
will inevitably cause large fluctuations in the fitting curve, which leads to a decrease in
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the accuracy of the bonded surface modeling; as such, it is necessary to determine the
reasonableness of the assumption of the asperity, the accuracy of the distribution function of
the rough surface, and to coordinate the diversity of the intrinsic model. The measurement
of the rough surface morphology is an important means of verifying the accuracy of the
theoretical model.

2.3.2. Parameter Identification of Contact Fractals

Unlike the classical statistics surface characterization parameters of height rms, slope,
and curvature, the fractal characterization parameters G and D are independent of w. The
fractal dimension D reflects the complexity and irregularity of the rough surface profile
and represents the similarity parameter. The scale parameter G is an absolute measurement
parameter, reflecting the flatness of the rough surface in unit scale. At the same time, these
two parameters cannot represent the topographic characteristics of the rough surface alone;
only through the variation of their matching each other can determine the rough surface
of different topographic characteristics. Fractal features are characterized by identifying
and describing the order behind the actual disorder of the roughness of a rough surface.
Therefore, if the fractal dimension D and the scale parameter G are known, the roughness
amplitude at any length scale within the fractal region can be obtained. This is particularly
important for studying the effect of surface roughness on any physical phenomenon at the
relevant length scale.

Connolly et al. [104,105] experimentally investigated the effect of material hardness
on the morphological characteristics of the joint interface and the joint stiffness. Different
surface conditions, machining methods, and surface dimensions were considered in their
study to provide quantitative data for typical mechanical bonding surfaces.

Yoshimura [106] applied the equivalent spring stiffness and damping coefficients to
the bolted joints interface and guideway bond surface, and then modeled and identified
them. By combining experiments and numerical simulations, based on the simplified
contact model of the connection interface, the intrinsic frequency of the structure was
obtained and compared with the modal experimental data to verify the reasonableness
and accuracy of the method. Syed-Asif et al. [107] measured the contact stiffness and
damping of the specimen by using a composite nanoindentation instrument through the
quantitative imaging technique and the method of image recognition, and the composite
nanoindentation instrument was shown in Figure 16.
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Figure 16. Composite nanoindentation device diagram [108].
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Arora [109,110] and Pradhan et al. [111] identified the mass matrix, stiffness matrix,
and damping matrix of the structure and analyzed them in comparison with the exper-
imental values with a high accuracy; the integrated frequency response function matrix
of the structure was obtained experimentally. LEE and KIM [112] derived the damping
matrix for the equations of motion of the system from the frequency response function
matrix of the system. The accuracy of the identification of the damping matrix depends
on the accuracy of the frequency response function measurement. The damping matrix
established by this method contains more information than the damping ratio and the
actual spatial distribution of damping in the system can be obtained.

Mao et al. [113] studied the dynamic modeling of the fixed bonding surface of machine
tools and the method of model parameter identification, based on which the degree of
influence of the bolt preload on the dynamic modeling parameters of the fixed bonding
surface was investigated.

Li et al. [114,115] obtained the frequency response function matrix of the bolted joints
structure through experimental modal analysis and used the iterative method to obtain the
sensitivity of the structure in the whole frequency band, determine the identification range,
and improve the identification accuracy.

Wang et al. [116] measured the roughness of rough surfaces by using a handheld
roughness measuring instrument, modeled the rough surfaces by using fractal theory, and
investigated the analytical theoretical model for introducing roughness parameters.

2.4. Overview of Theoretical Modelling of Bolted Joints Interfaces from Microscopic Surface
Contact Mechanisms

Bolted joints structure is an important part of mechanical equipment. Its stiffness
characteristics and damping characteristics have a large impact on the overall mechanical
properties of the equipment. The working phase of the bolted interface will produce non-
linear behavior such as contact, separation, slip, adhesion, etc., in the normal and tangential
directions. The nonlinear behavior of the bolted interface can lead to failure behaviors
such as preload relaxation and nonlinear degradation of the connection stiffness. The
stiffness degradation of the connection interface poses a great challenge to the prediction of
equipment dynamic performance, reliability assessment, and structural design. Therefore,
it is of great significance to establish a theoretical model of bolted joints interface from the
interface contact mechanism. Many scholars have conducted a lot of work to reveal the
contact slip mechanism of rough surfaces.

Mantelli et al. [117] developed a statistical model for pressure distribution in bolted
connections. The use of the Weibull probability density distribution was proposed to
predict the shape of the contact pressure distribution in bolted metal connections. The
correlation based on the Weibull distribution agrees very well with the data. The results
show that the Weibull function is an appropriate model for the shape of the contact pressure
distribution in bolted connections.

Belhadjamor et al. [118] used numerically generated non-Gaussian surfaces to develop
an FE model to investigate the contact properties and normal stiffness of the bond surface.
The article investigated the effect of the degree and peak of asymmetry on the rough contact
properties. The contact between two rough surfaces was modelled as a contact between
a rigid plane and an elasto-plastic rough surface, considering work-hardening and the
interaction between the rough surfaces. The Pearson Frequency Curve system was used to
generate the non-Gaussian random surfaces.

Yang et al. [119] proposed a finite element analysis method on the contact of mi-
croscopic two rough surfaces. The method can study the complex contact mechanical
behaviors of rough surfaces. Gaussian or non-Gaussian rough surfaces with different
statistical characteristics were obtained by a digital characterization method of 3D rough
surfaces. A fine finite element analysis model of the contact between two rough surfaces
was constructed by bottom-up 3D modelling with hexahedral meshing. The contact charac-
teristics such as deformation, contact pressure, true contact area, and loading/unloading
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characteristics of the microscopic bonding surfaces were analyzed under different normal
loads. The study reveals the mechanical behavior of the bonding surface. It also provides
an effective way to predict the performance of microscopic rough surfaces.

Buczkowski and Kleiber [120] developed a complete elastoplastic microcontact model
for anisotropic rough surfaces. The rough surface is modelled as a stochastic process where
the surface height is considered as a two-dimensional random variable. The surface is
assumed to be statistically homogeneous. The description of anisotropic random surfaces
focuses on strongly rough surfaces; for such surfaces, the vertices are represented by highly
eccentric elliptic paraboloidal surfaces. The model is based on the conservation of volume
on convex surfaces, with modifications to the plasticity index to accommodate a wider
range of geometrical contact shapes during plastic deformation. Using the model, it is
possible to determine the total contact area, contact load, and contact stiffness, which are
combinations of elastic, elastoplastic, and plastic components.

Zhu et al. [121] proposed a contact performance model for bolted joints considering
macro-micro geometries. The model can accurately predict the real contact state of bolted
joints. The problem of extracting and reconstructing the rough surface of the measured bolt
joint bonding surface is solved by wavelet decomposition method, as shown in Figure 17.
A cross-scale model of bolted joints considering the coupling of microscopic morphology
and macroscopic geometry is constructed, as shown in Figure 18.

Rough Surface

Figure 17. FE modeling of connected parts considering rough surfaces [121].

Figure 18. Macro-micro multi-scale analysis model of bolted joints [121].
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The pressure distribution of the bonding surface of the connected parts was measured
by a pressure thin-film sensor. The effects of the thickness of the connected parts, the bolt
preload, and the bolt size on the contact performance of the bond surface were analyzed. It
provides support for the reliable assessment of the assembly performance of mechanical
equipment such as stiffness, damping, and sealing.

3. Discussion

This review focuses on theoretical models of contact mechanics for rough surfaces.
Based on the rough surface contact model, the cross-scale model of bolted joints structure is
introduced. Bolted joints structures are very important fasteners in mechanical equipment.
The image-only models of bolted joints structures have been developed and applied very
maturely. However, there is still significant room for the development of the intrinsic model
from the microscopic contact mechanism.

The asperity is the basic building block of rough surfaces. There are still many
assumptions in the theoretical modelling of asperities. For example, it is assumed that the
volume is constant. But when relative slip occurs between two rough surfaces, there must
be wear and volume loss on the surface. Rough surfaces are in turn composed of many
asperities. Both the statistical summation model and the contact fractal model are currently
only studied in two dimensions. The extension of the theoretical modelling process to
three-dimensional surfaces is also one of the trends in rough surface modelling.

First, the surface topography is modelled. The surface topography is then imposed
on the numerical model or finite element model that builds the bolted joints structure. In
this way, the mechanical properties, such as stiffness degradation of the structure, can be
predicted more accurately. The modelling of surface morphology requires fine measure-
ments by experimental instruments. The development of experimental instrumentation
is also part of the constraints on this research direction. Through the mutual verification
of experimental and theoretical models, better theoretical support can be provided for the
prediction and evaluation of equipment performance guarantee.

4. Conclusions

There are many complex and large devices in use across industries such as aerospace,
weaponry, and transport. However, the bolted joints structure on complex equipment is an
important connection method for the whole equipment. It has the characteristics of nonlin-
ear damping and nonlinear stiffness. Therefore, it is particularly important to accurately
describe the contact characteristics of bolted joints structures at the connection interface.
To analyze the contact characteristics of the connection interface from the fundamental
mechanism, the “bottom-up” cross-scale analysis method is particularly important.

A theoretical model of the bolted joints interface is established from the microscopic
contact mechanism. This can provide a better understanding and prediction of the me-
chanical behavior of the bolt such as stiffness degradation and damping characteristics.
The basis of the microscopic contact mechanism is the asperity interaction and rough
surface interaction. The basic problem of contact mechanics is the elastic-plastic contact of
spherical or aspherical asperities on a rough surface under tangential or normal loading.
To better explain the contact mechanism of two rough interfaces at the microscopic scale,
it is crucial to establish a suitable theoretical model of the asperity. Therefore, this paper
summarizes the theoretical model for the whole process of asperity deformation. As for
the interaction between rough surfaces, it is necessary to model the surfaces by means
of statistical summation or contact fractal. Therefore, this paper summarizes the current
development of statistical summation and contact fractal models, respectively.

A more accurate contact surface model can be established by surface topography
measurement. Combined with the finite element model of the bolted joints structure, the
bolted joints structure can be better simulated and analyzed. Stress-strain measurements
cannot be carried out during the use of bolted interfaces, and the bolts must be disassembled
to be measured. The finite element model of the bolted joints structure with surface
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morphology parameters can obtain the above data through simulation so as to accurately
predict the mechanical properties of the bolted joints structure.

@

@)
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There are still issues to be resolved in the future:

Dynamic normal loads in the case of preload relaxation are introduced to the bolted
joints structure. Establish a more realistic theoretical model of the asperity. Consider
the following factors: (1) elastic-plastic deformation process of the asperity; (2) fric-
tional wear; (3) ellipsoidal asperity eccentricity; (4) ellipsoidal asperity interactions; (5)
substrate deformation; (6) material hardness; (7) material intrinsic model; (8) dynamic
change of the loads and non-uniform distribution; (9) tangential load-normal load
coupling; (10) scale effect of the material’s mechanical behavior; and (11) horizontal
distance of the asperity on the surface. A clearer theoretical analysis of the connection
interface contact mechanism.

Precision surface topography measurement instruments are used to obtain the to-
pographic distribution of rough surfaces in three dimensions. The precision surface
topography measurement instrument is used to obtain the accurate topography pa-
rameters of the connection interface. The three-dimensional distribution function
of the asperity is fitted to establish a more accurate contact mechanics model of the
connection interface.

Based on the various performance parameters of the asperity, the parameters are cou-
pled. Establish the mechanical model of the connection interface under the coupling
condition so as to obtain a more accurate connection stiffness degradation model.
From the microscopic contact mechanism, it provides theoretical support for predict-
ing the stiffness degradation of bolted joints structures and the reliability assessment
of large and complex equipment.

Establish a three-dimensional finite element model of the bolted joints structure. Add
the 3D surface topography of the rough surface to the finite element model. Simulate
and analyze from the perspective of microscopic contact mechanism so as to obtain
more accurate bolt degradation characteristics.
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