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Abstract: The contact behavior greatly influences the damping performance of frictional interfaces.
Numerous experimental studies on friction and fretting wear have investigated the evolution of
contact parameters. An in-house friction and wear test rig has been developed to obtain hysteresis
loops at certain normal forces. However, the test rig lacks load control and is thus unable to ensure
precise stabilization at a preset normal force, which affected the hysteresis behavior. In this paper,
we developed a frequency-domain PID controller to ensure the stable application of a target normal
force with constant (0-300 N) and harmonic (0-50 N) components. Compared to the commonly used
time-domain strategy, the control signal error is reduced from 6.30% to 0.54% at 50 Hz. With a 3%
error as the standard, the controller enables stabilized control of signals with frequencies up to 300 Hz.
Friction experiments on various typical materials are conducted using this improved test rig. The
results indicate a general tendency for contact stiffness to increase with a rising normal force, while
the relationship between the friction coefficient and the normal force does not exhibit a clear pattern.
The contact stiffness is not sensitive to the relative displacement or vibration frequency.

Keywords: dry friction; hysteresis behavior; frequency domain PID control; contact parameters;

friction experiments

1. Introduction

Blades serve as the main energy conversion components in aeroengines and are
exposed to a complex flow field loading environment. Mitigating and controlling the
dynamic response is essential to avoid the high cycle fatigue of the blades [1-3]. Dry
friction damping stands out as one of the primary vibration damping methods for the
blades in turbomachinery. Its principal mechanism involves dissipating vibration energy
by performing work through dry friction generated by the relative motion between contact
surfaces. In high-speed and high-load operating conditions, prolonged reciprocating
motion between friction interfaces will result in wear. The mechanical properties of the
contact interfaces, particularly the contact parameters, within various dry friction damping
structures evolve as wear increases [4,5]. The friction and wear outlined above may
reduce the frictional damping effect and significantly heighten the probability of structure
intensifying vibration and failure [6,7]. Consequently, it is a top priority to explore the
damping performance and evolution of contact parameters in dry friction dampers.

Numerous studies have been carried out on friction and wear tests. Typically, hys-
teresis loops serve as a crucial tool for determining contact parameters [8-10]. These loops
depict the correlation between tangential force and relative displacement during frictional
contact between the blade and the damping block. Chen et al. [11] designed a dedicated test
apparatus to measure the hysteresis phenomenon arising from small-amplitude tangential
motions between contacting surfaces. Yu et al. [12] developed a test rig to investigate the
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friction characteristics of articulating bearings in large aircraft hoisting devices while con-
sidering various working conditions and materials. Furthermore, commercially available
friction and wear testers with relevant functionalities (e.g., HRT-A02C) are widely used.
With the assistance of self-developed or commercially available test devices, some studies
have investigated that contact parameters (typically the coefficient of friction and contact
stiffness) rapidly increase as oscillation cycles increase and then reach a steady state [4,5,13].

The normal force is one of the key loading factors that impact friction and wear
behaviors [14-18]. It is important to maintain the normal force at the target value in
friction and wear tests. Apart from the elastic frames, which are typically employed to
mitigate normal force fluctuations owing to their low stiffness in the normal direction,
certain commercial tribometers adopt a closed-loop control methodology to stabilize the
normal force. However, despite these measures, inevitable fluctuations in the normal force
persist, particularly during high-frequency wear testing. The conventional time-domain
PID control of the normal force encounters limitations stemming from the bandwidth
constraints of both the controller and the digital processing system. Consequently, it
becomes challenging to eliminate fluctuations within a single vibrational cycle at higher
frequencies, ultimately adversely impacting the shape of the hysteresis loop. In addition,
during the testing process, the vibration environment and wear may cause the normal
force to deviate from the design value. On the other hand, the normal force on the contact
surface may contain a time-varying term when the friction pair has elastic deformation
induced by vibration, e.g., shrouded blades [19]. Therefore, controlling the normal force of
the friction and wear test rigs necessitates two essential requirements: firstly, maintaining
it at the preset value without any degradation, and secondly, reproducing the harmonic
time-varying term. The effectiveness of friction and wear tests is contingent upon whether
the normal force accurately reproduces the service conditions. For instance, the evolution
of interface morphology and contact parameters probably exhibits a distinct pattern under
time-varying normal force [20-24]. Therefore, it is important to integrate an appropriate
control strategy for mechanical loads into the friction and wear test rig.

In this work, we have improved the in-house friction and wear test rig capable of
capturing the hysteresis loop on the contact surface under well-controlled normal force. A
highlight of this work is the design and implementation of a normal force control module
capable of generating different types of stable normal forces, including constant form and
harmonic form. The control signal is smoother and has less error than the generally used
time-domain PID control strategy. Moreover, a significant increase in control frequency
is realized, meeting the needs of engineering tests. Finally, the test rig is employed to
investigate the influential factors of the contact parameters.

The paper is organized as follows: In Section 2, we present the in-house friction and
wear test rig comprehensively, emphasizing the design principles and software develop-
ment of the closed-loop control module for normal force based on frequency-domain PID.
The control module enables precise adjustments of the amplitude of normal force, vibration
frequency, and phase lag. In Section 3, we demonstrate the performance of the test rig
by configuring the parameters and assessing the control effectiveness of the normal force.
Additionally, the control outcomes of this test rig employing the frequency-domain PID
control strategy are contrasted with those of the time-domain strategy to underscore its
superiority. In Section 4, friction tests are carried out, and then the influence of the normal
force and other factors on the contact parameters is analyzed.

2. Improvement of the In-House Friction and Wear Test Rig

The in-house friction and wear test rig is developed to investigate the hysteresis
mechanical behavior of interfaces and the evolution of contact mechanical parameters
for dry friction damping structures. To reproduce the mechanical load state in service
conditions, the pivotal design of the test rig must prioritize not only specimen movement
and constraints but also the precise and consistent application of normal force, including
both constant and harmonic forms. Accordingly, the entire test rig is structured into two
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modules: the mechanical operations module and the closed-loop control module. The
former utilizes mechanical components to conduct the friction and wear experiments, while
the latter processes the collected data and achieves accurate closed-loop control of the
normal force. The entire configuration of the test rig is illustrated in Figure 1.
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Figure 1. Overview of friction and wear test rig.

2.1. Mechanical Operations Module

As shown in Figure 2, the mechanical operations module comprises test specimens,
a support system, a loading system, and a measurement system. These components are
interconnected by a cubic iron frame structure with dimensions of 300 mm in length and
width and 390 mm in height, which provides support for the specimens and fixtures while
facilitating load transfer.
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Figure 2. Schematic diagram of mechanical operations module and functional subsystems.
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The fixed and moving specimens are in longitudinal contact. Both are cylindrical, with
diameters ranging from 10 to 15 mm. The fixed specimen is mounted on a customized
fixed fixture, which is fully constrained by three-claw stabilizers and remains stationary
throughout the test. The three-jaw stabilizer transmits only the normal force at the contact
interface without generating any tangential force, which ensures the stability of force
transmission and measurement. The moving specimen with its fixture is installed on the
guide rail and is subjected to reciprocating micro-movements during the test.
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The moving fixture is connected to the ejector rod of the shaker, which is powered by a
signal generator and amplifier to establish uniform and stable tangential loading conditions
for the specimen.

The normal force is provided by the screw and the piezoelectric actuator. The screw
can apply the constant pre-normal force by turning the knob. The piezoelectric actuator
(PSt150/14/80VS20, Coremorrow Inc., Harbin, China) can provide two types of normal
force: constant and harmonic. The damping performance of dry friction dampers can be
altered when the normal load is harmonically varying. The piezoelectric actuator, with its
amplifier, adjusts the output force by the input voltage based on the inverse piezoelectric
effect. After integrating the piezoelectric actuator into the closed-loop control module, it
compensates for the constant component of the normal force and ensures consistency even
as interfacial wear increases.

The measurement system mainly comprises a laser displacement sensor and three
force sensors. A single laser Doppler vibrometer (LV-S01, Van-Hensin Technology Corp.,
Beijing, China) was employed to directly measure the displacement between the fixed
and moving specimens. The strain force sensor (208B005, KingSci Inst., Beijing, China) is
positioned between the fixed fixture and the piezoelectric actuator to record the normal
force signal. Two dynamic force sensors (VLF-5-500N, Jinnuo Sensor Co., Bengbu, China)
are installed on each side of the static fixture to calculate the tangential friction force.

2.2. Closed-Loop Control Module

The closed-loop control module is established based on the mechanical operations
module to continuously monitor and sustain the normal force unchanged (no matter in
constant form or harmonic form) throughout the wear test. To achieve this goal, a normal
force control program must be devised. The communication between the program and the
test rig is facilitated by the DAQ-USB board (USB-6001, National Instruments Inc., Austin,
TX, USA), as illustrated in Figure 3.

Computer Control Program The Testing Apparatus
G . PID DAQ-USB Board
4 ~ e, Signal u(t) Output
- Q PID Generator .
e
g | T
i L O
Cr N FFT N Acquisition
M
o= FFT  ——
x(1)

Figure 3. Components and algorithmic principles of the closed-loop control module.

The fundamental principle of the control program algorithm is the PID controller,
which calculates the deviation between the target normal force and the acquired value.
This deviation is linearly synthesized using proportional, integral, and derivative terms to
generate a control voltage signal utilized for adjusting the controlled object. In the case of
harmonic normal force, the target value exhibits dynamic variations, posing a challenge
for the PID controller to achieve consistent regulation due to its inherent regulation time.
Hence, a control algorithm in the frequency domain is suggested, dividing the normal
force into three components: the constant component (C), the amplitude of the harmonic
component (A), and the phase of the harmonic component (¢), as shown by the green frame
line in Figure 3. In other words, the normal force is given as:

f(t) = C+ Asin(27 freqt + @) 1)



Aerospace 2024, 11, 623

50f19

in which freq denotes the frequency of the normal force, expressed in Hertz (Hz). Each
variable is handled by a separate PID controller. The acquired normal force value fy(t)
from the test rig is analyzed using the Fast Fourier Transform (FFT) to determine three
parameters: Cy;, Am and @y. The error between these parameters and their respective
target values (Ct, At and ¢r) is used as input for the PID controller. It is worth noting
that the displacement signal x(t) does not participate in control, but provides the phase
reference. The PID controllers calculate the control variables by utilizing proportional,
integral, and derivative terms with inputs ec, ea and e,,. Subsequently, it generates a
voltage control signal u(t) through a virtual signal generator.

The control program is developed using the LabVIEW platform, and the logic block
diagram is depicted in Figure 4a. The acquisition and output processes employ the while-
loop structure to ensure continuous operation, establishing the cornerstone for software
and hardware interaction. The output process data is structured as an array, circumventing
the issue of low output frequency and the inability to meet high-frequency control demands
caused by the limitations of single-point output due to memory refresh rates. These data
rely on the acquisition process for their provision and are transmitted between nodes via
data streams. Establishing a direct connection between them could result in a loop blockage,
hindering the flow of data to the output process. Therefore, a commonly employed multi-
threaded programming model called the “producer-consumer” structure is implemented
to address data synchronization issues. Within each loop, the output process (consumer)
is executed after the acquisition process (producer), utilizing a queue for data transfer
between the two processes. This setup prevents issues where the initial output cycle lacks
data and enables the relatively autonomous development of program functions.

Channel Setting Sample Setting PID Parameters Setting
Acquisition Channel: Normal Force o nETant Copnent
[f; use-6001/ai0 a Input Sample Rate [ ge 00010000
Acquisition Cycle isition Channel: Di = ) Ti 00001000
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Figure 4. Development of a closed-loop control program for normal forces based on the LabVIEW
platform: (a) logic block diagram; (b) user interface.

Figure 4b displays the operation panel of the computer control program. The upper
half represents the parameter configuration area. Within this area, the channel setting must
be identical to the wiring of the DAQ board. The sample rate setting is primarily limited by
both the performance of the board and the signal frequency. The section for setting the PID
parameters is linked to the characteristics of the tester and requires adjustments based on
engineering experience. All these parameters can be established during the construction
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and pretest of the test rig, eliminating the need for repetitive adjustments during actual
friction and wear tests. The final section pertains to the setting of normal force target values,
which can be adjusted both before and during program operation, considering the actual
working conditions. The lower half represents the data display area, encompassing the
measured normal force signal, the relative displacement signal, and the output control
voltage signal. Additionally, a comparison chart displaying the acquired normal force
value and the target value is provided to visually evaluate the control effectiveness during
program operation.

3. Control Performance of the Test Rig

This section has determined the suitable parameters of the PID controllers and investi-
gated the functionality of the closed-loop control module through localized test experiments.
These results demonstrate the validity of the test rig design and methodology for future
experiments and results.

3.1. Parameter Configuration of the PID Controller

Control of the normal force in this test rig is accomplished using three independent
PID controllers for variables C, A, and ¢. Each PID controller consists of a proportional
term, an integral term, and a derivative term, with each term regulated by its correspond-
ing parameter K., T;, and Ty. The selection of appropriate parameters can enhance the
effectiveness of system control, which can be evaluated by assessing the settling time £,
and overshoot 0% (refer to Figure 5). Settling time denotes the minimum duration needed
for the system to reach a new equilibrium state after a disturbance. Overshoot is the
ratio between the instantaneous maximum deviation and the steady-state value, typically
expressed as a percentage.

35 . . ' ’ ,
Ti=0.0003 | = 0 @A fmm——— -
30l Ti=0.0001 |
Ti=0.00005 o%
s I
'g 1
=20 I -
a 1
£ I
< I
151 1
1
1
1 14
0 : tS I
5 i i I i I | L I
0 20 40 60 80 100 120

Times

Figure 5. Controller adjustment scenarios for amplitude under different integral term parameters T;
(including extraction of evaluation metrics: settling time t; and overshoot ¢%).

Figure 5 depicts the adjustment scenario of the integral term parameter T; for the
controller associated with variable A. The relevant evaluation metrics, namely overshoot
and regulation time, are documented in Table 1. When the selected value for the parameter
T; is relatively large, as indicated by the red line, the adjustment process exhibits highly
stable behavior with no overshooting, albeit at the cost of a relatively prolonged time to
reach the target. And when a relatively small value is selected, as indicated by the yellow
line, it induces system oscillations, resulting in a notable prolongation of the settling time.
In ideal adjustment scenarios, as denoted by the blue line, there might be a slight overshoot
but a quicker achievement of the target and subsequent stabilization. Consequently, a
finalized suitable value of T; at 0.0001 was determined, allowing for a minor overshoot in
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the normal force to diminish settling time. In this work, the PID parameters were found by
trial and error. It is worth noting that one can also use online tuning methods to correct the
PID controller. For more details, one can refer to [25,26]. However, this is beyond the scope
of this paper.

Table 1. Settling time and overshoot of the controller for amplitude under different Tj.

T; ts %
0.0003 19s 0
0.0001 11s 8.9%

0.00005 25s 30.5%

Likewise, appropriate values can be selected for the remaining parameters of variable
A, as well as for the parameters of variables C and ¢. Finally, the identified parameters,
along with the respective average setting times and average overshoots, are documented in
Table 2. While controlling the normal force, the average setting time amounts to approxi-
mately 10 s, with an average overshoot below 10%, better meeting the test rig requirements.

Table 2. Selected controller parameters and control performance.

A Cc @
K 0.0005 0.0005 0.003
parameter T; 0.0001 0.0001 0.0001
Ty 0.0001 0.0001 0.0001
ts(avg) 10s 9s 7s
0%(avg) 7.4% 6.0% 3.5%

3.2. Performance of the Closed-Loop Control Module

The primary function of the control module is to consistently maintain the normal force
at the target value, regardless of whether it is in harmonic or constant form, throughout the
entire friction and wear test.

During the experiments, a predetermined normal force can be applied using a knob.
However, achieving a precise target force solely through this method proves to be chal-
lenging. As depicted in Figure 6, the target normal force applied is 100 N. Without the
closed-loop control, the manually adjusted normal force slightly undershot the target value.
Throughout the wear test, the normal force initially increased slightly and then decreased
steadily. Within a mere 10-min interval, the normal force dropped by 2.6%. This decline
may primarily result from the wear of the friction interface. Conversely, under closed-
loop control, the normal force remained stable at 100 N for an extended period during a
considerably lengthy test period.

Moreover, a coupling between tangential and normal vibration exists. Fixed fixtures
in the test rig are secured by three-jaw stabilizers for clamping. Each stabilizer is equipped
with three stainless steel universal balls that exert solely normal forces, theoretically exclud-
ing tangential forces. This configuration ensures the internal torque balance of the fixed
fixture and prevents rotational movement of the fixed specimen. However, this design does
not achieve complete decoupling of tangential and normal forces during the actual testing
procedure. The sinusoidal tangential excitation induces fluctuations in the normal force.
These fluctuations become notably pronounced under certain conditions, such as when
specific specimen materials are utilized, high tangential excitation amplitudes are exerted,
or assembling is inadequate. Figure 7a illustrates significant fluctuations of approximately
£7.5 N in the normal force without closed-loop control when the excitation is 1 Hz. When
the control module is activated, the normal force maintains a notably stable and constant
value, and the fluctuation decreases to £0.2 N. Although the fluctuation increases slightly
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in Figure 7b at 20 Hz, it still remains within +2 N. The control system can compensate for
at least 50% of the normal force fluctuations under various working conditions.

110 T r T T '
with closed-loop control
without closed-loop control
105f 7
=z
)
o
L
— 100
©
£
o
P
951 7
90 L L L L L
0 100 200 300 400 500 600

Time s

Figure 6. Evolution of constant normal force overtime with and without control.

112 : . " r
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Time s .
Time s
(a) (b)

Figure 7. Fluctuation of normal forces with and without control. (a) Tangential excitation frequency
f =1 Hz; (b) Tangential excitation frequency f = 20 Hz.

When the target normal force is time-varying, the control module also shows very good
performance.  The target normal force can be pre-set for various frequencies
(freq = 10Hz/50 Hz/110 Hz / 300 Hz), amplitudes (A = 5N/10N/25N/50 N), and
initial phases (¢ = 0°/180°). The acquired value (red dashed line in Figure 8) of normal
force implemented by the control system exhibits a high degree of similarity to the target
value (blue solid line in Figure 8). The average error, which quantifies the disparity between
the acquired and target values, is adopted as the evaluation metric. Upon comparison, it
is evident that the average error over five signal cycles typically remains below 1%. Even
under extremely high-frequency demands, the error stays under 3%. The above test results
affirm the effective realization of the normal force by the closed-loop control system.

Additionally, relative displacement can be controlled using the same frequency-domain
PID strategy. Relative displacement primarily depends on the tangential excitation level,
with its actual magnitude impacted by factors such as normal force and assembly. Figure 9a
illustrates that under constant tangential excitation power conditions, relative displacement
varies a bit across multiple tests, which complicates manual adjustment processes. The
implementation of the closed-loop control system addresses this challenge by enhancing test
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repeatability. Figure 9b shows the result of displacement control at 0.3 mm with a tangential
excitation frequency of 10 Hz and a normal force of 30 N. The target displacement is also
depicted as a reference. It can be seen that the average error is relatively low (4.12%), and
the resulting hysteresis loop is smooth (Figure 9¢c). Relative displacement can be precisely
stabilized within a 2 mm amplitude at frequencies below 150 Hz. These parameters are
primarily constrained by the maximum power output of the shaker.

108 T T T T . T

o Target
| error(avg)-0.12% | ~ —- - Acquisition | |

-
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- -
o [
N »
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-
o
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©
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2 2105F
L &
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95
70
50 901
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Figure 8. Control results of harmonic normal force with various target values: (a) freq =10Hz, A=5N,

¢ = 0° (b) freq = 50 Hz, A = 25 N, ¢ = 180%; (c) freq = 110 Hz, A = 50 N, ¢ = 0°; (d) freq = 300 Hz,
A=10N, ¢ = 0°.

In summary;, the friction and wear test rig can achieve the loading, measurement, and
control functions. To facilitate an understanding of the capabilities of the test rig, its specifica-
tions are provided in Table 3. The specification data is limited by the hardware capabilities and
the PID control program. In this test rig, the error in force amplitude can be controlled within
3% of the target value, and the phase error is less than 5°, which meets the test requirements.
The minimum values of the technical parameters are 0 if they are not given.

Table 3. Performance indicators of in-house friction and wear test rig.

Technical Parameter Specification
Constant (C) ISN<C<300N

Range of Applied Normal Force Time-varying Amplitude (A) <50N

Frequency (freq) <300 Hz

. . Amplitude <2 mm

Range of Relative Displacement Frequency <150 Hz
Force 0.01N
Measurement Accuracy Displacement 0.1 um

Force Amplitude <3%

Control Accuracy Force Phase ~5
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Figure 9. Control results of relative displacement: (a) fluctuation of the relative displacement
under constant tangential excitation power of the shaker; (b) displacement control at 0.3 mm;
(c) hysteresis loop.

3.3. Performance Comparison of Frequency-Domain and Time-Domain PID Control Strategies

As delineated in Section 2.2, the closed-loop control module within this test rig em-
ploys a frequency-domain PID control strategy. In this context, the term “frequency domain”
primarily refers to the magnitude and phase obtained through Fourier transformation,
which serve as descriptive parameters for the normal force. Correspondingly, the “time
domain” signifies the immediate magnitude of the normal force as a descriptive metric.

The target value of the normal force is set as f(t) = 80 + 10sin(277 freqt)N. The two
control strategies are tested, and the results are presented in Figure 10. The red lines
represent outcomes obtained from the frequency domain control strategy (abbreviated
as F.C. strategy), while the blue lines depict those from the time domain control strategy
(abbreviated as T.C. strategy). In the low-frequency scenario, exemplified by Figure 10a
(freq = 10 Hz), both control strategies effectively attain the control objective. The average
error within the F.C. strategy, measuring the deviation between the controlled and target
values, registers at 0.44% across five signal cycles, compared to 0.97% within the T.C.
strategy. The former is slightly superior to the latter. More notably, it is evident from
the figure that the resultant curve within the F.C. strategy exhibits a smoother profile.
This is due to the fact that the target harmonic normal force, inherent to the DC control
strategy, perpetually alters over time. Consequently, the PID control undergoes frequent
reinitializations, hindering stabilization. The control curve exhibits a myriad of minute
undulations. This phenomenon intensifies notably at higher frequencies, as depicted in
Figure 10b (freq = 50 Hz). Despite the PID control not converging to the preset target
normal force, the target undergoes significant fluctuations, directly influencing the trend of
normal force changes. As a result, the average error peaks at 6.30% within the T.C. strategy,
whereas it remains at a mere 0.54% within the F.C. strategy.
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Figure 10. Control results for both control strategies with the same target normal forces:
(a) freq = 10 Hz; (b) freq = 50 Hz.

4. Friction Tests Results

In tribology, hysteresis loops are curves that depict the correlation between friction
and relative displacement among interfaces. This section employs the friction and wear
test rig for mechanical characterization tests to plot the hysteresis loops of different friction
materials under varying target loading conditions. This process aims to acquire data on
interfacial mechanical parameters like contact stiffness k; and friction coefficient .

4.1. Experimental Preparation

The specific experimental procedures for the friction test are illustrated in Figure 11
and are primarily divided into three stages: assembly, testing, and data processing. Firstly,
the fixed specimen and its fixture are installed and secured using three-claw stabilizers.
Subsequently, the moving test specimen and its fixture are assembled and mounted on
the guide rail. The knob is then tightened to establish contact between the stationary
and moving specimens. During this assembly phase, adjustments are made based on
the force sensor readings. Ideally, both tangential force sensors should register identical
values, while the normal force sensor should approximate the target value. Following
this, a computerized closed-loop control program is executed to ensure adherence to the
specified conditions. Data from each sensor is measured and recorded across various testing
conditions. Finally, the collected data is processed to generate hysteresis loops. From this,
the contact stiffness and friction coefficient are calculated. The experimental results are
then analyzed to investigate the influence of different factors on the contact parameters.

Before commencing formal testing, multiple pre-tests were conducted with and with-
out activation of the closed-loop control module to validate the control performance.
Hysteresis loops were recorded, as depicted in Figure 12. The smoothness and stability
of the hysteresis loops markedly increased in the presence of the control compared to
their absence. These results provide strong evidence of the validity and accuracy of the
developed test method in comparison to commonly employed experimental methods.

4.2. Hysteresis Loops of Different Friction Materials

The specimens used in this paper involve more than ten types of materials, which are
mainly divided into two categories: friction materials (copper-iron-based powder metal-
lurgy materials, ceramic matrix composites, etc.) and high-temperature alloy materials
(DD6, GH605, GH4090, Mar-M247CC, etc.). The selection of test materials is based on spe-
cific engineering requirements, and the materials used for the fixed and moving specimens
can be the same or different in each test.
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Determine the test conditions Parameterize and run computer's
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the test status with photographs each sensor in different conditions
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Figure 11. Flow chart of experimental procedure for friction test.
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Figure 12. Hysteresis loops with and without closed-loop control under different normal forces
(@) 50 N, (b) 90 N.

In friction behavior tests, the typical hysteresis loops observed resemble parallelo-
grams. Figure 13 illustrates an experiment conducted on specimens composed of copper-
iron-based powder metallurgy material and the high-temperature alloy GH605.

Each cycle of the hysteresis loop consists of two phases: the left and right sides of the
hysteresis loops represent the stick phase, while the upper and lower sides are the slip
phase. By analyzing the hysteresis loops, the tangential contact stiffness ki and friction
coefficient y can be extracted as follows:

AT
k=55 @)

ATG
M= oF, 3)
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Figure 13. Typical hysteresis loops under the constant normal force and the extraction of contact
parameters. The blue line is the original data and the yellow line is the fitted data.

The tangential contact stiffness is defined as the average slope of the hysteresis loop
in the stick phase. The increment A¢ is the relative displacement in the stick phase and
AT is the corresponding friction force. The friction coefficient is defined as the ratio of the
friction force over the normal force in the slip phase. It can be obtained by calculating the
average ratio in the two slip phases, in which AT is the difference between the two friction
forces. It is worth noting that the friction coefficient can only be determined in hysteresis
loops with a slip phase. In cases of pure stick states, only the tangential contact stiffness
can be determined.

The majority of hysteresis loops for the friction materials, specifically DD6 + GH605
and GH4090 + Mar-M247CC, closely resemble parallelograms, as illustrated in Figure 14a.
The experiments are conducted with the constant excitation power of the shaker in a
tangential direction, which has been adopted by many researchers [5,27]. The variation
in friction during the slip phase is not pronounced. However, for a portion of the friction
materials (iron-based + copper-iron-based powder metallurgy materials), the hysteresis
loops are not perfectly parallelogram-shaped, as shown by the red line in Figure 14b. The
friction exhibits fluctuations during the slip state, which could be attributed to the influence
of microscopic grooves at the friction interface. A small number of friction materials (Mar-
M247CC + GH605) exhibit hysteresis loops closer to a trapezoidal shape, indicating unequal
lengths in the stick state of the friction reciprocation process, as depicted by the blue line
in Figure 14b. In these cases, the trend of friction in the slip state is relatively apparent.
The specific shape of the hysteresis loops does not significantly impact the identification
of contact parameters. When analyzing non-standard shaped hysteresis loops, they are
typically fitted toward standard parallelogram shapes to facilitate parameter identification.
Specifically, during stick states, a linear function approximates the relationship between
data points, whereas in slip states, the mean normal force serves as the test result.
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Figure 14. Hysteresis loops of various friction materials: (a) DD6 + GH605 and GH4090 + Mar-
M247CC; (b) iron-based + copper-iron based powder metallurgy material and Mar-M247CC + GH605.

4.3. Effect of Tangential Excitation Level on Contact Parameters

The amplitude of the tangential excitation level directly influences the relative dis-
placement (RD). The tangential excitation level can be controlled in a similar manner as
the time-varying normal force. With a constant tangential excitation frequency, the hystere-
sis loops of the specimens are measured and recorded at different relative displacements
(RD = 0.3 mm, 0.5 mm, and 0.7 mm), as depicted in Figure 15a. Each measurement typically
lasted for 3 to 5 s. Throughout the test, the control module remained active to maintain
a constant, normal force. Ten data cycles are used for curve plotting to demonstrate the
stability of the test results.
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Figure 15. Test results at different relative displacements: (a) hysteresis loops; (b) contact stiffness
error bar.

With an increase in relative displacement, the hysteresis loops proportionally expand
along the relative displacement direction while maintaining almost no change in the
direction of the friction. The contact stiffness can be determined through the analysis of the
hysteresis loops, with its corresponding error bar graph presented in Figure 15b. It reveals
that the contact stiffness does not exhibit a notable trend as the relative displacement varies.
And the fluctuation in the contact stiffness value is minimal. Table 4 presents the computed
results of the friction coefficient, indicating that the influence of relative displacement on
the friction coefficient is insignificant.

Table 4. Calculation of the friction coefficient at different relative displacements.

RD/mm 0.3 0.5 0.7
U 0.385 0.381 0.394
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The shape of the hysteresis loop is significantly influenced by variations in the tangen-
tial excitation force frequency. The hysteresis loops are measured and recorded at different
tangential excitation force frequencies (f = 10 Hz, 70 Hz, and 130 Hz) while maintaining a
constant tangential excitation force amplitude, as illustrated in Figure 16a—c. The error bar
graph of contact stiffness in Figure 16d and the calculated results of the friction coefficient
in Table 5 demonstrate that increasing the tangential excitation force frequency does not
lead to a clear pattern in the changes of contact stiffness and friction coefficient, and the
magnitude of change is minimal. Elevated tangential excitation frequencies may cause
substantial deviations from the parallelogram shape in the hysteresis loop, which could
introduce inaccuracies during the determination of the coefficient of friction.
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Figure 16. Test results at different tangential excitation frequencies: (a—c) Hysteresis loops for three
tests; (d) Contact stiffness error bar.

o

Table 5. Friction coefficient at different tangential excitation frequencies.

freq/HzZ 10 70 130
1(a) 0.272 0.297 0.219
u(b) 0.340 0.352 0.226
u(c) - 0.331 0.272

Finally, it can be concluded that both the contact stiffness and friction coefficient are
not substantially influenced by the amplitude or frequency of the tangential excitation
force. Subsequent tests to explore the effect of the normal force can be based on the findings
derived from low-frequency and low-tangential excitation force conditions.

4.4. Effect of Normal Force on Contact Parameters

The value of the normal force also influences the shape of the hysteresis loop. Under
constant excitation power, the area of the hysteresis loop steadily diminishes with increasing



Aerospace 2024, 11, 623

16 of 19

normal force. This transformation is depicted in Figure 17. When the normal force exceeds
a certain threshold (e.g., 130 N), the specimens reach a state of full stick, and the hysteresis
return lines shift to a configuration featuring only two side stick states. Subsequent tests
with higher normal force do not contribute meaningfully to the study of contact parameter
laws. Thus, Figure 18 records the hysteresis loops of three distinct specimens under specific
normal forces (50 N, 70 N, and 100 N).
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Figure 17. Hysteresis loops under various constant normal force.
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Figure 18. Test results of several friction materials under various specified normal forces: (a) Hystere-
sis loops of iron-based metallurgy material + GH605; (b) Hysteresis loops of Ceramic B + GH605;
(c) Hysteresis loops of Mar-M247C + Mar-M247CC; (d) Contact stiffness error bar.

The contact stiffness is determined by analyzing the hysteresis loops, and its corre-
sponding error bar graph is presented in Figure 18d. As the normal force increases, there is
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a clear upward trend in the contact stiffness. The same trend is observed across multiple
sets of results with varying tangential excitation force amplitudes. Table 6 documents the
calculation results for the friction coefficient, derived from the analysis of hysteresis loops.
The data indicates that the friction coefficient shows an unpredictable pattern as the normal
force increases, with some specimens exhibiting an initial tendency to rise followed by a
subsequent decline.

Table 6. Calculation of the friction coefficient of several friction materials under the various specified
normal forces.

Fn 50 N 70 N 100 N

Iron-based + GH605 0.3095 0.3151 0.2566

M Ceramic B + GH605 0.1905 0.2104 0.1891
Mar-M247C + Mar-M247CC 0.1226 0.1088 0.1307

Note that the value of normal force can be specified because the normal force (in the
normal direction) and the friction (in the tangential direction) are measured separately
and individually: the normal force is applied jointly by the knob and the piezoelectric
actuator and then measured by the normal force transducer; the friction is measured by the
tangential force transducer. Therefore, the status in the tangential direction does not affect
the measurement of the normal force.

In this experiment, the majority of specimens (including Ceramic B + Copper-based
powder metallurgy material, GH4090 + MarM247CC, etc.) confirm the conclusion that the
contact stiffness tends to rise with an increase in normal force. A common explanation
suggests that interfacial mechanical parameters are primarily influenced by material and
surface conditions. The normal force is believed to enhance the mutual occlusion of surface
micro-convex bodies, resulting in an elevation of contact stiffness.

5. Conclusions

In this study, we have improved the in-house friction and wear test rig to investigate
the impact of interface load parameters on the frictional behavior of typical friction-pair
materials. The test rig features a normal force closed-loop control module that utilizes a
frequency-domain PID controller, enabling a consistent and precise imposition of the target
normal force, regardless of whether it comprises constant or harmonic components. The
reliability and functionality of all these capabilities of the test rig have been validated. The
main conclusions are as follows:

(1) The test rig can output normal force with stable constant (0-300 N) and harmonic
(0-50 N) components with given amplitude and phase lag in the friction tests. The
frequency-domain PID controller avoids the frequent control of the traditional PID
controller in the time-domain, which tracks the reference signal step-by-step. The
control error is significantly reduced (from 0.97% to 0.44% at 10 Hz and from 6.30%
to 0.54% at 50 Hz). With a standard error threshold of 3%, the controller’s operating
frequency is increased from 20 Hz to 300 Hz.

(2) Through conducting friction tests on typical materials, it was found that, in general,
contact stiffness tends to rise with an increase in normal force. However, the rela-
tionship between the friction coefficient and the normal force does not demonstrate a
clear pattern.

(3) Variations in tangential excitation amplitude and frequency significantly impact the
shape of the hysteresis loop while having minimal influence on the contact parameters.
Consequently, contact parameters obtained under low-frequency, low-amplitude
tangential excitation can be extrapolated to high-frequency, high-amplitude conditions.
The friction and wear test rig demonstrates high reliability under low tangential
excitation, which holds considerable implications for engineering applications.
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The development of the in-house friction and wear test rig with the ad-hoc closed
loop control strategy in the frequency domain can provide the necessary conditions for
precisely obtaining the contact constitutive relationship of friction pairs. The hysteresis
loops of various friction materials provide an essential database for friction contact models
and dynamic characteristic analysis, improving the accuracy of damping performance
assessments for aeroengines.
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