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Abstract: In the field of aerospace, weapons and other complex assembly, there are more than 50 fac-
tors affecting the performance degradation of joint structures, among which the friction coefficient is
the main factor. Nickel steel is widely used in large complex equipment due to its advantages of high
strength. Therefore, this paper first establishes a theoretical model of friction coefficient based on
fractal theory. Secondly, the friction coefficient experiment was carried out to measure the friction
coefficient of nickel steel plates with different roughness under different normal loads. Finally, the
experimental results are compared with the theoretical results, and the accuracy and error analysis of
the model is carried out. The results show that the friction coefficient increases with the increase in
roughness. When the normal load is greater than 50 kg, the friction coefficient gradually tends to be
stable. The error of identification results of correction factor a was all within 5%. The error between
theoretical model prediction and experimental data is 6%—15%, which indicates that the calculation
of the friction coefficient has high accuracy. The results of this study can provide data and theoretical
support for the friction coefficient evaluation of nickel steel plate joint structures, and contribute to
the health detection and reliability evaluation of nickel steel plate joint structures.

Keywords: friction coefficient; nickel steel plate; fractal theory; roughness; normal load

1. Introduction

Mechanical structures are usually assembled and connected on the basis of bonding
surfaces, which are subject to friction phenomena under external loads, resulting in energy
dissipation, surface wear and changes in mechanical properties, which in turn affect the
performance stability of the connected structure. Therefore, the friction phenomenon of the
joint surface has an important effect on the performance of the mechanical structure. As
an important parameter characterizing friction phenomenon, the friction coefficient has
important research significance. Many scholars have carried out a lot of research on the
friction coefficient.

In order to study solid friction without lubrication, Tabor [1] proposed a formula for
calculating the friction coefficient of rough surfaces without lubrication. In addition, it is
pointed out that in the calculation of the friction coefficient of a rough surface, the external
normal force is expressed in the microscopic domain as the combined force of the actual
contact load and the molecular force at the microscopic bonding point. Zhang et al. [2]
studied the adhesion mechanism of high-speed wheel-rail and carried out adhesion experi-
ments with axle weight and speed as variables for three working conditions of wheel-rail
surface states with no lubrication, water lubrication and oil lubrication, and proposed an
expression for the friction coefficient between wheel-rail based on the experimental results.
According to Shen et al. [3], the friction coefficient of 7050 aluminum alloy was determined
using the circular upsetting method, and the influence of deformation speed, temperature
and lubricant on the friction coefficient was discussed.
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Fouvry et al. [4] studied the sliding standard problem under ball-surface contact. The
evolution process of local tangential force near the contact point in the sphere—surface
contact is analyzed systematically. A model for calculating the local friction coefficient of
the outer sliding ring with partial slip is proposed and compared with the experimental
results. Finally, it is found that the mixed slip state is related to the dissipated energy in the
contact process. The dissipated energy indirectly interacts with the diffusion in the viscous
region, which increases the friction coefficient in the annular slip region. Ali et al. [5]
found that the wear of the brake disc has a great impact on the braking performance and
braking noise. By coating the wear-resistant material tungsten carbide cobalt on the surface
of the brake disc, lower braking noise and higher braking performance can be obtained.
Zhao et al. [6] prepared titanium carbide composite coating on the base surface of No. 45
steel. The friction and wear testing machine was used to detect the coating. Based on the
designed static friction force measuring device, Peng et al. [7] studied the static friction force
of aluminum plates, glass plates and other materials. The experimental results show that
the physical shape of the friction pair has a great influence on the friction coefficient, and it
is not possible to simply use the friction coefficient between materials to replace the friction
coefficient between particulate matter and plate. Amir et al. [8] studied the influence of
factors such as processor type and finishing treatment on the friction coefficient between
yarn and metal and focused on testing the friction coefficient between 36 kinds of spinning
samples and metal. Chen [9] analyzed the main factors affecting the friction coefficient of
the wheel-rail friction pair at different temperatures. The research shows that the speed
has a greater influence on the friction coefficient and the load has a smaller influence on the
friction coefficient in the early sliding stage. Yan et al. [10] studied the friction coefficient
of the friction cone in the synchronizer. The relationship between the friction coefficient
and the displacement mass is analyzed and the friction coefficient of the friction cone in
the synchronizer is controlled near the expected value of 0.08. Liqun et al. [11] studied the
friction coefficient of different kinds of magnesium alloys by using a compression ring
experiment. The results show that the friction coefficient of magnesium alloy is usually
between 0.35 and 0.4 under dry friction, 0.10 to 0.18 under water lubrication, and 0.10 to
0.17 under molybdenum lubrication.

According to Silberberg [12], the physical quantities of hydraulic permeability and
reflection coefficient, both of which describe the thermodynamic aspects of the fluid in the
process of interest through the coefficient of friction, were investigated and a simplified
theoretical model of hydraulic permeability was developed based on the hydraulic perme-
ability and reflection coefficient. Davis et al. [13] studied the friction coefficient between a
rolling cylindrical element and a deformable flat plate, treating the rolling cylindrical origi-
nal as a rigid body and a plane that deforms plastically during rolling friction, proposing a
friction coefficient model based on the rolling angle, and proposing a corresponding theo-
retical model based on the experimental results. In addition to the above studies, scholars
have also carried out a large number of studies on the friction coefficient of research objects
that do not pass under different work controls [14-19].

The friction coefficient is indeed fixed in the case of material processing technology
and surface treatment technology. However, the main purpose of this paper is to explore
the influencing factors and the physical mechanism behind the friction coefficient and
verify these factors and physical mechanisms through experiments. Although the friction
coefficient test is relatively common, the friction pair we choose is two nickel steel plates,
both of which are elastic—plastic plates. Nickel steel has important properties such as
formability, weldability and ductility, and has good corrosion resistance. As an important
material, nickel steel is widely used in the connection structure of complex assembly fields
such as aerospace and large equipment. At present, there are few research studies on the
friction coefficient of nickel steel material at home and abroad. Therefore, this paper studies
the variation rule of the friction coefficient between nickel steel plates based on the plate
structure, deduces and establishes the theoretical model of the friction coefficient between
nickel steel plates, and has the basic ability to predict the friction coefficient between nickel
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steel plates. The correction factor of the friction coefficient model between nickel steel
plates needs to be identified by friction experiment. Based on the surface roughness and
load, the sliding friction experiment between nickel steel plates was carried out, and the
curve of friction was recorded in real time. The friction coefficients under different normal
loads and surface roughness degrees were obtained through data processing and fitting.
The experimental data were compared with the results of the theoretical model of friction
coefficient, so as to verify the accuracy of the fractal theory of the friction coefficient model
between nickel steel plates. The research results of this paper can be applied to the preload
parameter setting of bolted connection structures in large complex equipment, aerospace
and other fields, and can provide a theoretical basis for the study of tribological phenomena
between nickel steel plates, as well as theoretical support for the study of interface wear,
stiffness degradation, stress relaxation of connecting flanges in large complex equipment
and the study of preload setting of bolted connection structures.

2. Methods
2.1. Theoretical Model of Friction Coefficient Based on Fractal Theory

The fractal contact model assumes that the contour curve of a rough surface has
fractal characteristics on a transverse section and all fractal contact models are based
on this assumption. The fractal contact model has a wide range of applications and
few constraints on rough surfaces. Moreover, fractal parameters can be associated with
macroscopic physical parameters such as surface roughness, so it has become the most
important method to study the microscopic contact of rough surfaces. Therefore, the
friction coefficient between nickel steel plates is studied based on fractal theory. The friction
pair consists of two nickel steel plates, both of which are elastic—plastic plates. For the
convenience of the study, the friction pair is simplified as the contact friction between
a rigid plate and an elastic—plastic nickel steel plate. At the initial contact, the tip of
the micro-convex body first contacts the rigid plane, the radius of curvature of the tip
is small, the stress is relatively concentrated, and pure plastic deformation occurs. With
the continuous downward pressure of the plane, the radius of curvature at the top of the
micro-convex body keeps increasing due to deformation, mutual fusion and other reasons,
and the characteristics of elastic behavior are constantly enhanced. The contact interface
is in the mixed contact state of elastic—plastic, and the transition point between the pure
plastic contact state and the mixed contact state of elastic—plastic is called the elastic—plastic
critical point.

In order to describe the variation pattern of the coefficient of friction between nickel
steel plates, a theoretical model of the coefficient of friction is required. This paper is based
on classical friction theory [20] as in Equation (1), a model of the friction coefficient between
nickel steel flat plates is established.

S

> M

where 1 is the coefficient of friction, T is the shear strength, S is the actual contact area and
P is the normal load.

(1) Theoretical model for the purely plastic contact state

When s;; < s¢, the micro-convex body is in pure plastic contact, at which point the
actual contact area and normal load between the flat plates can be expressed as

S=s5,— (f_‘é)w @)

S

Psum = Nsum/
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where H is the material hardness, D is the fractal dimension, s is the truncated area of
the micro-convex body;, s; is the truncated area of the serial number i, s, is the maximum
cut-off area, s. is the critical cut-off area, a is the correction factor, P, is the ideal elastic
contact load, Py, is the total load of the slightly convex body and f (s;) is the probability
density function of the truncated area of the slightly convex body.

Combined (1), (2) and (3), the model for the coefficient of friction between flat plates
in a purely plastic contact state can be obtained as

S T Di:l S
Rl a[j(Dggg);nm ~ Y

(2) Theoretical model of elastic—plastic contact state

When s, > s, the elastic and plastic contact of the micro-convex body exists simulta-
neously, at which point the actual contact area and the normal load between the flat plates
can be expressed as

~ D-1 sc \GD)/2
S= 6-2D 1+ (Sm> Sm (5)
_ (3-D)/2 D w~D-2(y_q1y D=1 5-2D 5-2D
Poym = %QH(:—;) Sm 22 \/E?)E(SCizD)(D 1)5m2 (sz —se 2 ) (6)

= p(a,sm)
where E* is the equivalent Young’s modulus and G is the fractal scale parameter.

By (1), (5) and (6), the model for the coefficient of friction between flat plates in the
elastic—plastic contact state can be obtained as

5.\ (3-D)/2
n (S> ] . @)

Based on the density function of the truncated area of the micro-convex body, the
critical truncated area of the micro-convex body and the normal force model based on the
stress continuity, the friction coefficient model between plates with the maximum truncated
area of the micro-convex body, and the fractal dimension and the correction factor as
parameters can be determined with the expression [21]:

_ T D—-1
M= ot sm) 6 —2D

aiH If s <sc

— (3—D)/2
K W(P_—E}D {1 + (S—C) ]sm else ®)

Based on the material parameters of nickel steel, the friction coefficient model is
identified and a friction coefficient model for nickel steel plates is obtained. The material
parameters of the nickel steel are shown in Table 1, with the units of the reference physical
quantities being international standard units [22]. The units of the reference physical
quantities are international standard units.

Table 1. Material parameters for nickel steel plates.

Equivalent Young’s Modulus Shear Strength T Brinell Hardness H
E* (GPa) (MPa) (N/mm?)

230 550 262
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Substituting the nickel steel material parameters in Table 1 into Equation (8), the
theoretical model for the coefficient of friction between nickel steel plates is obtained as

2.0992
% ImeSSC

- - 3-D)/2
T b () e e g

The friction coefficient can be measured experimentally, and the correction factor a
can be directly obtained according to Equation (4), but the condition for its establishment
is sy < s, S and it is an unknown parameter that cannot be measured. Therefore, it is
necessary to judge whether the friction pair is in a pure plastic contact state according to
the experimental results. According to the experimental data obtained in the pure plastic
contact state, the least square method was used to fit the correction factor a. The criteria for
judging the contact state are:

(1) Constant friction coefficient

As can be seen from Equation (4), the friction coefficient in the pure plastic contact
state has nothing to do with normal load and surface roughness, but is only related to
the properties of materials such as shear strength and hardness. Therefore, the friction
coefficient in this state presents a constant character.

(2) Pure plastic contact occurs under small normal load conditions

According to the above analysis, in the friction coefficient model based on fractal
theory, plastic deformation appears at the initial loading stage. With the gradual increase
of load, the radius of curvature at the top of the micro-convex body becomes larger and
gradually shows elastic characteristics. Therefore, in the friction experiment, the normal
load gradually increases from zero, and the contact state changes from pure plastic contact
to an elastoplastic contact state.

Through the above two conditions, it is determined that the friction experiment is
in a pure plastic contact state, and the value of correction factor a can be obtained by
substituting the friction coefficient and normal force data measured in the experiment into
Formula (4).

2.2. Friction Test Design of Nickel Steel Plate
2.2.1. Experimental Apparatus

The experimental device mainly consists of a force-bearing table, load cell, drive
system and other components. The force-bearing table is the main force-bearing part of the
friction experiment, all flat plates, specimens and load-loading devices are placed in this
area; the load cell is mainly composed of a GY-SA dual-use S-type load cell and an external
computer, mainly to achieve real-time measurement of friction in the experiment; the drive
system consists of two slow-speed motors and pulley sets to provide a stable driving force,
the drive system motor with a winch. The winch wire is connected to the slider after
steering by the pulley, and the experimental setup and principle are shown. During the
experiment, the motors rotate at a constant speed and the driving force is transferred to the
slider, driving the slider to slide at a constant speed of 0.1 m/s. The schematic diagram of
its principle and the physical diagram of the device are shown in Figure 1.

2.2.2. Experimental Key Measurement Device

(1) Nickel steel plate roughness measuring instrument

The surface roughness measuring instrument used in this experiment is SJ-210 rough-
ness measuring instrument purchased from China Changzhou Sanfeng Instrument Tech-
nology Co., LTD (Changzhou, China). During the experiment, the sampling length was
2.5 mm and the number of sampling segments was x3 L.
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Figure 1. Friction apparatus. (a) Schematic diagram of device. (b) Physical drawing of device.

In the experiment, the roughness measurement was completed by the SJ-210 rough-
ness measuring instrument, which was verified to ensure that the roughness error of the
specimen was within the range of £10%; the technical specification table is shown in
Table 2.

Table 2. Technical specification of roughness measuring instrument.

Roughness Meter Type SJ-210
Translation Range 12.5 mm (5")
Weight 0.48 kg
Probe Travel 350 um
Measuring Range 300 pm (£150 pum)
Measurement Parameter Ra, Ry, Rz, Rt, Rp, Rq, Sm, S, Pc, P3z, mr
Sampling Length 0.25,0.8, 2.5 mm
Dimension 62 x 156.5 x 52 mm

(2) Force sensor

The mechanical sensor used in the experiment is GY-SA pressure tension dual purpose
S-type weighing sensor produced by China Guangya Machinery Technology Company
(Zhejiang, China). Its form and technical specifications are shown in Table 3. The dead
weight of the sensor is 1.8 kg, which is mainly used for measuring axial pressure and tension
under large loads. The S-shaped body of the sensor is divided into two measuring arms
with threaded connecting holes, which are used to connect the sensor with the measured
object during measurement.

Table 3. Technical specification for type S technical sensor.

Model Number GY-SA Pressure and Tension Dual Purpose S-type Weighing Sensor
Range 0-500 kg Material Alloy Steel
Output Sensitivity 2.0 £ 10% mV/V Impedance 350 Q)
Hysteresis and Nonlinearity 0.03% ES. Operating Temperature Range —20-80°C
Response Frequency 10 kHz Service Voltage DC5-15V

In the experiment, the GY-SA mechanical sensor was used to measure the friction in
the process of friction. Based on the new four-channel guide rail test platform, the change
data of friction could be measured and recorded in real time, so as to further control the
experimental process and optimize the experimental scheme.

2.2.3. Surface Roughness Check

Before the friction experiment, the surface roughness of the plate and slider are checked
to meet the requirements of roughness. The roughness checking method is: 9 points are
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selected for the plate, 5 points are selected for the slider to test its roughness, and then
the average value is taken. If the error is within 10% of the standard value, the sample is
qualified. The specific location of the point is shown in Figure 2.

s

Figure 2. Location of the surface roughness measurement points.

The surface roughness test results of different roughness plate and slide specimens are
shown in Table 4. The roughness test results of all specimens meet the standard of error
within 10%, so the nominal roughness can be tested as the actual roughness.

Table 4. Roughness check before experiment.

Nominal Roughness Ra Sample Measured Mean Roughness Error Whether Qualified or Not
Slider 0.79 —-1.3% Yes
08 Flat plate 0.77 —3.8% Yes
Slider 1.51 —5.6% Yes
16 Flat plate 1.64 2.5% Yes
Slider 3.31 3.4% Yes
32 Flat plate 3.14 —1.9% Yes
Slider 6.43 2.1% Yes
63 Flat plate 6.32 0.3% Yes
Slider 13.21 5.7% Yes
125 Flat plate 11.37 —9.0% Yes

The microscopic surface contour of some plates and sliders is shown in Figure 3, It can
be seen that the microscopic contours of rough surfaces have fractal characteristics and are
suitable for the friction coefficient model based on fractal theory. Model parameters can be
identified through experimental data, and the theoretical model of the friction coefficient
between nickel steel plates can be established and verified.
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Figure 3. Microscopic profile curves of samples corresponding to each surface roughness. (a) Scanning
map of surface profile of Ra0.8 sample; (b) surface profile scanning of Ral.6 sample; (c) scanning map
of Ra3.2 sample surface profile; (d) scanning map of Ra6.3 sample surface profile; (e) scanning map
of surface profile of Ra12.5 sample.

3. Results and Discussion
3.1. Analysis of Experimental Results

During the experiments, weights were used to load the normal loads, where the slider
weighed 5 kg and the weights were 10 kg, 20 kg, 28.4 kg, 42 kg and 43 kg, and so on. Thus,
in the friction experiments, the loading of the normal load is carried out by a combination
of different masses of weights. The test piece during the experiments consists of a flat
plate and a slider. The flat plate is used as the friction substrate and has dimensions of
200 x 680 mm. The slider is shaped as a square flat plate, and in order to facilitate the
loading of the load during the experiment, the slider has a larger size of 200 x 200 mm and
the thickness of both the slider and the flat plate is 14 mm. The initial surface roughness of
the friction surface of the flat plate and the slider is controlled by the surface machining
process with a surface roughness Ra of 12.5, 6.3, 3.2, 1.6 and 0.8. Roughness error is less
than 10%. Sliders and plates, both made of nickel steel.

The sliding speed of the slider is controlled at 0.1 m/s uniform motion. The normal
load was loaded sequentially from small to large, with each roughness as a large group,
distinguished by A, B, C, D and E. Each load within the large group was a small group
distinguished by numbers, and each group of experiments was carried out twice to reduce
the influence of experimental chance, and the friction coefficient measurement results of
each group of experiments were recorded. The initial normal load was 5 kg as the slider
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weighed 5 kg. The normal load loading and experimental group numbers are shown in
Table 5.

Table 5. Experimental grouping table.

Load (kg) Roughness Ra
0.8 1.6 3.2 6.3 12.5
5 Al Bl C1 D1 El
15 A2 B2 C2 D2 E2
25 A3 B3 C3 D3 E3
35 A4 B4 C4 D4 E4
45 A5 B5 C5 D5 E5
50 A6 B6 C6 D6 E6
70 A7 B7 Cc7 D7 E7
92 A8 B8 C8 D8 E8
112 A9 B9 9 D9 E9
135 A10 B10 C10 D10 E10
155 All B11 C11 D11 E11
183.4 Al2 B12 C12 D12 E12
203.4 Al3 B13 C13 D13 E13

When measuring, each set of data was measured twice, so there were a total of
5 x 13 x 2 =130 sets of data. When each set of experiments was implemented, the mea-
surement curve of the friction force was not an ideal straight line and fluctuated to a
certain extent due to a series of reasons, such as the preload of the experimental wire, the
self-weight of the equipment itself, the elasticity of the wire and the static friction force.

The GY-SA compression and tension S-type weighing sensor and its supporting
software used in this experiment all use kilogram-force, and the positive and negative sign
of the friction value represents the direction of the force. Taking the experimental data
of group B7 as an example, Figure 4a is a real-time graph of the friction force for the first
experiment in group B7. It can be seen that before the experiment started, the system was
at rest and the friction force was 0; then, the slow motor started and began to apply the
driving force, the friction force increased sharply at this time and then reached a great value.
At this time, the slider entered the state of uniform motion from rest, the great value of the
friction force was the static friction force between the slider and the plate; then, the slider
slid on the plate at a uniform speed and the friction force remained basically stable. Finally,
when the drive motor stopped working, the friction force appeared as large fluctuations.

The GY-SA dual-purpose S load cell measures 8 sets of data per second, so each set of
friction has at least 72 data points. The first experimental data from group B7, where the
data fluctuates, was used as an example, as shown in Figure 4b, to fit the friction data for
each group of experiments by least squares. A stable friction measurement was required
for each group of experiments, so the slope of the fit was taken to be 0. The slope of the
linear fit was the required friction.

After data processing and fitting, the final friction data for the two experiments were
obtained as shown in Tables 6 and 7.

When the roughness of the plate is constant, the friction force will increase with the
increase of the load, which is a common phenomenon in friction experiments. However,
when the load is constant, the friction force does not increase with the increase of the coarse
excess. When Ra is 0.8-1.6, the friction force increases, but when Ra is 1.6-3.2, the friction
force will decrease, and then the friction force returns to the normal change. In order to
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Friction (kg)

explore the factors affecting the change of friction force, this paper will continue to study
the change of friction coefficient.

27 07 Real time graphs of friction
0 1 — Fitted curve(-13.37kg)
2] Equation y=a+b*
21 Drawing B
2 4 Weight Not weighted
1 Intercept -13.33701+0.046
o] S ol
6 e Slope 0+--
-8 - Sum of squares of
L 81 residuals 39.50581
(&)
-10 1 = Pearson’s -0.37287
-10 4 R-squared 0
_12 -
rlb 1 Adjusted R squared 0
-14 4 NTMW"' -12
-16 ]
,14 =
-18 T T T T T 1 I r : I r r I I
0 50 100 150 200 250 0 20 40 60 80 100 120 140
Sampling points Sampling points
(a) (b)

Figure 4. Fitting curve for group B7 friction. (a) Real-time graph of friction for the first experiment in
group B7. (b) Fitting curve for group B7 friction.

Table 6. Friction data during the first experiment (unit: kg).

Roughness Ra
Load (kg)

0.8 1.6 3.2 6.3 12.5

5 0.773 1.000 0.610 0.973 1.101
15 2.552 3.051 2.379 3.333 4.550
25 2.310 5.299 4.190 5.114 5.913
35 6.277 8.358 5.696 7.379 8.776
45 5.795 10.483 7.610 9.512 12.066
50 8.503 12.530 8.016 9.256 11.679
70 10.999 16.678 11.562 12.633 16.993
92 15.126 17.874 15.197 17.274 22.708
112 19.123 22.631 18.497 22.096 33.224
135 23.402 27.918 22.382 27.137 36.144
155 26.180 32.861 25.865 31.989 49.584
183.4 29.755 39.630 31.239 39.121 47.209
203.4 34.903 47.295 36.582 43.592 50.502

According to Coulomb’s theory of friction, the coefficient of friction for each group
of experiments was obtained by dividing the friction force (kg) by the load (kg), avoiding
errors due to gravitational acceleration measurements; Figure 5 shows the relationship
between friction coefficient and normal load.

When the load is determined, as the roughness increases, the friction coefficient first
increases at Ra=0.8-1.6, then decreases at Ra=1.6-3.2, and, finally, Ra gradually increases to
3.2-12.5. There are two extreme points in the curve, and the curve of friction coefficient
generally presents an increasing trend [23].
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Table 7. Friction data during the second experiment (unit: kg).
Roughness Ra
Load (kg)
0.8 1.6 3.2 6.3 12.5
5 0.821 0.733 0.848 1.130 1.483
15 2.611 3.293 2.406 3.526 4.039
25 1.604 5.368 4.188 5.342 5.831
35 5.676 8.030 5.883 7.568 9.753
45 6.658 10.723 7.553 9.378 11.225
50 8.908 11.881 8.090 9.527 11.720
70 10.999 16.708 11.394 13.337 16.390
92 17.752 18.698 15.066 16.769 22412
112 20.244 21.850 18.641 20.009 30.243
135 23.464 28.213 22.800 30.444 36.431
155 25.529 32.806 25.443 33.140 37.694
183.4 31.033 39.089 30.717 36.314 43.972
203.4 33.673 44.966 35.907 42.701 52.313
= Ra=0.8 —=— Ra=0.8
0.35 7 ¢ Ra=1.6 Ra=1.6
4— Ra=3.2 —A— Ra=3.2
. v Ra=6.3 0.307 * Ra=6. 3
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Figure 5. Friction coefficient as a function of normal load. (a) Image of the coefficient of friction for
the first experiment. (b) Image of the coefficient of friction for the second experiment.

In the case that the roughness is determined, when the load is greater than 50 kg, the
friction coefficient fluctuates slightly with the increase of the load but generally approaches
the stable value, which is consistent with the research results of Wei et al. [24]. This is
more obvious in soft materials prone to wear. In the literature [25,26], factors affecting the
friction coefficient of MoS2 thin film have been studied. The results show that in the same
sliding velocity, the larger the normal phase load is, the smaller the friction coefficient will
be. Specifically, the greater the normal load, the more serious the wear of the friction pair,
the smaller the maximum truncation area Sm, and the smaller the friction coefficient. In
this paper, the friction pair is a nickel steel plate with high strength, and the change of Sm
is small, so the change of friction coefficient is small. When the load is less than 50 kg, the
friction coefficient fluctuates greatly with the change in normal load, which may be related
to the measurement accuracy of the instrument under a small load. Leopold et al. [27]
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also reached a similar conclusion in their study. The maximum relative error is shown in
Table 8.

Table 8. Maximum relative error of friction coefficient under small load conditions.

Surface Roughness (Ra) 0.8 1.6 3.2 6.3 12.5
Maximum relative error of the 5 5o, 20.3% 27.8% 16.7% 27.4%
first experiment
Maximum relative error of the 64.0% 38.2% 4.7% 18.7% 6.4%

second experiment

In general, roughness is the main factor affecting the friction coefficient of nickel steel
plates. A large normal load has little influence on the friction coefficient, while a small
normal load has a great influence on the friction coefficient. In this paper, the data of small
load conditions are discarded, and the correction factor a is used for the next analysis of
large load conditions.

3.2. Modified Factor Fitting

According to the above analysis, the least squares method was used to identify the
correction factor a. The results of the identification of the correction factor a are shown
in Table 9. The correction factor within the roughness of Ra = 08-1.6 and Ra = 3.2-12.5is
negatively correlated with the surface roughness. The segmentation with Ra = 3.2 May
be caused by the fact that the surface roughness processing of the sample is processed
by grinding machine in Ra=0.8-1.6 and milling machine in Ra = 3.2-12.5. The surface
processing technology has a great influence on the friction coefficient. For each group of
roughness in the two experiments, the correction factor a basically tends to be the same,
and except for the surface roughness of the Ra = 3.2 group, the error of the other groups is
within 5%.

Table 9. Identification results of the correction factor a.

Surface Roughness (Ra) 0.8 1.6 3.2 6.3 12.5
First experiment 4.1 3.0 41 3.4 2.4
Second experiment 3.9 3.0 3.2 3.4 2.6
Average 4.0 3.0 3.65 3.4 2.5

Maximum relative error 2.5% 0.0% 12.3% 0.0% 4.0%

According to the results of the correction factor identification, the friction coefficient
model can be obtained and compared with the experimental data; the maximum error is
shown in Table 10. The error of the friction coefficient results of the first experiment and
the second experiment is similar, mostly less than 10%, and there is a relatively large error
in the Ra = 12.5 first experimental group, which is different from the second experimental
group with the same roughness. Considering the magnitude of the error in the other groups
of experiments, the Ra = 12.5 first experimental group may be caused by accidental factors
such as unstable load loading, and the Ra = 12 is not adopted in the experiments 12.5 first
group data.

Therefore, the experimental deviation from the theoretical model is £6%-15% and the
theoretical model of the friction coefficient of nickel steel flat plates is applicable for load
conditions greater than 50 kg.
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Table 10. Maximum relative error in friction coefficient after fitting the curve.

Surface Roughness (Ra) 0.8 1.6 3.2 6.3 12.5
First experiment 14.48% 7.54% 15.08% 14.07% 20.95%
Second experiment 11.64% 10.38% 6.24% 9.96% 8.39%

In general, after the elastoplastic critical point, the changing trend of the friction
coefficient is consistent with the model prediction. Before and at the elastoplastic critical
point, the theoretical model has a slight deviation from the experimental results, but the
relative error is still acceptable. The error of most data points between the experimental
results and the theoretical model is 6%-15%, which proves that the theoretical model is
accurate in predicting the changing trend of the friction coefficient between nickel steel
plates. The model of the friction coefficient between nickel steel plates based on a fractal
theory proposed in this paper has high accuracy and is suitable for the prediction of the
friction coefficient of nickel steel plates under loading conditions greater than 50 kg.

4. Conclusions

In this paper, the friction coefficient model between nickel steel plates is established
using fractal theory, and the pure plastic deformation and elastoplastic mixed deformation
at the initial contact between the sliding block and friction pair are analyzed. The friction
coefficient model between plates is determined by taking the maximum truncated area,
fractal dimension and correction factor as parameters, and the theoretical model of friction
coefficient based on fractal theory is established. In view of the correction factor in the
friction coefficient model between nickel steel plates, parameter identification should be
carried out by friction experiment. Based on the surface roughness and load as the group
basis, the sliding friction coefficient experiment between nickel steel plates was carried
out to obtain the friction coefficient under different normal loads and surface roughness
degrees. The experimental data were compared with the results of the theoretical model
of friction coefficient. To verify the accuracy of the friction coefficient model between
nickel steel plates based on fractal theory. Through experiment and analysis, the following
conclusions can be obtained:

(1) Under the condition that the surface roughness remains unchanged when the normal
load is greater than 50 kg, it has little effect on the friction coefficient, and the friction
coefficient gradually tends toward a stable value. The experimental results are in good
agreement with the theoretical results. When the normal load is less than 50 kg, the
maximum relative error of the friction coefficient is 16%-64%, which may be caused by
the great influence of load dead weight and system error under low load conditions,
so it is not suitable for the study in this paper.

(2)  Under the premise that normal load remains unchanged, roughness has a significant
influence on the friction coefficient. The curve of friction coefficient shows an inflection
point when Ra = 1.6, which may be due to the fact that the surface machining process
has a great influence on the friction coefficient when Ra is processed by a grinding
machine and Ra is processed by a milling machine when RA is processed by 3.2-12.5.
In general, the friction coefficient increases with the increase of surface roughness.

(3)  Except for the Ra = 3.2 group, the error of the identification results of correction factor
a was all within 5%. It shows that the calculation method of the correction factor
is correct and can provide support for the establishment of a theoretical model of
friction coefficient.

(4) Taking the elastoplastic critical point as the turning point, the variation trend of the
friction coefficient after the elastoplastic critical point is consistent with the model
prediction, while the variation trend before the critical point is slightly different from
the model prediction result, with an error of +£6%-15%, but the error is within a
reasonable range.
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(5) The calculation of the friction coefficient of nickel steel plate based on fractal theory
has high accuracy and can provide experimental support for the verification of the
theoretical model of friction coefficient of nickel steel plate. At the same time, it can
provide theoretical support for the research of interface wear, stiffness degradation,
stress relaxation and preload setting of bolt-connected structures of large complex
equipment and aerospace connection flanges.

In this paper, there is a large deviation between the experimental results and the
theoretical results of the friction coefficient under the small load condition. In the follow-up
work, it is necessary to carry out error research on the small load condition and explore
the factors affecting the deviation under the small load condition. At the same time, this
paper does not limit the type of metal materials, which can be extended to the plate contact
condition of other materials after test verification, with stronger theory and applicability.
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