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The spatial and temporal evolution of real contact area of contact interface with loads is a challenge. It is generally
believed that there is a positive linear correlation between real contact area and normal load. However, with the development
of measuring instruments and methods, some scholars have found that the growth rate of real contact area will slow down
with the increase of normal load under certain conditions, such as large-scale interface contact with small roughness surface,
which is called the nonlinear phenomenon of real contact area. At present, there is no unified conclusion on the explanation
of this phenomenon. We set up an experimental apparatus based on the total reflection principle to verify this phenomenon
and analyze its mechanism. An image processing method is proposed, which can be used to quantitative analysis micro
contact behaviors on macro contact phenomenon. The weighted superposition method is used to identify micro contact
spots, to calculate the real contact area, and the color superimposed image is used to identify micro contact behaviors.
Based on this method, the spatiotemporal evolution mechanism of real contact area nonlinear phenomena is quantitatively
analyzed. Furthermore, the influence of nonlinear phenomenon of real contact area on the whole loading and unloading
process is analyzed experimentally. It is found that the effects of fluid between contact interface, normal load amplitude
and initial contact state on contact behavior cannot be ignored in large-scale interface contact with small roughness surface.

Keywords: real contact area, total reflection method, micro-contact spots, interface contact, experimental anal-

ysis
PACS: 46.55.4d, 42.30.Va, 78.20.Ci

1. Introduction

Predicting the real contact area growth with load is an im-
portant and fundamental project in engineering science, such
as sealing, conduction, heat conduction, friction and vibra-
tion. For the measurement of contact area, there are electri-
cal conductivity method,!"?! acoustic method!**! and optical
method, 2% etc. Although the average of the real contact area
can be obtained by the first two methods, the local or micro
contact area of the contact interface cannot be measured. Opti-
cal method can be used to observe the change of local or micro
contact behavior on the contact interface in real time, which
is of great significance to reveal the spatiotemporal evolution
mechanism of interface contact.

Interface contact is a cross spatial scale behavior. It
should be noted that the term “scale” in this paper refers to
the contact size, and represents the Hertz contact diameter.!]
Microscale refers to 0.01 micrometers to several micrometers,
macroscale refers to 100 um to several millimeters. There are
only few asperities in microscale contact, but millions of as-
perities in macroscale contact. With the development of mea-
surement methods and measuring instruments, scholars can
distinguish contact spots of microscale on larger macroscale
contact.®1%1 In this paper, the macroscale less than 1 mm is
named to be small-scale, and the macroscale larger than 1 mm
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is large-scale. In general, it is considered that the real con-
tact area increases approximately linearly with the increase of
normal load.!®!1-11 However, in recent years, scholars have
found that the relationship between real contact area and nor-
mal load is not a simple linear relationship with the increase of
contact scale.[>17-221 The size of the contact interface, the con-
tact material, the surface morphology and the loading mode
may lead to real contact area growth slowing down with the in-
crease of the normal load.[>3-23] The relationship between the
real contact area and normal load is nonlinear. The more ob-
vious the change of real contact area growth rate is, the more
obvious the nonlinear characteristic is. This phenomenon is
called the nonlinear phenomenon of real contact area. At
present, there is no unified conclusion on the mechanism of
this nonlinear phenomenon.

In small-scale contact, the relationship between contact
area and normal load in loading stage is mainly related to ma-
terials. For soft materials, the contact area has a good linear
or sub-linear positive correlation with normal load. Parker and
Hatch!'!! first used a microscope to capture real contact area
images under different working conditions, and verified the
linear relationship between real contact area and normal load
with soft metal, such as lead and indium. Ovcharenko ez al. 23!
also used a similar method to verify this linear phenomenon
with copper material. In 2018, Weber et al.®! adopted a
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molecular-level sensitive contact detection method to carry out
the above research, and found that real contact area and normal
load are not strictly linear correlation, but sub-linear correla-
tion. They thought that this sub-linearity could be caused by
the coupling of elastic deformation of the asperities and the
plasticity of the contact interface. However, when the hard-
ness of the material is high, such as steel, the contact deforma-
tion is mainly elastic deformation, and the small-scale contact
obeys the Hertz contact law, and the relationship between real
contact area and normal load is nonlinear. (23]

In large-scale contact, the relationship between contact
area and normal load is mainly related to surface morphology,
but weakly related to materials. When the roughness of the
contact surface is large, the relationship between contact area
and normal load is approximately linear.>%?6 Rubinstein et
al.P! analyzed the large-scale interface contact (300—1200) of
polymathic methacrylate (PMMA) materials with a novel op-
tical method based on total reflection principle. They thought
that the change of transmission intensity can be used to char-
acterize the change of real contact area. The experimental re-
sults showed that the real contact area has a linear positive
correlation with normal load, and the relationship is not af-
fected by environmental humidity, loading speed and materi-

als. Kucharski and Starzynski (%]

conducted large-scale inter-
face contact experiments on steel materials, estimated the real
contact area based on the surface morphology after loading,
and found that for metal materials with high hardness, the real
contact area was also approximately linearly related to nor-
mal load. However, for large-scale contact, when the rough-
ness is small, the relationship between the real contact area
and the normal load is nonlinear.[>!??! Rubinstein ez al."®' be-
lieved that for the contact of the surface with small roughness
(RMS < 0.1 pm), the nonlinear phenomenon might be related
to the evanescent wave, and the measurement error of contact
area would be caused by the tunneling effect'?’! of light when
the real contact area was measured based on the total reflec-
tion method. Different from the analysis of Rubinstein et al.,
Matsuda et al.!**?) compared the effects of vacuum, dry and
wet environment on real contact area, and found that the rela-
tionship between real contact area and normal load would be
related to the existence of fluid between contact interface. The
smaller the compression ratio of fluid, the slower the growth
rate of real contact area with normal load. However, in the
experiment of Matsuda et al., the surface of the specimens is
very regular, which is generated by the mold, but the surface
of engineering components is often irregular. Whether the in-
ference is true or not remains to be verified.

It should be noted that the current research on the relation-
ship between real contact area and normal load is still mainly
focused on the loading stage. For the unloading stage, the
contact behavior will be more complicated due to the influ-

ence of viscous or creep forces. When unloading, the rela-
tionship between real contact area and normal load is nonlin-
ear, which shows that the decrease of real contact area lags
behind the decrease of normal load.!>'% In the complete load-
ing and unloading process, real contact area and normal load
show the hysteresis phenomenon. Rubinstein et al.! carried
out the experimental and theoretical research on this hystere-
sis characteristic. They found that the hysteresis is related to
the aging and “de-aging” of contact interfaces, and showed a
scale-free mechanism. Dillavou and Rubinstein(?®! regarded
the hysteresis phenomenon as an aging of disordered system
and introduced the Amir—Oreg—Imry (AOI) model to charac-
terize it. The hysteresis characteristic of real contact area will
cause excess energy dissipation, cause more wear of contact
surface, affect the service life of equipment, and also bring
challenges to the analysis of interface contact behavior.

Why is there a nonlinear relationship between contact
area and normal load when loading with the increase of con-
tact scale? For the irregular surface, what is the mechanism of
nonlinear relationship between contact area and normal load
in large-scale interface contact? Is this nonlinearity related to
the existence of fluid between the contact interfaces? How
does this nonlinearity affect the contact behavior during load-
ing and unloading? In this paper, we set up an experimental
apparatus based on the total reflection method, and attempt to
analyze the above questions.

The overall plan of this paper is as follows. Section 2 de-
scribes the experimental apparatus and propose an image pro-
cessing method to calculate real contact area and identify the
micro contact behavior. In Section 3, the experimental verifi-
cation and mechanism analysis of the nonlinear phenomenon
of real contact area are carried out, and the micro contact be-
havior of this phenomenon is quantitatively analyzed. In Sec-
tion 4, the influence of nonlinear phenomenon on the whole
loading and unloading process is analyzed through the loading
and unloading experiments with different normal load ampli-
tudes and initial contact states. Section 5 is the conclusion of
this study.

2. Experimental apparatus and image process-
ing method

2.1. Description of specimens and experimental apparatus

The contact type of the experiment is the contact between
rough surface and smooth surface. The specimen of rough sur-
face is named as specimen 1, the specimen of smooth surface
is named as specimen 2, and the specimen material is PMMA.
The isotropic rough surface (3.024 um?) is obtained by sand-
blasting PMMA smooth surface (0.002 pum?) and processed
into a boss. The size and surface morphology of specimen 1
are shown in Fig. 1.
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Fig. 1. Specimen 1: (a) size of specimen 1, (top) top view, (bottom) front
view, (b) smooth surface, (c) rough surface, (d) picture of specimen 1.

full shade cloth
LED light
upper platform
specimen 1
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Camiﬁ a — -] two-dimensional angle adjuster

three-dimensional force sensor

tangential translation device
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Fig. 2. Picture of the experimental apparatus.

The total reflection apparatus designed by our research
group is used in the experiment, as shown in Fig. 2. Speci-
men 1 is fixed on the upper platform by bolts, and specimen
2 is fixed on the two-dimensional angle adjuster by bolts, and
the contact angle of contact interface is adjusted by the an-
gle adjuster to ensure uniform contact. Angle adjuster, three-
dimensional force sensor, tangential translation device and
loading device are connected by bolts. The force signal col-
lected by force sensor (range 2000 N, resolution 0.5 N) is used
as the contact force of interface. The normal loading device
(stroke 25 mm, resolution 0.6 pm, maximum load 800 N) can
realize the loading and unloading. The tangential translation
device (resolution 0.32 um) is used to adjust the horizontal
position. The LED light emits light to illuminate the speci-
mens. The camera adopts Nikon D610 + 100 mm macro lens,

with maximum aperture of 2.8. The whole experimental plat-
form is covered with full shade cloth, to avoid the influence of
environmental light on the experimental results.

2.2. Principle of total reflection method

There are many methods to acquire the image of contact

1924.29-32] 1n order to achieve

area based on total reflection.
higher contrast, we chose to shoot from the side,?*! as shown
in Fig. 2(a). A hole is drilled on the top of the upper platform,
and the contact specimen is irradiated by LED light source
through the through-hole, and the contact interface image is
collected by camera. When specimens 1 and 2 are not in con-
tact, total reflection occurs on the smooth surface of specimen
2, and there is no spots image on the contact interface. When
the asperities on the rough surface contact with the smooth sur-
face, diffuse reflection occurs in the contact area, and the spots
image are continuously recorded by the camera. Figure 3(b)
shows the contact images observed before and after the con-
tact. Since the interface is observed at 64°, the image is 3.5
times smaller in the x direction. The light intensity informa-
tion and contact spots information of contact interface can be
obtained by processing the video image.

(a) through-hole i LED i

specimen 1

contact
— -
interface

specimen 2

@ normal load

(b) transmission

before contact * diffuse reflection

T

after contact

specimen 1

Fig. 3. Schematic diagram of the total reflection method: (a) light path
diagram, (b) principle of total reflection method.

2.3. Determination of micro contact spots and real contact
area based on weighted superposition method

It is an active subject to predict the change of real contact
area with normal load or tangential load. When the total re-
flection method is used to study the interface contact behavior,
the intensity of transmitted light is usually used to characterize
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a,13:6:8-10.24.33.34] expressed as follows:

A=Y Y IG,)), (1)
i

where Aj is the real contact area calculated by the total inten-

the real contact are

sity of transmitted light, I is the grayscale matrix of image, i
and j are the positions of pixel in the matrix, m and n are the
sizes of rows and columns of the image matrix.

In order to further analyze the evolution of local contact
area, some scholars use the Ostu algorithm to binarize the im-
age to realize the recognition of the contact spots in the contact
area.[!%23] The real contact area is calculated by the proportion
of the contact spots in the contact area, as expressed in the
following. The distribution of contact spots and their evolu-
tion with time can be used to reveal the internal mechanism of
contact behavior. The Otsu algorithm can achieve a good iden-
tification result for the small-scale interface contact. However,
in large-scale interface contact, because the contact spots are
difficult to identify, [35-37] the evolution of the contact area is
mainly characterized by the transmitted light intensity. 383!
Song et al.'>! proposed to use the improved Otsu algorithm to
identify the contact spots of large size contact interface, also
expressed in the following.

Y osl(is )

Aos = T @)
mn
L7 E) howa (i)
Apowa = =0 (3)
mn

where Aogy 1S the real contact area calculated by the Ostu al-
gorithm, A1 oy 1S the real contact area calculated by the im-
proved Otsu algorithm, logy is the binary image matrix of the
contact area calculated by the Ostu algorithm, /i oty 1S the bi-
nary image matrix of the contact area calculated by the im-
proved Otsu algorithm, i and j are the positions of pixel in the
matrix, m and » are the sizes of rows and columns of the image
matrix.

Though the recognition of contact spots is realized by us-
ing the improved Otsu algorithm, we find that it is not ideal
to characterize the evolution of contact area with load. In this
paper, we propose a method to realize controllable adjustment
of contact points using image information weighted superpo-
sition (WSM). Taking the relationship between light intensity
and normal load as the evaluation index, the micro-contact
spots image is determined and the real contact area is calcu-
lated. The flow chart of image processing is shown in Fig. 4.

Firstly, the image of each frame in the video is extracted,
and the gray image matrix is obtained by gray processing of
the image with MATLAB. Image information is extracted by
Gaussian filter.[**#2] The centrosymmetric spectrum is ob-
tained by two-dimensional Fourier transform of grayscale im-
age and shift, expressed as

F(u,v) =S3[f(x,y)(=1)""], (4)

where f(x,y) is grayscale image matrix, x and y are variables
of the image, F (u,v) is centrosymmetric spectrum, « and v are
variables of the spectrum.

gray processing of the image

A 4 A 4
Gaussian high pass filtering
(evanescent waves and
background information)

Gaussian low pass filtering
(contact spots information)

\ 4 \ 4
weighted superposition of image
information

v

contrast stretch
+ orthogonal test

4

OTSU method

v

calculate real contact area

v

determine real contact area and
micro contact spots

Fig. 4. Flow chart of the weighted superposition method of image in-
formation.

F(u,v) is convoluted with Gaussian high-pass filter
Hy(u,v,Dy) to obtain the filtered spectrum Gy (u,v,Dp). Do
is the cut-off frequency of Gaussian filter.

GH(uvvaO) ZHH(M,V,D())F(M,V), (5)

After the inverse two-dimensional Fourier transform and
inverse shift of Gy (u,v,Dyp), the Gaussian high-pass filtering
image fy(x,y, Do) is obtained, fi(x,y,Dy) is used to represent
contact spots information,

fu(x,,D0) = Re[3 7 [Gu(x,y,Do)]] (— 1) (6)

Similarly, the Gaussian low-pass filter transfer function
Hy (u,v) can be used to obtain fi (x,y, D) after Gaussian low-
pass filter, and fi.(x,y,Dp) is used to represent evanescent
waves and background information

GL(x,y,Do) = Hy(u,v,Do)F (u,v), @)
fi(x,y,D9) = Re[3 G (x,y,D0)]](—1).  (8)

The weighted fii(x,y,Do) and fi(x,y,Dp) are added to
the original gray image f(x,y) to obtain the region of interest
(ROT) fi(xaya a, baDO)’

ﬁ(x7Yaa7b7D0)
= f(x,y)*afL(x,y,Do)+be(x,y,D0), (9)

where a is the weight of evanescent wave and background in-
formation, and b is the weight of contact spots information.
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Fig. 5. (a) Original image. (b) Processed image by WSM. (c) Processed image by Otsu. (d) Processed image by improved Otsu. (e) Comparison

of real contact area measurement methods.

After contrast stretching and Otsu processing of ROI, a
binarized image of contact spots is obtained. By calculating
the number of white pixels, real contact area under the corre-

sponding normal load can be obtained as follows:

Y'Y Iwswm(i, )
Awsm = #7 (10)

where Awswm is the real contact area calculated by the WSM,
Iwswm is the binary image matrix of the contact area calculated
by WSM, i and j are the positions of pixel in the matrix, m and
n are the sizes of rows and columns of the image matrix.

Ay and Awsym are dimensionless values of real contact
areas, which are calculated based on the light intensity and
contact spots, respectively, where Aj = A1/Almax, Awsm =
AwsM/AwsM_max- The relationship between light intensity and
normal load is used as the evaluation index. Here a, b, and Dy
are adjusted by orthogonal test to minimize the error between
Awswm and A under different normal loads. It should be noted
that each time the experimental conditions are changed, a, b
and Dy should be re identified.

Taking the loading hysteresis experiment in this study as
an example, the experimental conditions are shown in sec-
tion 4.1. After orthogonal test, we determine that a = 1.33,
b = 1.47, Dy = 1.60, and the error between Awsym and Ap is
less than 5.28%. The contact area image identified by WSM
is shown in Fig. 5(b). In order to verify the accuracy of the
method, we also use Otsu and improved Otsu algorithm to cal-
culate the real contact area.

When the load is 2.4 MPa, the contact area image is
shown in Fig. 5(a), and the binarization image processed by
three algorithms is shown in Figs. 5(b)-5(d). Compared the
original image with the processed image, it can be found that
WSM and the improved Ostu algorithm can better identify the
micro-contact spots, whereas the Ostu algorithm cannot accu-
rately identify the boundary of micro-contact spots.

In Fig. 5(e), A1, Awsm, Aosw and Aj oy are the dimen-
sionless real contact area calculated by transmission intensity,
WSM, Otsu algorithm and improved Otsu algorithm, respec-

tively. When the load changes, the real contact area changes.

Taking the real contact area Ap calculated by transmission light
intensity as the evaluation index, the real contact area calcu-
lated by WSM can better reflect the evolution process of con-
tact area with load, but the Otsu algorithm and improved Otsu
algorithm cannot accurately reflect the evolution process of
contact area with load, as shown in Fig. 5(e). From the above
analysis, we find that WSM can not only identify the contact
spots effectively, but also reflect the change of real contact area
with load. Therefore, it is feasible to analyze the local contact
behavior of large contact surface based on WSM.

2.4. Identification of micro contact behavior based on

color superimposed image

The corresponding contact spots information at different
loads can be obtained by WSM. By analyzing the changes of
local and global contact spots under different loads, the in-
ternal mechanism of contact behavior can be qualitatively re-
vealed. However, there are many contact spots on the large-
scale contact interface, which brings challenges to direct anal-
ysis. We propose an image processing method based on the
principle of primary color superposition, which uses different
colors to represent the contact behavior, and realizes the vi-
sual analysis of contact behavior. When the normal load is
applied, the initial load is wip;, the final load is Wy, and wpr
is a process load between them. The binary image Iwsm of the
corresponding load can be obtained by WSM, in which the ini-
tial load image is Iwswm,ini» the process load image is IwsM,pro
and the final load image is Iwsm fin. In the binary image Iwswm.,
0 represents no contact and 1 represents contact.

1, contact,

fwsw(i,) = { 0, nocontact, an
where i and j are the positions of pixel in the matrix.

The binary images corresponding to the three loads are
represented by RGB images of different colors. In order to
display the contact behavior more intuitively, we adjust the
partial superimposed colors based on the principle of three pri-

mary colors superposition, as shown in Fig. 6(a). Make the
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background white, and the contact spots in Fysm,ini> IWSM,pro
and Iwsw fin are represented by blue, green and red colors, re-
spectively. When the images of three kinds of loads are super-

imposed together, some contact areas will be overlapped. The

sented by sky blue, the contact areas overlapped by Iwsm pro
and Iwswm fin are represented by purple, the contact areas over-
lapped by Iwsm,ini and Iwswm fin are represented by yellow, and

the overlapping and contact areas in all three images are rep-

contact areas where Iwsm,ini and Iwsm pro coincide are repre- resented by black.
|
[0, 0, 1] Twsmini (6, 7) = 1, Iwsmpro (i, J) # 1, Twsmfin (i, /) # 1,
[0, 1, 0] Twsmiini (i, ) # 1, Fwsmpro(i, ) = 1, Iwsmain (i, J) # 1,
[13 Oa ] IWSM 1n1(17]) 7é 13 IWSM,prO(la.]) 7é L, Iwsm ﬁn(laf) = 1;
. [0, 1, 1] Iwsmini (i, j) = 1, IwsMpro (i, J) = 1, Iwsm,an (i, j) # 1,

I , ’3 — y 9 5! 9 9 12
csi(:73) =4 105765, 0.4392, 0.8588] s imi(irj) # 1, Fwsproliod) = 1. Bwsanio ) = 1, (12)
[1, 0.8706, 0] Fysmiini (i, J) = 1, FwsMpro(iy J) # 1, Twsmain (i) = 1,

[0, 0, 0] Iwsmiini(i, ) = 1, Fvsmpro(i, ) = 1, Iwsmain(i,J) = 1,

1,1, 1] Twsmiini (i, ) # 1, Fwsmpro(i, ) # 1, Iwsm ain (i, J) # 1,

where i and j are the positions of pixel in the matrix,
Icsi(i, j,3) is RGB image processed by the CSI method. The
color of pixels in RGB image is determined by the three-
element row vector, in which elements specify the intensities
of the red, green, and blue components of the color. Among
them, blue is [1, 0, 0], green is [0, 1, 0], red is [0, O, 1], sky
blue is [0, 1, 1], purple is [0.5765, 0.4392, 0.8588], yellow is
[1, 0.8706, 0], black is [0, O, 0], and white is [1, 1, 1]. The
image obtained based on the principle of primary color su-

perposition is called the color superimposed image (CSI), as

’“!ini ‘

shown in Fig. 6(b).

i

Fig. 6. Principle of primary color superposition. (a) Color superposition
adjustment. (b) CSI of the local contact area.

Taking the load hysteresis experiment in this paper as an
example, the contact surface images under 1.0 MPa, 2.0 MPa
and 3.0 MPa are selected, and the corresponding binary im-
ages Iwsm,ini> IwsM,pro and Iwsm fin are obtained by WSM, and
the corresponding CSIs under the loading condition are ob-
tained by formula (12), as shown in Fig. 7(a). Primary colors
and their superimposed colors can be used to characterize the

\
micro-contact behavior. For primary color, red represents the
newly emerging contact area, as shown in Fig. 7(b). Blue and
green represent the contact areas that disappear with the in-
crease of normal load, as shown in Fig. 7(e). This is mainly
due to the plastic flow or creep of the contact interface during
the loading process, resulting in the height of some asperi-
ties being compressed, and the asperities originally in contact
state are separated from the interface.’! In addition to the pri-
mary colors, a large number of colors in Fig. 7(a) are displayed
as superimposed colors. These superimposed colors indicate
contact area growth. With the normal load increases, asperities
that have been contacted continue to be pressed. The larger the
area of superimposed color, the greater the bearing capacity of
local area and the local stress. It should be noted that the sky
blue indicates that, although the contact area growth occurs
during the loading process, the contact area separates again
with the increase of normal load, as shown in Fig. 7(f). Only
the three superimposed colors of purple, yellow and black rep-
resent the contact area growth that still exists, as shown in
Fig. 7(c). Black indicates the areas that always keep in contact
during the loading process. These areas are the key to bear
the normal load and the main influencing factors of contact
behavior.

The interrelationships between colors can indicate more
complex contact behavior. Three relationships of colors shown
in Fig. 7(d), purple or red between the black blocks or red be-
tween the purple blocks, all indicate that the merge of adjacent
contact areas has occurred. With the increase of normal load,
the adjacent contact areas will merge in a certain scale, and
two independent contact areas will merge into a larger contact
area. Although these merged regions are still in independent
contact at higher resolution, the occurrence of these merges
indicates that the interaction between asperities is enhanced,
and the interaction between asperities will further affect the
contact behavior.

054601-6



Chin. Phys. B Vol. 30, No. 5 (2021) 054601

(c)

HEROR R
et ety e e =l

11T . T . iEEEEEEEEEY
H+E+H H+E+m B+E+E

Fig. 7. Micro-contact state recognition based on the principle of primary color superposition. (a) Whole image after recognition. (b) New
contact area. (c) Contact area growth. (d) Adjacent contact area merges. (e) Contact area separation. (f) Growing contact area disappears.

From the analysis of Fig. 7, it can be found that during
the increase of normal load, the following behaviors mainly
occur in the contact area: (1) new contact area, (2) contact area
growth, (3) adjacent contact area merges, (4) contact area sep-
aration, (5) growing contact area disappears. By calculating
the proportion of each color in CSI, the micro-contact behav-
iors of contact spots can be quantitatively analyzed. In Sec-
tion 3.3, we introduce the methods for quantitative analysis of
micro-contact behavior, aiming at the nonlinear phenomenon
of real contact area.

3. Experiment and mechanism analysis of non-
linear phenomenon of real contact area

3.1. Experiment of nonlinear phenomenon of real contact
area

The experiment is carried out in an air-conditioned room
at 25 °C and 50% humidity. The initial state of the experi-
ment is contact interface separation. Normal load is normal
loaded to 3.87 MPa at the speed of 0.9 MPa/s, then unloaded
to 0 MPa, repeated for three times. In order to reduce the in-
fluence of creep force, the interval of each cycle is 60 s. Since
the contact gap is mainly air, the experiment is called air fluid
test (AFT). After the AFT is completed, drop water drops be-
tween the contact interfaces to ensure that the water droplets
can cover the contact interface, and slowly normal load so that
specimen 1 is immersed in water drops and air is discharged,
as shown in Fig. 8. Then the loading and unloading test is
carried out in the same way as AFT. This experiment is called
water fluid test (WFT). In order to achieve universality, the real
contact area is treated to be dimensionless in this paper. A, is

dimensionless value of real contact area based on the maxi-
mum real contact area, A = A/ max(Aapr). Figure 9 shows
the results of AFT and WFT. In AFT, the real contact area er-
ror of the maximum normal load in the three cycles is less than
2%; and in WFT, it is less than 1%. Both AFT and WFT show
good repeatability.

In order to analyze the influence of air fluid and water
fluid on the real contact area, the contact area of AFT and
WFT is treated dimensionless with the maximum contact area
of AFT as the standard, Ay = A/AaFT, as shown in Fig. 10.
It shows that real contact area of WFT is smaller than that
of AFT under the same normal load. In the loading stage,
the curve bending of WFT is more obvious than that of AFT,
indicating that with the decrease of fluid compression ratio
between contact interface, the nonlinear relationship between
real contact area and normal load is more obvious. With the
increase of normal load, the asperities of the contact interface
will undergo elastic deformation or plastic deformation and
compress the fluid in the contact gap. Correspondingly, the
fluid will resist this compression, thus hindering the increase
of real contact area. We call this phenomenon the resistance
effect of fluid.

Fig. 8. Water fluid test.
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Fig. 9. A versus normal load for three cycles. (a) Air fluid test. (b)
Water fluid test.
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Fig. 10. Comparison of AFT and WFT.

When the normal load is less than 1.4 MPa, the contact
area has an approximate linear relationship with the normal
load due to the weak resistance of the fluid. In addition, since
the water film reduces the light intensity of the whole con-
tact interface, real contact area of WFT is lower than that of
AFT. When the normal load is greater than 1.4 MPa, the resis-
tance of the fluid is enhanced. Due to the small compression

ratio of water, the resistance effect is stronger, and the cor-
responding real contact area is smaller. With the increase of
normal load, the real contact area grows more slowly. On the
contrary, if there is no fluid in the contact interface, the rela-
tionship between real contact area and normal load tends to be

[24.25] The comparison of the results between WFT and

linear.
AFT show that, the resistance of fluid between the contact in-
terfaces is an important factor that leads to the slow growth of

the contact area.

3.2. Analysis of nonlinear phenomenon of real contact
area considering real stress

Figure 10 shows that the slope of the curve is negatively
correlated with normal load. If the stress calculated by the
nominal contact area is called the nominal stress (NS), and
the stress calculated by the real contact area is called the real
stress (RS). Because the curve bends with the increase of nor-
mal load, the growth rate of real stress is accelerated. On the
contrary, if the real contact area in Fig. 10 is a straight line,
the real stress increases uniformly. Figure 11 shows real con-
tact area versus the real stress (red triangle) and nominal stress
(blue square), respectively. Ays is the real contact area cor-
responding to the nominal stress, Ags is the real contact area
corresponding to the real stress. Due to the limitation of res-
olution in this experiment, the error of real stress calculation
becomes larger when the normal load is smaller. Therefore, we
mainly analyze the real contact area above 0.2. In the loading
stage, there is a good linear relationship between real contact
area and real stress. Due to the resistance of the fluid, the real
contact area bears more normal loads, so the real contact area
and nominal stress will show a nonlinear relationship. It is
further verified that the resistance of the fluid is an important
factor leading to the nonlinear phenomenon of the real contact
area.

The resistance of the fluid between contact interface is
related to the surface morphology. For the small-scale inter-
face contact, the contact area has a good linear relationship
with the nominal stress, 1123381 because the fluid is easy to
overflow through the contact gap, and cannot form a resis-
tance effect.!>*2] For large-scale interface contact, when the
roughness of the contact surface is large, the fluid can eas-
ily leak from the contact gap, and the resistance of the fluid

d.2425] However, for the interface contact with

can be ignore
small roughness or contact between rough surface and smooth
surface, fluid leakage from the contact gap becomes difficult.
With the increase of normal load, the fluid will be compressed
in the contact gap, thus producing a resistance effect. Under
the resistance effect of the fluid between the contact interface,
although friction force is reduced, local or real stress is in-
creased, which may lead to an increase in the incidence of
surface wear.

It should be noted that the “black box” behavior between
the contact interfaces leads to a very complex relationship be-
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tween real contact area and normal load. Our experiments only
found that there is a correlation between the resistance of the
fluid and the nonlinear phenomenon of real contact area. For
higher hardness materials, such as metals, more experimental
verification is needed.

1.0

0.81

o
>

A (arb. units)
N
~

0.2}

+ ARS
0 0.5 1.0

Stress (arb. units)

Fig. 11. Comparison of the effect of real stress and nominal stress on real
contact area. L and L, are linear fitting of Ans and Agg, respectively.

3.3. Analysis of nonlinear phenomenon of real contact
area based on WSM and CSI

The contact behavior is mainly determined by the inter-
action of asperities on the interface. In order to analyze the
influence of micro contact behavior of asperities on the non-
linear phenomenon of real contact area. We use WSM to iden-
tify the contact spots in AFT and WFT. The weight is deter-
mined by orthogonal experiment. For AFT, a =1.35,b=1.25,
Dy = 1.60, the recognition error is 4.6%. For WFT, a = 1.3,
b =1.25, Dy = 1.60, the recognition error is 3.5%. The CSI
of AFT and WFT is obtained by superimposing 1 MPa, 2 MPa
and 3 MPa images, as shown in Fig. 12. Because the spatial
position of the contact spots is basically fixed, it is convenient
for us to carry out comparative analysis of micro contact be-
havior. Since the number of contact spots of AFT is less than
that of WFT, the real contact area of WFT is smaller than AFT
under the same normal load, which is consistent with the con-
clusion in section 3.1.

By counting the number of colors in CSI, the micro con-
tact behavior can be quantitatively analyzed. Figure 13(a)

shows the proportions of various colors with AFT as the stan-
dard. Red, purple and black accounted for the largest propor-
tion, while blue, green and sky blue accounted for a small pro-
portion. The new contact area and contact area growth com-
pensate for the decrease of real contact area caused by con-
tact area separation, indicating that the increase of real contact
area mainly depends on the new contact area and contact area
growth. The pie diagram of CSI can more directly reflect the

influence of micro contact spots on contact behavior, as shown
in Figs. 13(b) and 13(c).

Em1l.0 MPa
HW2.0 MPa
7 M Mm3.0 MPa

Fig. 12. CSI comparison of AFT and WFT. (a) AFT. (b) WFT.

When the proportion of red in pie diagram is high, the
increase of real contact area mainly depends on the new con-
tact area with the increase of normal load. New contact area
can bear the increased normal load and make the surface
stress more uniform. Black, purple and yellow all indicate the
growth of contact area.

When their sum ratio increases and the red ratio de-
creases, the bearing capacity mainly depends on the contact
area growth, which means that the local stress increases and
part of the asperities will bear more normal load. Compar-
ing Figs. 13(b) and 13(c), we can find that the combination of
black, purple and yellow proportion are 54% (AFT) and 55%
(WFT), basically unchanged, whereas the red proportion of
AFT (30%) is obviously less than that of WFT (34%). This
shows that the fluid between the contact interfaces mainly ob-
structs the appearance of new contact area, and then leads to
the decrease of real contact area, which will cause some asper-
ities of AFT to bear more stress under the same normal load.
The increase of local stress also increases the probability of
wear, which is consistent with the conclusion of section 3.2.

1.0 (b)

0.8r

0.6f

34%
0.4f

0.2f

7% 2% (C)

27%

0

B G R

LB Y P K

Fig. 13. Quantitative analysis of micro contact behavior of WFT and AFT. (a) Bar diagram comparison of contact behavior. Abbre-
viations in abscissa indicate color, B (blue), G (green), R (red), LB (sky blue), Y (yellow), P (purple), K (black). (b) Pie diagram of
micro contact behavior of WFT. (c) Pie diagram of micro contact behavior of AFT.
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4. The effect of nonlinear phenomenon of real
contact area on the whole loading and unload-
ing process

At present, the analysis of loading and unloading hys-
teretic characteristics is based on the linear relationship be-
tween contact area and normal load. However, for the large-
scale interface contact with small roughness surface, the fluid
between contact interface may lead to the nonlinear phe-
nomenon of the real contact area. This section mainly analyzes
the influence of this nonlinear phenomenon on the hysteretic
characteristics of the whole loading and unloading process.
Through the loading and unloading experiments with differ-
ent normal load amplitude and initial contact state, we will
analyze the influence of nonlinear phenomenon of real contact
area on the whole loading and unloading process.

4.1. Loading hysteresis experiment

The initial state of the experiment is interface separa-
tion. The loading and unloading experiments are carried out
with the peak to peak values of 6.3 MPa, 5.0 MPa, 3.7 MPa,
2.5 MPa and 1.23 MPa, respectively, as shown in Fig. 14(a).
In order to reduce the influence of “aging”, the interval be-
tween cycles is 15 s. This experiment is called the loading
hysteresis experiment. The experiment is repeated three times

61 (a) 1st cycle
2st cycle
5 3st cycle
E 4st cycle
S 4 5st cycle
g
S 3
3
£ 2
o
4
1

0N
h=]
g
)
3
|:Q/ 0.4 /' =1 |5t cycle ]|
4 w0 286 Cycle
0.2 3st cycle |
= 4t cycle
w1 5St cycle
0 . . .
0 2 4 6

Normal load (MPa)

Fig. 14. Loading hysteresis experiment. (a) Loading mode. (b) A versus
normal load, A = A/ max(A).

under the same working conditions. In the whole experiment,
the error of real contact area at the maximum normal load is
less than 2.0%, and in the single experiment, the error of real
contact area at the minimum normal load is less than 0.5%,
showing good repeatability. Figure 14(b) shows that, although
the shape of the curve changes with the normal load amplitude,
the real contact area always increases with the same curve dur-
ing loading, showing a good memory. It is verified that the
memory effect of real contact area is not affected by the fluid
between the contact interface. Under the same normal load,
real contact area under unloading is obviously larger than that
under loading, showing the obvious hysteresis phenomenon,
which may be caused by viscous force or creep force. In this
paper, the force causing hysteresis is referred to as hysteresis
force. During the whole loading and unloading process, due to
the existence of hysteresis force, the relationship between real
contact area and normal load forms a closed curve, and the
closed area of the closed curve is called energy dissipation.

1.0

0.8

0.6

0.4

Ac (arb. units)

- ]t cycle

0 25t Cycle
0.2 3st cycle-

== 45t cycle

=0 5t Cycle

0.5 1.0
Fx (arb. units)

1.2

(b)
1.1}

1.0
0.9

0.8t

Eyp (arb. units)

0.7t

0.6f

0.5

0 2 4 6
Normal load amplitude (MPa)

Fig. 15._ Energ_y dissipation of loading hysteresis experiment. (a) Ac
versus Fy, (b) Eyp versus normal load amplitude.

In order to compare the influence of different amplitudes
on hysteresis, the dimensionless treatment of the normal load
(Fx) and real contact area are carried out. Ac is a dimen-
sionless value based on the maximum real contact area each
cycle, Ac = A/Amax. Fy is a dimensionless value based on
the maximum normal load each cycle, Fy=Fy /FN_max- Ac
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curves under different load amplitudes are drawn, as shown
in Fig. 15(a). Different from Rubinstein’s conclusion, ! it is
found that with the increase of normal load amplitude, the
bending angle of the curve becomes larger and larger, and
there is no scale-free mechanism. The bending degree of the
curve in the unloading section is positively correlated with the
hysteresis force. The area enclosed by the curve is called
unit normal load energy dissipation (Ey). It can be found
that, although the resistance of the fluid leads to the decrease
of real contact area, the hysteresis force increases in the un-
loading stage, which increases with the increase of the nor-
mal load amplitude. Eyp is a dimensionless value of Ey,
Eup = Ey/Ey_min. Eup corresponding to the normal load am-
plitude is calculated, as shown in Fig. 15(b). With the increase
of normal load amplitude, Eyp increases approximately lin-
early due to the resistance effect of fluid. It should be noted
that when the contact area is linear with the normal load, Eyp
is a fixed value.’! Through loading hysteresis experiment, we
find that the nonlinear phenomenon of real contact area will
lead to the increase of energy dissipation, and this effect will
increase with the increase of normal load amplitude.

4.2. Unloading hysteresis experiment

The initial state of the experiment is loading at 6.3 MPa.
The experiments are carried out with the peak to peak values
of 1.4 MPa, 2.8 MPa, 4 MPa and 5.3 MPa respectively, and
finally unloaded to 0 MPa. In order to reduce the effect of
aging, each cycle pauses 15 s, as shown in Fig. 16(a). This
experiment is called unloading hysteresis experiment. The ex-
periment is repeated three times under the same working con-
ditions. The error of real contact area at the maximum normal
load is less than 2.4% in three experiments, and less than 1.2%
under the maximum normal load in a single experiment, the
experiment shows good repeatability. It should be noted that
the error in the unloading hysteresis experiment is larger than
that in loading hysteresis experiment due to the aging effect.!

Figure 16(b) shows that, contrary to the loading hysteresis
experiment, the real contact area of the unloading hysteresis
experiment always decreases along a curve when unloading,
which also shows good memory. In order to compare the in-
fluence of normal load amplitude on energy dissipation, the
normal load amplitude and real contact area of each cycle are
both dimensionless.

FNJ—I: (FN_FN,min)/(FN,max_FN,min)a (13)
ACH = (A _Amin)/(Amax _Amin)- (14)

In Fig. 17(a), the bending angle of the curves increases
with the increase of normal load amplitude. This shows that,
although the initial contact changes, the hysteresis force also
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Fig. 16. Unloading hysteresis experiment. (a) Loading mode. (b) A
versus normal load.
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Fig. 17. Energy dissipation of unloading hysteresis experiment. (a) Acy
versus Fx_y. (b) Eyp versus normal load amplitude.
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increases with the increase of the normal load amplitude. Cal-
culate Eyp at different normal load amplitudes as shown in
Fig. 17(b). Different from the loading hysteretic experiment,
in the unloading experiment, the energy dispersion is no longer
linearly related to the normal load amplitude, but increases
first and then decreases with the increase of the normal load
amplitude. We speculate that this may be due to the interac-
tion of aging, deaging and fluid between contact interface, but
more experiments are needed to verify it. The initial contact
states of the unloading hysteresis experiment and loading hys-
teresis experiment are different, and the energy dissipation is
also not the same. This shows that the energy dissipation is
not only related to the normal load amplitude, but also to the
initial contact state after considering the influence of the fluid
between contact interface.

5. Conclusion

In view of the complex and varied micro-contact behav-
iors existing in large-scale interface contact, an image process-
ing method (WSM+CSI) is proposed in this paper, which can
realize the quantitative analysis of micro contact behaviors in
large-scale interface. Based on this method, a bridge is built
from macro contact to micro contact. The spatiotemporal evo-
lution mechanism of nonlinear phenomenon of real contact
area is analyzed, and the influence of nonlinear phenomenon
in the whole loading and unloading process is verified by ex-
periments. The main conclusions are as follows:

(1) WSM can identify the micro contact spots in large-
scale contact. CSI can be used to identify the micro contact
behavior in large-scale contact. Through the colors and their
relationship, the visual recognition of various micro contact
behaviors can be realized, which simplifies the analysis of mi-
cro contact behavior in large-scale contact area. This method
uses color and their relationship to represent the various mi-
cro contact behaviors. By calculating the number of different
color pixels, the micro contact behavior in the macro contact
phenomenon can be quantitatively analyzed, such as the be-
havior characteristics of micro-slip, stick-slip and macro-slip,
and the nonlinear characteristics of contact stiffness and fric-
tion coefficient, etc.

(2) The fluid between contact interfaces is one of the im-
portant factors that cause the nonlinear phenomenon of con-
tact area. It may lead to the decrease of real contact area, the
increase of local stress, the increase of surface wear rate and
energy dissipation. It is found that the effects of fluid, normal
load amplitude and initial contact state cannot be ignored for
the large-scale interface contact with small rough surfaces.

The research on the spatiotemporal evolution of real con-
tact area is of great significance for the mechanism of contact
behavior. We will analyze the influence of tangential load on

real contact area, and further explain the rich and universal
behavior of contact dynamics in the near future.
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