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Abstract

:

The “weak” friction-induced vibration can help to monitor the change in friction and wear state of friction pairs and detect the failure of surface damage. However, they are typically submerged in complex interference components during friction. Therefore, detecting accurate “weak” friction-induced vibration is key to using it entirely. A method based on the correlation between friction-induced vibration and sound signals was proposed to achieve this goal. The ball–disk wear experiments were conducted under oil lubrication using a wear tester. Vibration and sound pressure signals generated during the experiments were recorded. By the spectrum analysis of the cross-correlation function calculated from the two types of signals, the “weak” FIV components submerged in the original signals were detected. The experimental results showed that the root mean square change of the “weak” friction-induced vibration detected in the vibration and sound pressure signals was highly consistent with the friction coefficient change. It could effectively characterize the transition of the wear stage from running-in to stable wear of the friction pairs. Therefore, the cross-correlation analysis of vibration and sound signals could be a reliable tool for detecting the “weak” friction-induced vibration.
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1. Introduction


Many types of mechanical equipment are designed to transfer power or brakes using friction. Wear is an inevitable result of friction and can cause continuous damage to the surface material. Worldwide, the total damage caused by wear is significant. According to statistics, approximately 80% of mechanical part failures are caused by wear and more than 50% of severe accidents involving mechanical equipment are caused by catastrophic wear [1]. Moreover, approximately 3% of the world’s total energy is estimated to be consumed by wear and wear-related failures to remanufacture worn parts [2]. Therefore, monitoring the wear state of friction pairs is important to avoid undesirable consequences, increase the service performance of mechanical equipment, and effectively save energy.



Friction-induced vibration (FIV) is a common phenomenon in daily life and engineering applications, such as squeaks of hinges, wheel–rail squeal [3], creep of water-lubricated bearings [4], disc brake noise [5], and chatter in machine tool systems [6]. Based on the distinct time-frequency features, FIV can be divided into two main types: “strong” FIV in high amplitude with a narrow spectrum lumped on the system’s natural frequency (or its harmonics) and “weak” FIV of low-amplitude magnitude with a broadband spectrum related to the natural frequency of each asperity on the sliding surfaces [7]. The “strong” FIV, such as friction squeal, is typically undesirable because it is related to the system’s dynamic instabilities and is accompanied by a high vibration and an annoying sound; moreover, it can reduce machine accuracy and increase the wear of friction pairs [8]. Therefore, in the last few decades, scholars have studied the mechanism and influencing factors by combining theoretical and experimental methods to provide basic information for controlling and predicting the “strong” FIV [9]. The “weak” FIV is highly dependent on the impacts of the asperities between the friction surfaces; one is known as surface or roughness sound [10]. As a result, some scholars believe that the “weak” FIV can help monitor the change in friction and wear state of friction pairs [11] and detect the failure of surface damage [12]. Therefore, studying the correspondence between “weak” FIV and the wear behaviors of friction pairs can be used to monitor the wear state of friction pairs online.



Nevertheless, due to the coupling effect of system dynamics, background noise, and wear behavior, the accurate “weak” FIV is often submerged in complex interference components in the friction process. Moreover, studies show that the “weak” FIV that reflects the wear state distributes in a wide frequency range [13]. Therefore, analyzing and monitoring the wear state using the “weak” FIV requires eliminating interference components and determining the frequency distribution ranges of the “weak” FIV. It is for this reason that scholars have conducted considerable research into the detection method of “weak” FIV methods. For example, Sun et al. [14] decomposed the vibration signals of a pin–disk wear test into several frequency bands by harmonic wavelet packet transform (HWPT). The “weak” FIV was reconstructed from the frequency band whose root mean square (RMS) of the corresponding waveform followed the same trend as the friction coefficient. Ding et al. [15,16] filtered the original sound pressure signal to obtain friction-induced sound (FIS) by empirical mode decomposition (EMD). By decomposing the original signals into 11 intrinsic mode functions (IMFs), they were able to reconstruct the FIS using IMF5 to IMF11 without frequency peaks. Researchers [17,18] decomposed the original vibration signals of piston rings and dry gas seal rings in a wear process using ensemble empirical mode decomposition (EEMD) and both extracted the first two IMFs with high-frequency to reconstruct the “weak” FIV (whose RMS changing trend was consistent with that of the friction coefficient) from the original vibration signals. By controlling the operation of the three main moving components one at a time, Xu et al. [19] analyzed the time-frequency characteristics of vibration signals recorded by a roller ring test rig operating at different rotating speeds. They found that vibration energy in the frequency range of 6000–7000 Hz was significant when the ring roller was working. As a result, they considered the above frequency band to be induced by the friction between tribo-pair surfaces and it was extracted and reconstructed as the “weak” FIV by using HWPT. It can be seen that determining the frequency distribution of the “weak” FIV should be carried out with the help of friction coefficient and wear experiments, which is a challenging work in practical applications. Moreover, many repeated tentative calculations are required to determine extracted frequency and the number of IMFs, leading to inefficiency. Therefore, it is necessary to propose a more operable and efficient method for detecting the frequency range of the “weak” FIV.



According to the driving mechanism of the “weak” FIV, when the elastically deformed asperities return to the stable position and the damaged asperities break off suddenly in the friction process, the waves originate at the contact interface, vibration is excited, and part of the energy is radiated in the form of sound energy, that is, FIV and FIS occur [20]. Thus, the “weak” FIV components in vibration and sound are correlated, which makes it possible to identify “weak” FIV by cross-correlation analysis (CCA) without the help of the friction coefficient. Of course, the discussion of detecting “weak” FIV signals by CCA is in no sense new, for example, see [21,22]. However, most of the present work focused on the CCA of the vibration signals in the tangential and normal directions rather than the vibration and sound signals. In addition, most studies used the cross-correlation coefficient to finish the goal, which required the assumption of the frequency distribution of “weak” FIV based on experience and then confirming the hypothetical results according to the cross-correlation coefficient, still requiring many repeated tentative calculations. Therefore, the present work strove to implement a more efficient method of using the CCA of vibration and sound signals to detect the “weak” FIV.



This study conducted a varying wear state experiment with a standard commercial friction-wear tester under oil-lubricated conditions to confirm no “strong” FIV emissions, such as squeal and squeak. First, the vibration-sound signals were collected simultaneously. Then, the mathematical principle of CCA and HWPT was briefly elaborated. Then, a detecting method for “weak” FIV based on the mean value of the frequency amplitude of the CCA function between vibration and sound signals was proposed. It was possible to determine the frequency range of a “weak” FIV directly through this method without assuming many possibilities, thereby avoiding repeated tentative calculations. Finally, the conclusions were presented.




2. Experiment


2.1. Apparatus


Reciprocating sliding-wear experiments were conducted using a wear test rig (Zhongkekaihua, Lanzhou, China). Figure 1a shows a schematic of the tester. A disk specimen was attached to a movable bench driven by a motor using a crank mechanism. The ball specimen was fixed to the upper holder and remained stationary during the test. A normal load was applied to the upper holder through a load device to tightly press the ball specimen. A two-dimensional force sensor was used to measure the friction and normal forces. The two-dimensional force data were processed by the data acquisition system of the test rig and automatically recorded in the form of a friction coefficient. An acceleration sensor (PCB Piezotronics China Co., Ltd., Beijing, China) was mounted on the lower surface of the cylindrical specimen to measure the vibration signals during the wear test. The sound pressure signals were measured using a microphone (G.R.A.S. Sound&Vibration China Co., Ltd., Shanghai, China) fixed 30 mm from the center of the friction pairs. The friction coefficient data, vibration, and sound pressure signals were stored on a personal computer for analysis. The surface roughness of the friction pairs was analyzed using a confocal laser scanning microscope (Olympus China Co., Ltd., Beijing, China). The original images of the experimental setup are displayed in Appendix A Figure A1. The specifications of the accelerometer and microphone are described in Appendix B Table A1 and Table A2.




2.2. Friction Pairs


Figure 1b shows the friction pairs used in the experiment; Table 1 shows the details of the friction pairs used in reciprocating sliding wear tests. A ball specimen (GCr15 steel) with a diameter of 6 mm was fixed using a special fixture. A disk specimen (C45 steel), 30 mm in diameter and 8 mm in height, was driven by an eccentric mechanism. The surface roughness Ra of the ball specimen was 0.13 μm; that of the disk specimen was 0.73 μm.




2.3. Wear Test


Table 2 shows the details of the wear experiment settings. Wear tests were conducted with a normal load of 20 N under oil lubrication (CD40 lubricating oil). The relative humidity, reciprocating stroke speed, relative sliding velocity, and test duration were 58%, 5 mm, 0.067 m/s, and 60 min, respectively. In addition, the acceleration signals, sound signals, and friction coefficients were collected after the completion of the loading process of the CFT-I tribometer in the experiments. A data acquisition system (China Orient Institute of Noise & Vibration, Beijing, China) collected four groups of acceleration and sound pressure signals per half-minute with a sampling frequency of 20,480 Hz and 10,240 sampling points. It was sampled in 240 groups for each type of vibration signal and sound pressure signal.





3. Implementation Method


Figure 2 shows the workflow of the proposed method. It involved three steps: cross-correlation analysis (CCA) of the vibration and sound signals, frequency range identification of “weak” FIV, and extraction by HWPT.



3.1. Cross-Correlation Analysis


3.1.1. Cross-Correlation Function


CCA is the most commonly used time-domain detection method in signal processing science and depends on the typical features of the target signals and noise signals in correlation characteristics. It can suppress noise signals and improve the detection sensitivity of the target signals by calculating the cross-correlation function between the target and noise signals. Considering two time series, x(t) and y(t), the cross correlation function (CCF) of the two signals is defined as:


   R  x y    τ  =   lim   T → ∞    1  2 T      ∫  − T  T   y  t     x   t − τ   d t  



(1)




where the integration time is infinite and cannot be realized in practical applications. Therefore, when the integration time is finite, Equation (1) can be rewritten as Equation (2).


     R ^    x y    τ  =  1 T     ∫ 0 T   y  t     x   t − τ   d t  



(2)




where      R ^    x y    τ    is the estimation value of the    R  x y    τ   . Because the integration time is finite, there is always a deviation between the estimated and real values. However, the deviation can be controlled within an allowable range as long as the integration time is sufficiently large. To facilitate computer realization, Equation (2) in the discretization is defined as:


     R ^    x y    m  =  1 N    ∑  n = 0   N − 1    y  n    x   n − m   , m = 0 , 1 , 2 , ⋯ N − 1  



(3)




where      R ^    x y    m    is the CCF values of the time series x(n) and y(n); x(n) and y(n) are the time series of the signals x(t) and y(t); t is the integration time; T is the sampling period, t = nT; N is the sampling point in the limited integration time; m is the sequence number of the delay time; τ = mT is the time delay.




3.1.2. Denoise Principle of CCA


The correlation between FIV—especially in the vertical direction—and FIS was excellent [23,24]. Both were poorly correlated with random noise signals. The CCA between the FIV and FIS could attenuate random noise and highlight target signals. The denoising principle of CCA is as follows:


  x  t  =  f v   t  + n  t   



(4)






  y  t  =  f n   t  + v  t   



(5)




where x(t) is the measured vibration signals; fv(t) is the FIV components with periodic noise; n(t) is the random noise; y(t) is the measured sound pressure signals; fn(t) is the FIS components with periodic noise; v(t) is the random noise; t is the signal recording time.



Considering that both v(t) and n(t) were not correlated to fn(t) or fv(t) and v(t) was not correlated to n(t) (which was consistent with most of the actual measurements), the CCF of x(t) and y(t) can be defined as:


       R  x y    τ      = E   y  t  x   t − τ              = E   [  f n   t  + v  t  ] [  f v    t − τ   + n   t − τ   ]            =  R   f n   f v     τ  +  R   f n  n    τ  +  R  v  f v     τ  +  R  v n    τ       



(6)




where    R   f n   f v     τ    is the CCF of FIV and FIS components with periodic noise;    R   f n  n    τ    is the CCF of the FIS components with periodic noise fn(t) and random noise n(t);    R  v  f v     τ    is the CCF of the random noise v(t) and the FIV components with periodic noise fv(t);    R  v n    τ    is the CCF of the random noise v(t) and n(t).



Because of the independence and non-correlation between FIV signals, FIS signals, and random noise, the last three terms on the right of Equation (6) should be zero, that is:


   R   f n  n    τ  =  R  v  f v     τ  =  R  v n    τ  = 0  



(7)







Thus, the CCF of x(t) and y(t) can be simplified as:


   R  x y    τ  =  R   f n   f v     τ   



(8)







Therefore, the CCF of measured vibration and sound pressure signals were obtained, the random noise was denoised, and the target signals were highlighted.





3.2. Determining the Frequency Range of “Weak” FIV


CCA can eliminate the disturbance of random noise. However, owing to the coupling effect of the system dynamics, periodic noise with the same frequency in the vibration and sound pressure signals cannot be denoised, such as the dynamic response of the mechanical parts. Thus, further denoising of the CCF was required to determine the frequency of the FIV. First, the frequency distribution of the CCF was determined by spectrum analysis. Based on the results [25,26], the frequency of “weak” FIV was up to thousands of hertz. Thus, high-frequency components were extracted by HWPT to eliminate the interference of low-frequency noise. Then, the mean value of the frequency amplitude was set as a threshold to determine the frequency range of “weak” FIV, i.e., the frequency whose amplitude exceeded the threshold was considered as the potential “weak” FIV and its distribution characteristics were determined based on the statistical results. Finally, according to the statistical results, the frequency range of “weak” FIV was determined.




3.3. Extraction


HWPT can decompose a signal into an infinite number of signals with different refined frequencies and extract the signal of interest from these signals. Consequently, the FIV and FIS components were extracted from the measured vibration and sound pressure signals by HWPT. Following is a description of the main steps involved in the extraction process.



Firstly, the layer number j of HWPT was determined based on the frequency band detected by the spectrum analysis of CCF between vibration and sound signals. In terms of frequency bandwidth B and layer number j, the correspondence can be expressed as follows:


  B =  2  − j    f h        j    = 0 , 1 , 2 , 3 …  



(9)




where fh represents the highest analysis frequency. The upper and lower limits m and n of the frequency band are defined as follows [27]:


      m = s B                                     s = 0 , 1 ,   2 … 2  j  − 1         n = ( s + 1 ) B      



(10)




where s is the index of the sub-band.



Further, after determining the frequency range (m, n) of the “weak” FIV, the frequency-domain expression for the harmonic wavelet     ψ ^    m , n      can be obtained [28]:


    ψ ^    m , n    [ ( n − m ) ω ] =       1 / [ ( n − m ) 2 π ]     2 π m ⩽ ω < 2 π n          0           other        



(11)







Then, Fourier transform was conducted on the measured signal f(t) to obtain its discrete value in the frequency    f ^  ( ω )  . The discrete HWT can be expressed in frequency-domain as follows:


   W ^  ( m , n , ω ) =  f ^  ( ω )    ψ ¯  ^    m , n    [ ( n − m ) ω ]  



(12)




where      ψ ¯  ^    m , n    [ ( n − m ) ω ]   is the conjugate of     ψ ^    m , n    [ ( n − m ) ω ]  .



By taking the inverse Fourier transform of Equation (12), an equivalent expression of the HWT in the time domain can be expressed as [19]:


  W ( m , n , k ) = ( n − m )  ∫  − ∞  ∞  f ( t )   ψ ¯    m , n      t −  k  n − m     dt  



(13)




where k is the translation parameter, k/(n − m) is the translation step of the harmonic wavelet,    ψ   m , n      is the general expression of harmonic wavelet in the time domain, and     ψ ¯    m , n      is the conjugate of the    ψ   m , n     .



Finally, the time-domain waveform W(m, n, k) of the “weak” FIV in the detected frequency band (m, n) was obtained by HWPT.





4. Results and Discussion


4.1. Extraction of “Weak” FIV


4.1.1. Spectrum Analysis for CCF of Original Vibration and Sound Pressure Signals


Figure 3 shows the waveform and spectrum of the original vibration and sound pressure signals measured at 1, 20, 40, and 60 min in the wear experiments. It can be observed from Figure 3a,b that the waveform of the original vibration signals was uneven and the energy of the high-frequency part was mainly distributed in the range of 4000–7000 Hz. Unlike the vibration signals, the low-frequency band dominated the spectrum of the sound pressure signals and caused a periodic variation in the waveform, as shown in Figure 3c,d. Meanwhile, the Pearson correlation coefficient was used to describe the correlation between two kinds of signals [21,22]. The Pearson coefficients were −0.03, −0.06, −0.05 and −0.07, respectively, which demonstrated that the original vibration and sound pressure signals were less correlated at each time. Moreover, a negative coefficient indicated a negative correlation, which was inconsistent with the fact that the FIS was strong when the FIV was violent. As a result, the original signals could not represent the FIV and FIS. Therefore, it was necessary to denoise the original vibration and sound pressure signals to identify the correlated components between the two to further detect the “weak” FIV.




4.1.2. Frequency Range Identification


CCA of the vibration and sound pressure signals was conducted to detect the correlated components. Figure 4 shows the spectrum of the CCF calculated from the two types of signals. Considering that the frequency of “weak” FIV was usually up to thousands of hertz, the frequency above 2000 Hz was displayed in the spectrum. As shown in Figure 4, the correlated frequency components of the vibration and sound pressure signals were distributed within 5500 Hz. In addition, owing to the influence of the high-value spectral line lumped at approximately 2000 Hz, its sideband frequency also had a large amplitude. Thus, the frequency band of 2500–6000 Hz was set as the preliminary target and extracted by HWPT.



The mean value of the frequency amplitude from 2500 to 6000 Hz was set as a threshold to determine the frequency distribution of “weak” FIV, i.e., the frequency whose amplitude exceeded the threshold was considered the potential “weak” FIV. Figure 5 shows the statistical results. It was evident that the frequency whose amplitude was higher than the threshold was mainly distributed in two prominent frequency bands: 2500–3700 Hz and 3800–5000 Hz. The proportion of the points in the above frequency band to the entire measured data was calculated to further judge the frequency range of the “weak” FIV. Because the ratio was as high as 78.1% (far larger than the others), the frequency band of 3800–5000 Hz was considered the dominant component of the “weak” FIV in the experiment. The frequency domain of the original signals was decomposed into 256 adjacent bands using an eight-layer HWPT. Continuous bands numbered 96–125 were selected to reconstruct the target frequency components.



The time-domain waveforms and spectra of the extracted signals are shown in Figure 6. It can be seen that the extracted signals had uneven amplitudes and continuous spectra, which was consistent with the characteristics of the “weak” FIV [10]. Meanwhile, the Pearson cross-correlation coefficients were 0.60, 0.47, 0.46, and 0.46, respectively, which demonstrated that the extracted vibration and sound pressure signals had a high correlation at each time. Moreover, a positive coefficient indicated that the extracted vibration and sound pressure signals had a positive correlation. Consequently, the high-correlated frequency components submerged in original vibration and sound pressure signals could be detected and extracted by using CCA and HWPT.





4.2. Variation of the “Weak” FIV Signals


The FIV signals provided information that reflected the variation in the wear state of tribological pairs. As a result, the detected FIV signals could be explained by the change in the wear state of the tribological pairs. By analyzing the friction coefficient, the variation of the wear state of tribological pairs was investigated. Accordingly, the variation of detected FIV signals were examined under different wear states of tribological pairs.



4.2.1. Wear State Change Analysis


Figure 7 depicts the change in the friction coefficient during the wear test. The average value of the friction coefficient was calculated every half minute and taken as the representative of the corresponding time to obtain the fitting curve. The fit curve showed that the friction coefficient was approximately 0.272 initially, decreased to 0.115 rapidly in five minutes, and then fluctuated smoothly during the remainder of the test.



According to references [29,30,31], the friction coefficient commonly varied with the wear process and was related to the wear stages and the initial wear process with an upward or downward trend of the friction coefficient could be regarded as the running-in wear stage. While the friction coefficient became stable, the friction pair entered a stable wear stage. When the friction coefficient increased suddenly and sharply, severe wear was indicated. Therefore, the wear process in this study can be divided into two distinct stages: the running-in stage and the stable wear stage, as shown in Figure 7.




4.2.2. Change of the Extracted “Weak” FIV


The characteristics of the FIV components in the vibration and sound pressure signals were studied using the RMS. Figure 8 shows the RMS change in the extracted “weak” FIV. The RMS change of the “weak” FIV signals had two distinct stages in the complete wear process, consistent with that of the friction coefficient. The first five minutes could be considered as the first stage, when the RMS of the extracted “weak” FIV signals evolved from high to low. With the reduction of the “weak” FIV, the energy radiated in the form of sound energy. Consequently, the RMS of the extracted “weak” FIS signals displayed the same trend in the first stage. A powerful “weak” FIV usually indicated severe wear; a feeble one indicated mild wear [16,17,18,19]. Therefore, the RMS changes in the FIV and FIS signals both indicated that the wear behavior between the friction pair gradually shifted from severe to mild in the first stage, which was consistent with the results of the friction coefficient analysis. Approximately 5 min later, the friction pair entered the stable wear stage and the RMS of the extracted “weak” FIV and FIS developed in the second stage. One feature was that the two RMS values fluctuated smoothly around 0.019 m/s2 and 0.00352 Pa, respectively, which were obviously less than their initial values, implying that the “weak” FIV and FIS became feeble and steady. Therefore, the friction pairs developed into a stable wear stage and their wear behavior was mild and stable in the second stage.



The RMS variation of the extracted “weak” FIV signals was consistent with the friction coefficient change and could characterize the wear stage transition of the friction pairs. Therefore, the “weak” FIV components submerged in the original signals could be detected by the CCA between the vibration and sound pressure signals. Moreover, compared with the traditional method, which was based on the change in the friction coefficient and cross-correlation coefficient, the present implementation was efficient without presumptions and repeated tentative calculations.






5. Conclusions


The ball–disk wear experiments were performed under oil lubrication using a wear tester. The vibration and sound pressure signals were measured during the experiments. By the spectrum analysis of CCF calculated from the two types of signals, the “weak” FIV components submerged in the original signals were detected. Then, the “weak” FIV components were extracted using HWPT. The following conclusions were drawn:



(1) The “weak” FIV components submerged in the original vibration and sound pressure signals could be identified by spectrum analysis of the CCF calculated from the two types of original signals.



(2) The RMS change of the “weak” FIV components extracted from the vibration and sound pressure signals was highly consistent with the friction coefficient change. It could effectively characterize the transition of the wear stage from running-in to stable wear of the friction pairs.



By analyzing the CCF of measured vibrations and sound pressure signals in spectral form, the method proposed here directly identified the frequency distribution of “weak” FIV, thereby eliminating the need for extensive iterative calculations, unlike methods based on cross-correlation coefficients, friction coefficients, etc.



In the future, real friction pairs will be used in bench-scale experiments in order to validate the efficacy of the proposed methodology in this study, such as cylinder liner–piston rings, sliding bearings, rolling bearings, etc. Additionally, the FIV propagated both tangentially and normally. Despite this, this study focused solely on the normal vibrations, disregarding tangential vibrations or stick–slip motions. Further research is needed to better understand the correlation between FIV signals and friction-induced sound pressure signals during wear.
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Appendix A. The Original Images of the Experimental Setup


Figure A1 shows the original images of the experimental setup. It depicts that an acceleration sensor is mounted on the lower surface of the cylindrical specimen to measure the vibration signals during the wear test. The sound pressure signals are measured using a microphone fixed 30 mm from the center of the friction pairs.
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Figure A1. The original images of the experimental setup. 






Figure A1. The original images of the experimental setup.
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Appendix B. The Basic Parameters of the Accelerometer and Microphone


Table A1 shows the basic parameters of the ICP tri-axial accelerometer type PCB-356A24.
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Table A1. Basic parameters of the tri-axial accelerometer.






Table A1. Basic parameters of the tri-axial accelerometer.





	Name
	Parameters





	Sensitivity
	10.0 mv/g



	Frequency response
	±0.5~12,000.0 Hz



	Measuring range
	±500 g pk



	Resolution
	0.002 g rms



	Temperature range
	−54~+121 °C



	Weight
	3.1 g








Table A2 shows the basic parameters of the microphone type GRAS.40PP.
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Table A2. Basic parameters of the microphone.






Table A2. Basic parameters of the microphone.





	Name
	Parameters





	Frequency range
	10.0~20.0 kHz



	Setting sensitivity@250 Hz
	9.0 Pa



	Output resistance
	<50 Ω



	Temperature range, operation
	−10~50 °C



	Temperature range, storage
	14~122 °C



	Weight
	5.5 g
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Figure 1. Schematic diagram of the apparatus and friction pair: (a) wear tester rig and (b) friction pair. 
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Figure 2. Workflow of the proposed method. 
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Figure 3. Time-frequency characteristics of the original signals: (a) waveform of the vibration signals, (b) spectrum of the vibration signals, (c) waveform of the sound pressure signals, and (d) spectrum of the sound pressure signals. 
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Figure 4. Spectrum of the CCF of the vibration and sound pressure signals. 
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Figure 5. Frequency components with amplitude greater than threshold and their distribution. 
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Figure 6. Time-frequency characteristics of the extracted signals: (a) waveform of the vibration signals (b), spectrum of the vibration signals, (c) waveform of the sound pressure signals, and (d) spectrum of the sound pressure signals. 
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Figure 7. The change of friction coefficient in the wear experiment. 
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Figure 8. The RMS change of the extracted components: (a) FIV signal and (b) FIS signal. 
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Table 1. Details of the friction pairs.
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	Friction Pairs
	Properties





	Ball specimen (fixed and upper specimen)
	GCr15 steel, Ra 0.13 μm



	Disk specimen (driven and lower specimen)
	C45 steel, Ra 0.73 μm
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Table 2. Wear experiment settings.






Table 2. Wear experiment settings.





	Experiment Settings
	Values





	Normal load
	20 N



	Lubricant
	CD40 lubricating oil



	Relative humidity
	58%



	Temperature
	294 K



	Reciprocating stroke
	5 mm



	Relative sliding velocity
	0.067 m/s



	Test duration
	60 min



	Vibration signals sampling interval
	0.049 ms (10,240 data points)
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