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Abstract: Based on the deterministic contact model, the effects of the substrate deformation, thermal
deformation and asperity interaction are considered to investigate the change laws of the contact properties at
interface. Firstly, a new contact model of nominally flat rough surfaces is developed to consider these effects.
Subsequently, the contact area of the proposed model is analyzed through a set of research schemes. Then, the
change laws of the asperity properties can be obtained through different normal displacements, sampling
intervals and roughness values. The results show that the linear relationship between the contact area and the
normal load agrees well with the existing work. It can lead to a decrease of the asperity-peak height and the
contact area to consider the substrate deformation, compared with that of the independent asperity, the
opposite is true for the thermal deformation and asperity interaction. The effects of the substrate deformation
and asperity interaction will become more significant when the greater normal displacements, smaller
sampling intervals and roughness values are applied. However, it is more obvious for the thermal deformation
when the normal load, sampling interval and roughness become greater. It can provide a more accurate
change laws for the contact properties to introduce the substrate deformation, thermal deformation and
asperity interaction.

Keywords: contact model; rough topography; friction heat; contact properties

1. Introduction

As the size of micro-devices continues to decrease, the scale effect and the coupling mechanism of
various physical fields at interface become more and more obvious, which show an important impact on the
design of automobile, mechanical property, dynamic response and service life of the system, etc. [1-3] How
to establish a contact model with multi-scale and multi-physical fields has become a key scientific and
technological problem that needs to be solved for the improvement of equipment performance [4—6].

In order to investigate the interfacial contact properties, currently, the influential factors of geometrical
morphology, contact status, surface characterization and different physical fields, etc. for the individual
asperity are mainly investigated. Based on the analysis of individual asperity, the contact characteristics of
rough surface can be further researched. For the geometrical shape of individual asperity, the following are
often used: sphere, ellipsoid, cylinder and cone, etc. [1,5,7,8] Many researchers prefer to study the sphere
contact theoretically and experimentally because it is simpler to work than other shapes [9,10]. About the
contact status between the two interacting objects, the main evolution process is: perfectly elastic [11] —
perfectly plastic [12] — elastic-plastic [13] — elastic-mixed elastic-plastic [14] — elastic-mixed elastic-
plastic [15] — mixed elastic-plastic [16]. In order to extend the contact properties of an individual sphere to
the whole rough surface, the main characterization methods are probabilistic statistics, fractal theory,
numerical simulation and deterministic theory [8, 10, 17]. The existing problem of the first two is how to
effectively deal with the substrate deformation and the interaction between asperities [18 —20]. For the
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numerical simulation method, it needs to cost a large amount of computation time. In the deterministic
contact theory, a continuous equivalent rough surface can be obtained through the identification criteria of the
asperity peak, and it can provide an effective reference baseline for the variations of the contact
properties [10]. Therefore, it is a feasible method to construct a deterministic contact model for the contact
analysis of rough surfaces.

In order to reflect realistically the change laws of contact properties at interface, some scholars have
begun to study the effects of the asperity interaction, substrate deformation and friction heat. Ciavarella et al.
assumed that the contact pressure p is uniformly distributed over the apparent area 4 to consider the effect of
the asperity interaction based on the elastic contact theory. The cumulative effect of the interaction reduces
the deformation (pA"*/E, where E is Young’s modulus), however, the change becomes obvious at moderate
loads [18]. In literature [21], the variation of normal contact stiffness was analyzed through a similar
approach. Afferrante et al. used the approximation methods of first-order and second-order Gaussian
curvature, and took the geometric average of the curvature for the two adjacent asperities as the value of the
new one, and the interaction between asperities can cause the redistribution of the contact forces on the rough
surface [22]. In literature [23], the deterministic contact theory was applied, and the neighboring asperities
can be merged if the geometrical overlap and the surface energy are greater than the given values. Yeo et al.
divided the rough surface into two parts, the asperities and the substrate [24], which can be equivalent to two
springs with stiffness values k, and k, in series, so that the total stiffness of the rough surface is
k = [1/k, + 1/k,]". In literature [20], a joint closure deformation model was developed to consider the
deformations of the asperity and the substrate using the same approach. With the geometrical scale
decreasing, the effect of the frictional heat plays an important role for the contact properties [5, 25, 26].
Smith et al. developed a finite element model of a pair of hemispheres with substrate moving in relative
motion, and the results show that the temperature at flashpoint is much higher than that at the substrate, it
may lead to local softening, melting, and phase transformation of the contact materials, etc. [27] The sliding
experiment between a hemisphere and a disk was proceeded by Rowe et al., and it shows that the local
transient temperature is much higher than the average, which will lead to the reconstruction of the surface
morphology [28].

In the process of interaction between two rough surfaces, the applied load leads to the change of the
functional structure for the contact surfaces owing to the general uniformity between the surface morphology
and the functional structure, meanwhile, the surface morphology is bound to change accordingly. It is
important how to effectively express the changes of the contact properties in the sliding process. Currently,
theoretical modeling and characterizing of solid contact at interfaces are imperfect. Additionally, there is a
lack of corresponding measurement principles and techniques for evaluating contact properties. For these
reasons, the deterministic contact model can be applied to obtain an initial baseline by connecting the
equivalent circle centers, and then the influential factors of the substrate deformation, thermal deformation
and asperity interaction are analyzed through a set of research schemes. Finally, the change laws of the
asperity properties for the rough surfaces can be obtained through different normal displacements, sampling
intervals and roughness values.

2. Modeling of Individual Spherical Asperity
2.1. Modeling Assumption

In order to simplify the analysis process, the contact model developed in this paper is based on the
following assumptions.

(1) The materials of the contacting objects are homogeneous and isotropic;

(2) Only the normal contact and there is no oblique impact;

(3) It is a uniform motion in the sliding process, and only the heat conduction at interface is considered,

ignoring the effects of the convection and radiation;

(4) Only dry friction occurs at interface and the effect of the fluid is not considered.

According to the method of classical GW model [9], the contact between two rough surfaces can be
replaced by a rough surface with equivalent elastic modulus and a rigid smooth plane. The equivalent elastic
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modulus and yield strength are respectively calculated as follows

1= 1-92)
_ 1 2
E—( E, +7E2 ) €]
o,=min [ 0,10, ] 2)

where E, v, and o; (i = 1, 2) are Young’s modulus, Poisson’s ratio and yield strength of the two contacting

ILERS |

objects, respectively.

2.2. Sphere Contact Model

The asperities may flow plastically when they come into contact because each asperity is covered with
microasperities, and each microasperity with micromicroasperites [18,22—24]. So we can believe that there
should be plastic flow at first for the contact asperities, but the percentage of which is very small. In reality,
the dislocations existed in the material will be activated and grow up, and the status of the material is plastic
owing to the increasing interaction between them. The development of the plastic deformation during the
loading process will lead to “elastic islands”, which result in the decay of the ability to resist the deformation.
The material in the fully plastic regime will exhibit work hardening on account of the restriction of
dislocation movement caused by the deformation of the material microstructure [23]. Hence, the contact
status should contain both elastic and plastic components in the contact process, and the corresponding
contact area and load are respectively

A=, 0)-(nrd)+f, (0)-(2mro) ©)

F=£(8) (5 6" )+£(8) -Caropy) o)

where 7 is the spherical radius, ¢ is the normal deformation and p,is the average contact pressure. The
functions of f,(0) and £,(d) are two different mathematical models used to determine the percentage change for
the elastic and plastic status, respectively, i.e.,

J10)=1-/,09)

£, 00)= iarctan( 5;:;) ®)
where 7 is the Meyer hardness exponent.

In order to expand the contact properties of a single sphere to the whole rough surface, in literature [10],
based on the criterion of 3-point peak, the asperity-peak with “valley-peak-valley” mode was defined to
realize a continuum surface profile through the valley points shared by the neighbouring asperities. For two-
dimensional rough surface contours, firstly, it is labeled as a peak point on the profile by comparing three
points, if the middle point is higher than the neighbours, and vice versa, it is labeled as a valley point.
Secondly, on the basis of the above identification, further search for “peak above peaks” and “valley below
valleys”, i.e., the identified peaks or valleys can be subdivided into more subtle structures. Finally, the results
of the second step are matched to ensure that the formation of each asperity-peak follows the pattern of
“valley-peak-valley”, i.e., each intermediate peak must be flanked by two neighbouring valleys, as shown in
Figure 1.
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Figure 1. Rough surface profile and its equivalent asperity peaks.

2.3. Substrate Deformation

When an asperity on the rough surface is applied to an external load, which not only causes the
deformation of the asperity itself, but also the decrease of the substrate. Assuming that the status of the
contact materials is fully elastic, the substrate deformation caused by the applied load on the asperity is [29]

1-v 12
‘Sb(d):(Zl;)EpmaxI:@rcz—dz)sin1(’;)+rc(d2—r3) :| (6)

where d is the distance between the contacting asperity and the neighboring one, p,,. is the maximum Hertz
contact pressure, and 7, is the contact radius.

The loaded asperity can lead to the deformations of the corresponding substrates of all asperities on the
rough surface, so the total substrate deformation caused by a single loaded asperity is

Su(J) = 20,(1) )
i=1
where 7, is the number of the asperities which come into the contact with a plane.

2.4. Thermal Deformation
When a spherical asperity slides on a plane, the generation rate of frictional heat is
q.=Hpv ®)

where u is the friction coefficient, p is the contact pressure, and v is the relative sliding velocity between the
sphere and the plane.

Assuming that all the frictional heat is used to heat the sphere and the plane, and the densities of the heat
flow input the sphere and the plane are ¢, and g, respectively, so the total heat flow density is

4=49,%9, 9

Different contact materials will result in various heat flow densities, and the coefficient of the heat
distribution for the sphere is

__k
Ca= ky+k, (10)
In the above formula, the variable & is
A
k= —
K1/2

and
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A
rC,

K=

where / is the coefficient of heat conduction, x is the coefficient of heat diffusion, p is the density, and Cp is
the specific heat.
From Equations (9) and (10), the heat entered into the sphere and the plane can be written as

q,=Cqq, (11)
qp = ( 1 - Cd ) qt
According to Fourier’s law
2y L(ﬂ . )
ViT= P E \7 (12)
In steady-state condition, the lateral heat flow is neglected, and it can be obtained
6T o°’T
Vi T E (13)

The temperature distribution is obtained by Laplace transform [30]

T(x.z) = d’” ff Gl z(x.w)] p(u)du (14)

and

G [ z(x, u)] =

where v, is the whole sliding velocity.
About the temperature change at interface, i.e., z = 0, Equation (14) can be rewritten as

Cd,uv

T(x,0)= p(u)du (15)

Because the maximum of the interfacial temperature is much higher than the average, the latter is
applied to this calculation. The thermal deformation of the sphere is

3l ) =0Tl ) (16)

mean

where 7T, is the average temperature rise at interface.

mean

2.5. Asperity Interaction

The contacts between rough interfaces are a complex system included various scales, such as surface
structures, asperities, material crystals, molecules, atoms, etc., and the construction of the rough surface is
constantly in motion and changing. The surface energy at interface arises mainly because the chemical bonds
between the molecules are broken, and they cannot be compensated. Although surface energy and surface
tension are different in concept, their values are the same.

The changes of the surface topography at interface are similar to that of the Earth’s plate motion, except
for the difference in scale, which involves some interactions such as collision, extrusion, subduction, etc. The
formation of the Tibetan Plateau is due to the collision of the two plates. Therefore, it can be inferred that the
same interaction should also exist in neighboring asperities. In fact, the two asperities at interface can be
flattened to merge a larger asperity which can withstand greater external load.

When the rough interface is subjected to the mechanical and thermal loads, the asperities come into
contact with the others, high stress develops locally and plastic deformation is unavoidable. The surface
profile can be flattened through the asperity interaction, and the corresponding surface topography is
reconstructed. In literature [23], Wang et al. analyzed the change laws of 2D rough surface contact with
asperity interaction, and pointed out that the bonding energy of the atoms facing outwards can’t be
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compensated, which leads to some extra energy on the solid surface layer. It has the same value in balancing
the energy requirement between the unit area and the unit length. Meanwhile, based on the concept of
geometrical overlap, the judgment criterion for the merging of adjacent asperities is proposed

x,O+r.,@>x,((+)-r (+1)
(F@) wixy >y

where x, is the abscissa value of the circle center, x_, is the overlap length of adjacent equivalent circles, and
7, 18 the solid surface energy.

According to the principle of volume conservation, a new asperity peak can be generated by merging the
adjacent asperities.

(17)

' () =mr(i)* + (i + 1) (18)

where 7 is the radius of the generated circle.

After obtaining the radius of the generated circle, the location of the circle center can be obtained by the
left and right endpoints of the adjacent asperities after deformation. A triangle can be constructed of the given
two points and the radius, and then the location of the generated circle is determined by the circumcircle.

2.6. Calculation Process

When an equivalent rough surface slides on a rigid plane, the effects of the substrate deformation,
thermal deformation and asperity interaction can be analyzed by the above-mentioned theories to obtain the
change laws of the contact characteristics. The main calculation steps are as follows:

(1) Based on the deterministic criterion of “valley-peak-valley” mode, a continuous equivalent surface

profile with a reference frame can be realized through the same valley points shared by neighbouring
asperities.

(2) In the compressing process, the substrate deformation caused by an asperity applied external load is
calculated firstly, and the total deformation can be obtained by adding up all the values of the
asperities under loading. Then the asperities interacted with each other are merged.

(3) Similarly, in the sliding process, the total thermal deformation is calculated by the above-mentioned
formula, and a new surface profile can be regenerated by the asperity coalescence.

The calculation flow is shown in Figure 2.
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Figure 2. Calculation flow of contact characteristic parameters for rough surface.

3. Validation of the Proposed Model
3.1. Contact Area of Individual Sphere

In order to verify the feasibility of the contact model proposed in this paper, the geometries and material
properties of test specimens in the indentation experiments, which were proceeded by Jamari et al. [31] to
study the compression of an aluminum alloy sphere using a silicon carbide flat surface, are applied, as listed
in Table 1. Figure 3 gives the curves of the contact area versus normal parameters of the proposed model
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compared with the Hertz [11], AF [12] models and the above-mentioned measurements.

Table 1. Material and geometric properties of test specimens for the experiments of Jamari et al. [31].

Value
Property
Diamond Plate Aluminum Alloy Ball

Densities/(kg/m?) 3200 2750
Yong’s modulus/GPa 430 75.2
Poisson’s ratio 0.17 0.345

Yield stress/MPa — 40

Brinell hardness/(kgf/mm?) 2485 26
Meyer hardness index — 2.15

Radius/mm o) 3

Specific heat capacity/(J/(kg-K)) 690 810

Thermal conductivity/(W/(m-K)) 50 120

0.15

Contact area/mm?
=

0.05

0.15

”

0.1

Contact area/mm

L —©— Model of this paper

—O— Hertz model
—A— AF model

—&— Proposed model 5
—&— Experimental data 44

Normal deformation/pm

(a) Normal deformation.

—S— Hertz model
—A— AF model

—o— Experimental data

10 20 30

Normal contact force/N

(b) Normal contact force.

Figure 3. The contact area versus (a) normal displacement and (b) contact force compared to the
experimental data and two other contact models for the individual sphere.
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In Figure 3a, the relationship between the contact area and the normal deformation is linear for Hertz,
AF and the proposed model, while the contact area of the latter two is twice as large as the former and shown
good agreement with the measurements. In Figure 3b, the curves of different models are also nearly linear,
but become scattered. The AF and proposed models exhibit good agreement with the measurements, while
the Hertz model shows poor agreement, and the obvious discrepancy can be seen at the lower forces. When
the normal contact force increases, the divergence between different models and the measurements becomes
more significant. The proposed model has a big advantage especially at the greater forces. The contact force
corresponding to the elastic status is much larger than that of the other two for the same contact area. It is
mainly due to the fact that the defects existing in the contact materials can lead to plastic flow, and the contact
area becomes larger, however, the ability subjected to external load decreases.

3.2. Contact Area for Rough Surfaces

In order to analyze the effects of substrate deformation, thermal deformation and asperity interaction on
the contact area of rough surfaces, eight scenarios are used for comparative analysis, as shown in Table 2.

Table 2. Research schemes of rough surface contact considered various effect factors.

Number Content Number Content
Case 1 Independent asperity Case 5 Thermal deformation
Case 2 Asperity interaction Case 6 Thermal deformation and asperity interaction
Case 3 Substrate deformation Case 7 Thermal and substrate deformations
Case4  Asperity interaction and substrate deformation ~ Case 8 Integrated action

A set of different surface profiles can be obtained using the fractal method [11] for the purpose of this
research. The parameters of the surface profile R, and R, are presented in Table 3 when the sampling length
and interval are separately selected as 800 um and 0.5 pm. The 4th surface profile and its equivalent
asperities are shown in Figure 1. The contact material parameters are the same as those in Section 2.1. In the
compressing process, 60 computational steps are taken from the highest point of the equivalent spherical
asperity to the midline position of the rough surface profile. In the sliding process, the sliding velocity is
taken as 4 m/s and the friction coefficient is 0.06. The results of the contact area are shown in Figure 4.

Table 3. Values of roughness for surface profiles.

Surface Profile 1 2 3 4 5 6 7
R /um 2.747 2.204 1.862 1.577 1.374 1.110 0.846
R /um 3.376 2.712 2.293 1.944 1.695 1.371 1.045

In Figure 4a, the contact areas calculated by various research schemes all increase slowly at low
displacements. However, for high displacements, the results of the cases 3, 7, 1 and 5 increase slightly in turn,
and the cases 2 and 4 increase in zigzagging. They increase sharply at first for the cases 6 and 8, and then
their change rates become low, while the former appears to increase obviously again with the displacement
increasing. In summary, the substrate deformation can decrease the contact area, while the thermal
deformation and the asperity interaction have the opposite effect. In Figure 4b, the relationship between the
contact area and the contact force is linear for different cases, and similar results can be obtained from both
GW [9] and BGT [32] models. Yastrebov et al. analyzed the compression of the rough surfaces from the
initial to the full contact, and found that the contact area is nearly linear with the normal contact force [19].
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Figure 4. The contact area versus (a) normal displacement and (b) contact force for various research schemes.

4. Results and Analysis
4.1. Effect of Normal Deformation on Asperity-Peak Properties

In order to analyze the effect of normal load on the contact properties, the same cases as those in
Section 2.2 are applied. Taking the initial line connecting the circle centers as a reference datum, the lines
corresponding to different normal deformations are shown in Figure 5.

As seen in Figure 5, the baseline in the 20th computation step is nearly consistent with the original, and
it slightly decreases for the 40th computation step, except for a few increasing points due to the asperity
interaction. The final position decreases slightly for x > 290 um. By contrast, the position changes
significantly for x < 290 um, and the number of asperity peaks decreases obviously. It is mainly due to the
fact that the thermal deformation and asperity interaction can lead to an increase of the baseline, however, an
opposite effect for the substrate deformation. In fact, the surface will become rougher, which is in agreement
with the reality.

Figure 6 displays the contact characteristics of various normal deformations. As can be seen in
Figure 6a, there is no change in the number of asperity-peaks for examples 1, 3, 5, and 7, staying at 59. The
results of the remaining cases are likewise 59 at first compression, but after the deformation of 3.06 pm, it is
down to the final value of 5 for the case 6. Similarly, it declines gradually to 52 for the case 4. The two cases
of asperity interaction and integrated action are in the above results. In Figure 6b, the average peak radius of
the cases 1, 3, 5 and 7 is 8.26 um, and the trends of the other four cases are just opposite to that of the
asperity-peak number. The average peak height, as shown in Figure 6c¢, is maintained at 1.82 pum for the
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case 1. The results of the cases 5, 2 and 6 increase to 1.86, 4.84 and 9.05 um, respectively. In comparison, it
decreases to 0.94, 0.95 and 1.30 um for the cases 3, 7 and 4, respectively. The result of the integrated action
fluctuates around that of the case 1.

—e@—Original baseline —&— Calculation step 20
—HE—Calculation step 40 —&— Calculation step 60

5 -

Figure 5. Reference baselines corresponding to different normal deformations.

The asperity subjected to external load can cause a decrease of the substrate position, which is similar to
the deformation of a cantilever beam caused by applied load at the free end. When the external load is small,
the force transmitted from the asperity to the substrate is not sufficient to produce a significant change, but
distinct substrate deformation occurs with the external load increasing. The friction heat in the sliding process
can cause thermal deformation of the contact materials, which inevitably leads to a rise of the asperity
position owing to the limitation of the substrate material. Clearly, the change will become more obvious with
the increase of the external load. The effect of the asperity interaction is not obvious for the light load at
interface, which needs a small number of asperities to bear. With the external load increasing, the asperities
with smaller scales can be deformed plastically, and they will merge into one with a larger scale to bear the
external load. Thus, the number of the asperity-peak decreases, while the corresponding peak radius and
height increase. It can be inferred that the asperity peaks on the rough surface will be flattened, and the
valleys are filled in, when the external load is large enough, eventually, there will be only one asperity peak
with infinite radius and height.

Number of asperity-peak

0 1 2 3 4 5 6
Normal deformation/um

(a) Number of asperity-peak
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30

Average peak radius/um

¥}

Average peak height/um
(=)}

Normal deformation/um

(¢) Average asperity-peak height
—&—Case ] —O—Case2 —FHF—Case3 —P>—Casc4

—A— Case 5 —<}—Case 6 —— Case 7 —Q— Case 8

Figure 6. Asperity-peak properties: (a) the number per profile (b) their radii and (¢) their heights in relation
to different normal deformations.

4.2. Effect of Sampling Interval on Asperity-Peak Properties

In order to analyze the effect of the sampling interval on the asperity-peak properties, it is set as 0.05,
0.1, 0.3 um, and an interval of 0.5 um in the range between 0.5 and 5 um. The results are shown in Figure 7.

It can be observed from Figure 7a that the number of asperity-peak decreases with the increasing
sampling interval. When the sampling interval is large enough, only a small number of the asperity peaks
with larger size are presented on the equivalent rough surface, and the effects of different factors on the
asperity-peak number are small. However, the greater deformation in the case 6 increases the probability of
asperity merging, which results in a decrease in the number of asperity-peak. When the sampling interval
decreases, the finer micro-structures are presented on the rough surface, and the number of equivalent peaks
increases, just as the changes in the number of lattices, unit cells and atoms in a certain region. The changes
of the number for the four cases, which do not take into account the asperity interaction, are largely
consistent, increasing from a minimum of 9 to a maximum of 65. The number of case 6 is relatively few and
has some fluctuations. The change trends for the other three scenarios are nearly similar, and the highest
number is 58 for the case 4 when the sampling interval is 0.05 um, followed by the cases 8 and 2 in
decreasing order. The change trends of the asperity-peak radius, as shown in Figure 7b, are just opposite to
that of the asperity-peak number. Except for the larger values of the case 6, the results of the other cases are
all small, and become smaller with the sampling interval decreasing. The results of different cases are below
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10 um when the sampling interval is less than 0.5 pm.

Number of asperity-peak

Sampling interval/um

(a) Number of asperity-peak

320 o

240 L

160 L

80 L

Average peak radius/pum

Sampling interval/um

(b) Average asperity-peak radius

Average peak height/um

Sampling interval/pm

(¢) Average asperity-peak height
—®—Case] —©—Case2 ——Case3 —P>—Case4

—A—Case5 —<}—Case 6 —/F— Case 7 —O— Case 8

Figure 7. Asperity-peak properties: (a) the number per profile (b) their radii and (c) their heights in relation
to different sampling intervals.

The change laws of the average asperity-peak height are shown in Figure 7c. The result of the case 6 has
large fluctuations, while a relatively stable value of 4 pm for the case 2. The trends of the other cases are
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approximately identical and show that the peak heights decrease with the sampling interval decreasing. When
the sampling interval is 5 pum, the individual asperity is subjected to a larger load, and the effects of the
substrate deformation and thermal deformation are obvious, their corresponding peak heights are respectively
2.67 and 11.69 um. While the effect of the asperity interaction is small with the peak height of 4.23 um.

When the sampling interval decreases, the asperities with a smaller scale can be shown on the rough
surface. If the interaction between molecules is thought to be reasonable, the similar action should be existed
between asperities as well, perhaps the mechanisms of interaction between the two are different. Actually, the
smaller the geometric scale of the contact bodies, the more obvious the effect of the interaction. Meanwhile,
the number of asperities came into contact increases, which can accelerate the cumulative effect of the
substrate deformation. Conversely, the generated frictional heat and the corresponding deformation decrease.
The result of the integrated action lies between that of the asperity interaction, the thermal deformation and
the substrate deformation. When the sampling interval is less than 0.5 um, the peak height basically varies
between 0.8~1.9 pum.

4.3. Effect of Roughness on Asperity-Peak Properties

The relationships between the asperity-peak properties and the roughness are shown in Figure 8. The
changes in different cases are relatively consistent and smooth, except for a large fluctuation for the case 6.
With the roughness decreasing, the corresponding structure on the rough surface becomes finer, which can
lead to an increase of the asperity-peak number and the radius, but a decrease of the asperity-peak height.
Further, the effect of the asperity interaction becomes more pronounced, by contrast, it wears off for the
substrate deformation and the thermal deformation owing to the weakened ability to bear the external load for
the individual asperity.

80 _

Number of asperity-peak

2.747 2.204 1.862 1.577 1.374 1.110 0.846

R,/um

(a) Number of asperity-peak
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Average peak radius/pm
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(b) Average asperity-peak radius
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Figure 8. Asperity-peak properties: (a) the number per profile (b) their radii and (c¢) their heights in relation
to different roughnesses.

5. Conclusions

In this work, a new contact model that includes the effects of the substrate deformation, thermal
deformation and asperity interaction is developed to analyze the change laws of the asperity-peak properties
in the sliding process of the rough surfaces. The following conclusions can be drawn:

(1) For different research schemes, the relationship between the contact area and the normal load is

linear, which can be validated through the experimental measurements reported in the literature and
the results calculated from the classical contact theory.

(2) In contrast to the result of the mutually independent asperity, the substrate deformation decreases the
reference baseline. An opposite effect for the thermal deformation and the asperity interaction,
which cause the contact materials to expand and bulge.

(3) The effects of the substrate deformation and asperity interaction will become more significant when
the greater normal displacements, smaller sampling intervals and roughness values are applied.
However, it is more obvious for the thermal deformation when the normal load, sampling interval
and roughness value become greater.
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