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Abstract

Acoustic emission (AE) was recorded during tribological tests on 52100 steel specimens under
different loads. AE signals were transformed to the frequency domain using a Fast Fourier
Transform and parameters such as power, RMS amplitude, mean frequency, and energy were
analyzed and compared with friction coefficient and wear volume measurements. Results show that
certain acoustic frequencies reflect friction while others reflect wear. If frequencies are chosen
optimally, AE and friction signals are highly correlated (Pearson coefficients >0.8). SEM and Raman
analysis reveal how plastic deformation and oxide formation affect friction, wear and AE
simultaneously. AE recordings contains more information than conventional friction and wear
volume measurements and are more sensitive to changes in wear mechanism. This all demonstrates
AE’s potential as a tool to monitor tribological behavior.
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1 Introduction
Machine failures typically occur at the interfaces between sliding components [1] and there is an
increasing need to be able to monitor these in order to reduce costly downtime and needless
maintenance [2]. This is particularly the case in vehicles due to extended service intervals and
oil-for-life being implemented in hybrids. Acoustics emission (AE) is emerging as a promising
means of on-line sensing, which has been proposed to monitor the operating status of bearings [3],
cutting tools [4], head/disk interfaces [5], surface finishing processes [6], grinding wheels [7] and
rotating machines [8, 9]. This is largely because AE transducers can be located remotely from the
interface being monitored, they require no optical window and can detect the transient elastic stress
waves which result from elastic/plastic deformation and fracture accompanying friction and wear
[10].

There are many AE signals parameters that may be analyzed to obtain tribological information.
In the time domain, AE counts, amplitude, duration and root mean squared (RMS) AE are commonly
used due to the simple and intuitive acquisition of these parameters. For instance, in certain
pin-on-disc tests, AE event counting rates were found to increase with wear rate, coefficient of
friction (CoF) and microgroove depth [11]. AE event counting rates were also observed to increase
with sliding velocity [12] and wear particle count [13]. The amplitude and duration of an AE



waveform can correlate with the quantity of wear particles, as does the AE energy [14]. Moreover,
the amplitude and length of a train of AE waves can be associated with individual slip events during
the stick-slip [15]. In addition to this, the AE event location can determin mode | crack propagation
in fretting fatigue [16]. The instantaneous RMS amplitude has been found to correlate with CoF
[17-19], distinguish between different stages in CoF evolution [20] and even predict CoF based on a
power law relation [18]. AE RMS can also be sensitive to applied load, velocity and mechanical
properties of sliding components [20]. The integrated AE RMS can be related to frictional work and
wear under different sliding speeds [18] and loads [21] and can detect the sliding speed threshold for
accelerated wear [18]. The integrated AE RMS [22, 23] may also have a direct correlation with the
wear volume and wear rate [24].

In the frequency domain, AE parameters such as energy and median frequency (MDF) can be
used, with the former being correlated to CoF [25, 26] and wear volume [27] and the latter being
correlated to CoF [26, 28] and frictional work [29]. The amplitude of individual AE frequency
components can also be excited by specific wear mechanisms, which can be determined based on
power spectral density (PSD) and auto-covariance techniques [30]. In addition to this, it has been
found that low and high frequencies are associated with different lubricant conditions [28]. Peak
frequencies can vary depending on wear mechanism, with adhesive wear emission suggested to
occur around 1.1 MHz and abrasive wear between 0.25-1 MHz [31, 32], while stick slip results in
dominant AE frequencies around 10 kHz [20].

Time-frequency analysis can also be applied to AE signals, with evolving PSD spectra
indicating different stages wear [19] and wavelet analysis detecting the onset of scuffing [33, 34] and
other wear states [35] [36].

Reviewing this literature it is apparent that the instantaneous RMS value of the acquired AE
signal has been the most widely used parameter to correlate with friction and wear [17-19, 22, 23, 37,
38]. However, recently questions have been raised regarding the suitability of relying on this
approach alone [1, 39]. And, of the many other AE signal parameters that can be acquired (power
spectra, energy, mean frequency (MNF), median frequency (MDF) etc.) it is not obvious which is
most effective in reflecting friction and wear behavior. A related issue is that physical origins of AE
signal generation are not well understood. To address these issues, the current study systematically
correlates different AE parameters with friction and wear measurements of steels contacts under
different normal loads and the relationships between these parameters are evaluated and discussed.
The worn surfaces are also analyzed using SEM and Raman to understand the role of wear
mechanisms in AE signal generation.

2 Experiments

2.1 Materials and test setup

Reciprocating tribological tests were performed using a ball-on-disc High Frequency Reciprocating
Rig (HFRR, PCS Instruments) (Fig. 1). The 6 mm diameter ball was made from AISI E-52100 steel
with a hardness of 58-66 HRC and a surface roughness R; of less than 0.05 um. The disc was made
from AISI E-52100 steel machined from annealed rod, with a diameter of 10 mm, a hardness of
190-210 HV30 and a surface roughness R, of less than 0.02 um. The samples were ultrasonically
cleaned with toluene and 2-propanol separately for 10 min and dried before testing. The dry sliding
tests were carried out under normal loads of 0.5, 1, 2, 3, 4, 6, 8 and 10 N. The reciprocating
frequency was 50 Hz, the stroke length 1 mm and the duration 10 min. The coefficient of friction



was recorded by the test rig. Every test was repeated at least twice and the repeatability of the tests
was evident. The AE sensor (Micro200HF, Mistras) was bonded with the disc holder using
cyanoacrylate adhesive. This position was chosen since it was stationary and close to the contact
without obstructing the reciprocating motion. Moreover, pencil break tests showed that this location
provided high AE signal readings with low variance.

Ball
Disk

Worn track

AE sensor

Fig. 1. Experimental setup

2.2 AE signal acquisition and data processing
The AE set-up consisted of a sensor, preamplifier (Mistras - 2/4/6) and a PCI-2 Analogue to Digital
(A/D) card (Mistras). The analogue AE signal detected by the sensor (resonant frequency 2.5 MHz;
band pass 50-4500 kHz) passed through the preamplifier (40 dB gain with frequency range of
10 kHz-2 MHz) and was converted into a digital sample by the PCI-2 card at a speed of 2 MHz. The
data was acquired displayed and stored by the software AEwin (Mistras). The captured data were
exported to .txt files which were imported into MATLAB for the Fast Fourier Transformation (FFT)
and calculation of parameters such as RMS, Pearson coefficient, AE energy, mean frequency (MNF)
and median frequency (MDF). The MNF is an average frequency which was calculated as the sum
of the product of the AE power spectrum and the frequency divided by the total sum of the power
spectrum. The MDF is the frequency which divides AE power spectrum into two regions with equal
energy. Both of these AE signal characteristics have been suggested to correlate with tribological
behavior [1, 26, 27].

Fig. 2 shows an example of the approach used to process the raw time domain data. An example
1 s portion of the original signal containing 2,000,000 data points (Fig. 2a) was transformed to the
frequency domain (Fig. 2b) by applying an FFT. This process was then repeated for every other 1 s
portion of the acquired time signal from the test and the resulting FFTs were stacked together to
form a power spectral density vs. time plot — i.e. a spectrogram (Fig. 2c).
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Fig. 2 AE signal data processing: (a) original 1 s signal in time domain; (b) frequency domain (c)
power spectral density contour colour-map

2.3 Analysis of worn surface

The diameter of the worn surface of the ball was measured using an optical microscope (HiRox) and
the wear volume was calculated using the spherical cap formula. The wear volume of the disc was
measured using a white light interferometer (WLI, Veeco). Here, eight single-line traces were made
across the worn surfaces. From each trace, an area of material loss caused by wear was calculated by
integration. Then, the wear volume of the disc was obtained by integrating the areas of material loss
along the length of the worn surface. Scanning electron microscopy (SEM, S-3400N) was employed
to investigate the morphologies of the worn surfaces. The compositional analysis of the worn
surfaces were made using an energy-dispersive X-ray spectrometer (EDX, Oxford). The oxide
phases on the worn surface were analyzed by Raman spectroscopy using a spectrometer (WITec).
The laser was focused on the sample through a 50x objective microscope with a wavelength of 514
nm.

3 Results and discussion

3.1 Friction and wear characteristics

The average steady state coefficient of friction and the total wear volume of the steel ball and disc
under different loads are shown in Fig. 3. As the load increases, the coefficient of friction between
ball and disc gradually decreases whilst the total wear volume increases.
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Fig. 3. Coefficient of friction and wear volume of the steel ball and disc under different loads.

3.2 Acoustic emission and friction

Fig. 4a-p displays the CoF evolution for each test and the corresponding spectrogram showing
variation of AE power spectrum with time. The latter is produced by applying an FFT to a moving
window on the AE time signal as described in Section 2.2. As the load increases, the CoF gradually
decreases and becomes smooth except under 10 N, when the fluctuation in the CoF signal increases.
The spectrogram plot shows that different frequencies exhibit different trends over time. The local
high intensity frequency ranges are 10-400 kHz, 540-770 kHz and 850-920 kHz and these broaden
as the load increases.
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Fig. 4. Coefficient of friction vs. time: (@) 0.5 N, (c) 1 N, () 2N, (g) 3N, (i) 4 N, (k) 6 N, (m) 8 N,
(0) 10 N, and power spectral density contour colour-maps: (b) 0.5 N, (d) L N, () 2N, (h) 3N, (j) 4 N,
(D6 N, (n) 8N, (p) 10 N.

The question arises: are some AE frequencies better than others at reflecting friction behavior
and if so which frequency are best? To answer this, Fig. 5 shows the AE spectrum and also the
Pearson coefficient quantifying the correlation between the CoF signal and the power at each
frequency of the AE spectrum, both averaged over the test duration (note: a Person coefficient of 1
would indicate that both the AE frequency component and the CoF varied in an identical fashion
during the test, whereas a value of zero would indicate that the two signals were completely
unrelated). Fig. 5 displays a dramatic variation in Pearson coefficient with frequency indicating
that some AE frequencies vary in a similar fashion to the CoF signal (Pearson Coefficient values
close to 1), while others do not. The peaks with the maximum Pearson coefficient usually appear
around 605, 675, 725, 885 kHz. More generally; at every load, the Pearson coefficients for frequency
components in the ranges 100-400 kHz, 540-770 kHz and 850-1000 kHz are relatively high while
the Pearson coefficients for 400-540 kHz and 770-850 kHz are low and unstable. As the load
increases, Pearson coefficients gradually decrease along with the frequency range with highest
Pearson coefficient, except for the case of 6 N applied load.

The characteristic peaks, which have relatively high Pearson coefficient and high power
intensity are usually around 60, 100, 150, 320, 590, 605, 675, 725 and 885 kHz. Frequencies



components below 60 Hz generally have high intensity but are only weakly correlated with the
friction signal. This might suggest that emission at these frequencies arises due to a source of
background noise, however, this does not appear to be the case for two reasons. Firstly, this peak was
not present in the recorded AE signal under zero load conditions, and secondly, as shown in Section
3.3, frequencies in this region are shown to correlate well with the measured wear.

It should be noted that AE signals were also recorded and analyzed during tests in which the
ball specimen was oscillated but zero load was applied and no contact was made between the
specimens. In this case, the intensity of the recorded AE frequencies were at least an order of
magnitude lower than those obtained when the contact was loaded, except the individual
predominant narrow noise peaks around 420, 815 and 845 kHz which could still be distinguished
(Fig. 5), especially at low loads. These noise frequency peaks had very low Pearson coefficients and
had ignorable effect on the AE energy and RMS due to the very low intensities. Thus, they does not
affect the AE signal analysis for the present dry friction and wear processes.
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Fig. 5. Frequency spectra of AE and Pearson coefficient quantifying the correlation between the
variation of CoF and AE power as a function of frequency: (a) 0.5 N, (b) 1 N, (c)2 N, (d) 3N, (e) 4
N, (f) 6 N, (g) 8 N, (h) 10 N. *Indicates the representative frequency for which the Pearson
coefficient is (or is close to) a maximum value.

The variations in CoF and AE parameters with time under different loads are shown in Fig. 6
(a-f), while the person coefficient associated with each of these plots are summarized in Fig 6(g).
The frequency component with the maximum Pearson coefficient (i.e. the frequency whose power
best reflects the CoF signal - denoted “MaxP frequency’) shows a trend which is very similar to the
CoF (Fig. 6a). The Pearson coefficients of these frequencies maintain values are at least as high as
0.8 under 0.5-8 N. However, under 10 N, the maximum Pearson coefficient is only 0.61.

Under 0.5 N, the maximum power of the AE signal (peak frequency), the RMS and the AE
energy show a good correlation with the CoF (Fig. 6b-d). As the load increases, their correlations
with the CoF decrease (Fig. 6g). However, they have a good correlation with each other over the
whole range of loads, which indicates that the RMS is related to the AE energy and they are both
dominated by the power of the peak frequency. This is important because it means that information
carried by the AE signals at frequencies outside the maximum power region will be lost if only RMS
or AE energy is monitored (as is commonly the case).

The variation of the MNF with time does not correlate well with the CoF (Fig. 6e) and the
Pearson coefficient is low (Fig. 6g). The variation of MDF with time correlates well with the CoF
under 0.5 N (Fig. 6f), but as the load increases, their correlation becomes low (Fig. 6g).

The Pearson coefficient values shown in Fig. 6g have been obtained by correlating friction and



AE signals over each 600 s duration test. At the beginning of the tribological process, especially
under 4-10 N, AE signals and CoF are poorly correlated, which reduces the overall Pearson
coefficient for the test as a whole. Taking the MNF and MDF as examples (Fig. 6e and f); if the
initial stage of several seconds is removed, their Pearson coefficients can be increased (Fig. 7a and
b). This suggests different mechanisms of AE generation occurring during running in compared to
prolonged sliding — a feature which will be investigated in future studies.
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[Fig. 7 Pearson coefficients quantifying the correlation between the variation curves of the AE signals
and CoF for the whole test duration and for part of the test: (a) MNF & CoF and (b) MDF & CoF.

Several recent studies [1, 26, 27] emphasize the importance of calculating the mean and median
frequencies of the AE signal and correlating these with friction and wear measurements. To study
this ourselves, the relationships between the AE characteristic parameters and the friction averaged
over each test are plotted in Fig. 8 (note: here, the frictional work is found by integrating the friction
force over the sliding distance). The mean frequency of the AE signal increases approximately



linearly with the CoF, whereas the median frequency of the AE signal increases rapidly with the
frictional work under 0.5-3 N loads and then increases more slowly at higher loads. Fig. 8 also
shows that both the average RMS and AE energy increase in a pronounced linear fashion with the
frictional work. They increase slowly under 0.5-6 N load, and then more rapidly under 6-10 N,
indicating a change in mechanism at around 6 N, which is investigated using surface analysis in
Section 3.4.
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Fig. 8 Correlations of integrated AE parameters with integrated friction: (a) mean frequency and
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3.3 Acoustic emission and wear

The relationships between the AE signals and wear volumes are shown in Fig. 9. Both the
average RMS and the AE energy have a piecewise linear relation with the wear volume. Under
0.5-6 N load, they increase linearly with the wear volume. However, as the load increases to 8 and
10 N, they increase more rapidly (note that, as with friction plots in Fig 8, the change in slope occurs
at 6 N). The median frequency increases with the wear volume below 2 N and then becomes
approximately stable as the load increases.

It is of interest to assess the relationship between the wear volume and individual frequency
components of the AE signal. To do this, the average AE frequency spectrum from each test is
plotted against load in Fig. 10. This can be considered as a plot of AE frequency vs. wear, since wear



volume increases monotonically with load according to Fig. 3. It can be seen from Fig. 10 that the
AE frequencies around 60 kHz show very strong correlation with increasing load/wear volume.
Inspection of Fig. 10 reveals a broadening of the frequency peaks in the AE signal as load/wear
volume increase, and this accounts for the correlation between AE RMS and energy with the wear,
shown in Fig 9a and b.
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volume according to Fig. 3).

3.4 Morphology and phases of worn surfaces

The worn surface morphologies of the steel ball and disc are shown in Fig. 11. After the
tribotest under 0.5 N, shallow and regular linear grooves were seen on the worn surface of both the
ball and disc (Fig. 11a and b). These appear to be due to debris particles (whose presence increases
the pressure above the yield stress) embedded into the disc, since several of the disc grooves
terminate in a debris particle while no particles were present on the ball. On the surface of the disc,
the dark areas were iron oxides as confirmed by EDX, and these areas appear to be intact. Under 1 N,
the oxide areas on the disc are smaller and appear to be broken into debris leaving pits on the disc
(Fig. 11d). This is accompanied by the presence of debris on the ball surface at the contact inlet (Fig.
11c). When the load was increased to 2 N, the wear scar on the ball increased in size but the features
remained unchanged (Fig. 11e) while on the disc surface, discontinuous oxide debris gathered to
become blocky layers (Fig. 11f). Under 3 and 4 N, oxide layers emerged in the middle of the worn
surface of the ball (Fig. 11g and i). Wide and deep furrows, plastic deformation and pits were then
seen on the disc surface and the area between the furrows became relatively smooth and oxide free
(Fig. 11h and j). Under 6 N, the oxide debris combined to form large flakes on the worn surface of
the ball (Fig. 11k). This was accompanied by the central area of the disc scar becoming smooth
while accumulating oxide debris at the edges (Fig. 111). As the load increased to 8-10 N, regions of
oxide debris were present on both the worn surface of the ball (Fig. 11m and o), and the disc (Fig.
11n), and these became rougher. Additional pits, material fracture traces and oxide wear debris
appeared under 10 N (Fig. 11p). It can be generally concluded from Fig. 11 that at the lowest loads,
oxide forms predominantly on the disc surface and wear is caused by plastic deformation of the steel.
At higher loads, oxide adheres to the ball surface, which abrades the disc. Then at the highest loads,
oxide regions are present of both surfaces.
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Fig. 11 Surface morphology of the worn track on the balls and discs after the tribotests under
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Raman spectra of the adhered material on the worn surface of the ball and disc are shown in Fig.
12. After the tribotest under 0.5 N, the oxides on the worn surface of the ball and disc were mainly
v-Fe203. As the load increased, Fe3O4 and a-Fe2O3 became the dominant oxides on the worn surface.
Under 0.5-6 N, the peak intensities of the oxides on the disc’s worn surface are stronger than those
on the ball worn surface. Under 8-10 N, the peak intensities of the oxides on the ball worn surface
increase significantly and are stronger than those on the disc worn surface, which indicates that



many oxides adhered on worn surface of the ball and the oxides experienced plowing and could be
removed from the worn surface of the disc.
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Fig. 12 Raman spectra of the adhered material on the worn surfaces after tribotest: (a) ball; (b) disk.

4 Discussion
These results for a dry sliding steel-steel contact demonstrate that AE signals, if processed correctly,
closely reflect tribological behavior. More specifically, certain features extracted from AE waveform
in frequency domain correlate well with friction while others correlate with wear. Individual
frequency components give high Pearson coefficients for their correlation with the CoF (Fig. 6a) and
hence contain information of asperity interaction. In fact, these components are often considerably
better correlated with CoF than are other commonly used signal parameters such as the mean
frequency, the median frequency, RMS or the AE energy.
When considering wear volume, it is the frequency components with the highest intensity (around 60
kHz) that correlate best (Fig. 10). During the initial stages of each of the tests under 4 -10 N (Fig.
6b), the CoF is high while the power of the frequency with high intensity is low and increasing. This
corresponds to running in and provides further evidence that the frequencies with high intensities
relate to wear. The frequencies with high intensities largely determine the AE signal’s RMS value
and energy, which explains why the RMS and AE energy have a close relationship with wear. This
also suggests that these two widely used AE parameters are less sensitive to friction since the
relevant frequency components are drowned out by the wear sensitive, high intensity components.
Fig. 13 summarizes the relationships between the AE signal parameters and tribological
behaviour and can be understood by examining the SEM images in Fig. 11, as follows. Under 0.5 N,
the maximum hertz pressure (0.506 GPa) is lower than the material yield stress, however yielding
occurs locally due to debris to cause mild plastic abrasive wear. This induces friction and wear and
simultaneously produces acoustic emission, probably due to increased dislocation densities caused
by plastic deformation as suggested by James et al. [40] and Kiesewetter et al. [41]. Some oxide is
produced, but remains in place on the disc surface. As a result, the variation with time of the AE
signal characteristics such as the power of most frequencies components, RMS, AE energy and MDF
all showed good correlation with the CoF signal (Fig. 6). Moreover, under low loads, the minimal
wear and hence constant contact geometry during each test is also likely to improve the correlations
with AE signals. Under 1 N, the reciprocating motion of the asperities causes the fatigue of surface
material in the locally in grooves and the fracture and detachment of oxide layers to leave pits (Fig.



11d). This oxide fracture likely to cause the burst peaks observed in the RMS, AE energy and at
certain frequencies (see burst peaks in Fig. 6b, ¢ and d). It is evident from Fig. 6 that these burst
peaks are not detected by the CoF as strongly as they are in the AE RMS, energy and at certain AE
frequencies. Thus, the RMS did not correlate well with the CoF (Fig. 6c¢) - a discrepancy that is due
to the AE signal containing more tribological information than the CoF [32].

At all times during tests under a load of 3 N or less, oxide is present on either surface of the
contact but not both. The predominant wear mechanism is therefore abrasive wear and involves
plastic deformation. Here, the friction and wear volume are proportional to the AE signals energy
and RMS, which increase with load due to the increasing real area of contact.

As the load increased from 3 to 6 N, the amount of oxide debris starts to increase substantially,
particularly on the surface of the ball. These layers become crushed and are moved along the
interface. Despite the increased amounts of oxide under these intermediate loads, it is again apparent
that oxide is generally only present on one of the two contacting surfaces (it is either attached to the
ball or the disc). As a result, the wear mechanism still involves predominantly plastic deformation of
the steel.

At 6 N and above, the oxide debris adheres to both the ball and the disc surfaces preventing
direct contact between asperities on the opposing components (Fig. 10n and p) — i.e. oxidative wear
ensues and the local contact between the specimens occurs at oxide-oxide junctions rather than
steel-steel or oxide-steel. This increased oxide-oxide contact and fracture has a greater effect on the
acoustic emission signal than is does on the wear and friction signals, which explains the
discontinuity and increased gradient in the wear vs. RMS and energy plots shown in Fig. 9a and b. It
also explains the poorer correlation between AE frequencies and CoF under 10 N load, since friction
inducing plastic deformation is reduced while noisy oxide fracture is increased. However, the mean
frequency remained well correlated with CoF.

These observations are in agreement with several studies on thermal cycling, which have
shown that high levels of acoustic emission result from the fracture of oxide surface layers (e.g.
Khanna et al. [42], Christl et al. [43] and Shankar et al. [44]).
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(normalized values from Figs 3 and 6 vs. time).

5 Conclusions

For the dry reciprocating tribological tests of 52100 steel balls and discs under 0.5-10 N, the
correlations between the AE signals and tribological behavior were studied, and the following
conclusions were obtained

Different frequency characteristics of the AE signal correlate well with the friction and wear in
different ways. For instance, the variation of the power of certain frequencies over time is very
similar to that of the CoF, as evidenced by high Pearson coefficients. However, other frequencies
(those with high intensities) are more closely related with wear. In addition to this, increasing wear
appears to be related to a broadening of the frequency peaks in the AE signal. Other more commonly
used AE signal parameters such as RMS, energy, MFT and MDF are comparatively poor at
predicting friction behaviour. One reason for this is that the RMS and energy of the AE signal are
largely determined by the frequency components with largest amplitude, which means that smaller,
frequency sensitive, components are obscured. In summary, this suggests that an acoustic emission
spectroscopy approach is an effective means of monitoring tribological contacts, as it allows the
relevant components of the AE signal to be isolated.

The AE signal contains more information and is more sensitive to changing wear mechanisms than
the CoF and wear volume measurements. For instance, the AE RMS and energy could detect the
fracture of material and the movement of wear debris which emit the high levels acoustic sound
while not significantly affecting the CoF or wear volume.

This all suggests that AE can be a powerful tool to monitor tribological behavior, particularly in
machine contacts where friction and wear measurements are not possible. However, further work is
required to gain a more detailed understanding of why acoustic emission generation is so frequency
dependent.
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