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Acoustic emission analysis is an effective diagnostic method in modern tribo-monitoring. Many exper-
imental studies have been conducted to investigate the relationship between AE parameters and wear
and friction. This paper develops a theoretical model to correlate acoustic emissions to sliding friction
based on elastic asperity contact of materials. It is found that sliding speed, load supported by asperities,
the number of asperity contact and surface topographic characteristics influence the energy of AE signal.

With the help of this model it is possible to estimate the contact load supported by asperities from AE
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measurement, which is a critical parameter to evaluate lubrication conditions in engineering applica-
tions. The establishment of this model will provide a theoretical basis for future studies on the motioning
and prognostics of tribological process using AE technology.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

As an attractive method, acoustic emission (AE), the transient
elastic wave that is spontaneously generated from a rapid release
of strain energy, has been widely investigated to monitor the sliding
wear and friction. Boness and McBride [1] found that asperity con-
tact between the sliding surfaces was the primary source of acoustic
emissions. When the surfaces were completely separated by lubri-
cating film, no AE signal above the noise level could be detected.
They also established an empirical relationship between the inte-
grated RMS value of AE signal and the wear volume removed from
the test ball in a steel-on-steel sliding test. This relationship was
confirmed later by the tests conducted under different conditions
[2,3].

Attempts to correlate the AE time domain parameters with the
wear process were also made by other research. Lingard et al. [4]
found that there was a systematic relationship between cumulative
AE counts and the wear volume for typical wear tests. Matsuoka
et al. [5] developed a model to correlate the AE RMS value with
the material removal power in wear process. Based on this model,
they demonstrated that the wear coefficient could be estimated
and monitored on-line by measuring AE RMS through an abrasive
wear test of magnetic recording head materials.

Except for the quantitative prediction of the wear process, the
AE technique was also found to be a sensitive method to indicate
different friction and wear mechanisms. Lingard et al. [4] found
that the AE count rate was more sensitive to the contact condition
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than either the wear rate or the friction force in a pure sliding test
on metallic specimens. Their study also showed that the weighted
count rate could indicate the variation of friction coefficient in dif-
ferent lubrication regimes. Hanchi and Klamecki [6] investigated
the AE activities in a serial metallic pin-on-disk contact tests and
concluded that the AE count rate, together with AE amplitude distri-
bution and AE energy, had a strong potential for the identification of
the mild-severe wear transition. Correlation between the AE count
rate, AE RMS value and the coefficient of friction, the transition of
wear mechanism was also found in other studies [3,7].

With the wide application of ceramics, AE monitoring of ceramic
sliding friction attracted more and more attention. Wang and Wood
[8] showed that there was a correlation between instantaneous
AE RMS signal and the coefficient of friction in an experimental
study on oil lubricated hybrid sliding friction between ceramics
and metals. Studies on ceramic mechanical seals [9] found that
the lubrication condition at sealing interface could be indicated by
measuring the RMS value of AE signal.

These previous studies show that there is a good correlation
between friction or wear and the energy of AE signal, no matter
whether the AE energy is characterized by AE counts or RMS. Empir-
ical models were even established on the basis of experimental
research. But there is a lack of theoretical model to reveal the rela-
tionship between AE measurement and friction and very few works
in this field have been published.

This paper attempts to fill this gap and presents a model to cor-
relate the energy of acoustic emissions to sliding friction on the
basis of the elastic asperity contact of materials. With the help
of this model, it is possible to evaluate the severity of asperity
contract through AE measurement. Since the control of asperity
contact load is critical in many engineering applications such as the
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Fig. 1. Contacts of a smooth surface and a rough surface.

lubrication of mechanical seals, this model will provide a powerful
tool to the development of AE prognostics to detect and evaluate
the premature failure of machinery at an early stage.

2. The AE model of elastic asperity contacts
2.1. AE generated by sliding friction

When two solid bodies contact, the true contact areas dis-
tributed between numbers of asperities due to surface roughness
are an extremely small portion of the apparent contact area. These
true contact areas rather than the apparent contact area have a deci-
sive effect on the wear and friction. Hence the control of asperity
contacts is critical to avoid excessive friction and wear in engineer-
ing practice.

It has been found that asperity contact was the main AE source in
sliding friction [1]. High frequency stress waves can be released due
to the elastic or plastic deformation of asperities, fracture of asper-
ities or the adhesion between asperities, and the possible plough,
cutting and grooving. According to the plastic-junction theory of
sliding friction developed by Bowden and Tabor [10], all contacting
asperities deformed plastically even under weak normal pressure
because of high local stress. The pressure undertaken by each plas-
tic junction is constant and thus the real contact areais proportional
to the load. However, Archard [11] pointed out in a later research
that the deformation of asperities could be largely elastic in highly
finished or well running-in surfaces. By modelling a rough surface
covered by a hierarchy of asperities, the proportionality between
the load and contact area could be successfully approximated when
multiple stages of elastic contact are considered. Therefore it has
practical meaning to model the AE signal generated by the elastic
deformation of contacting asperities in sliding friction.

2.2. Elastic energy generated by asperity contact

The contact of two engineering flat surfaces with roughness Ry
and Rq; can be analysed by converting it to the contact between an
RZ, +R?,. To
simplify the modelling, all the asperity summits are assumed to be
spherical and have the same radius. Their heights vary randomly,
denoted by random variable z.

Fig. 1 shows schematically the contact between a rough flat sur-
face and a smooth plane. The load is supported by those asperities
whose heights are greater than the separation between the refer-
ence planes. The probability that a particular asperity has a height
between z and z +dz above the reference plane is,

P(z) = f(z)dz (1)

where P(z) is the probability; f(z) is the probability density function
(PDF) of the asperity height.

Assume the separation of the smooth plane and the reference
plane in the rough surface is d. It can be seen from Fig. 1 that all
the asperities with a height in excess of d would contact with the
smooth surface and support the load. So the probability of making

ideal plane and a flat surface with roughness R}, =

contact at any selected asperity can be expressed as [12]

P(z>d)= /Oof(z)dz (2)
d

If the number of asperities per unit area is Dsyy, the expected
number of contacts in any unit area is

n = Dsym / f(z)dz (3)
d

For the contact of a pair of asperities, the stored elastic energy
(Uig) can be expressed as [13]

U = / wds (4)

where Wis the normal load; § =z — d, is the maximum deflection of
asperity in the contact area:

w2 \ /3
- <E/2R/> (5)

E' is the Hertzian contact modulus given by

2 2
1:3<]V1+1vz> (6)
E 4 Eq E,

Eq,E; are the Yong’s modulus of the contact materials; v, U; are the
Poisson’s ratios of the contact materials; R’ is Hertzian curvature.
Since the contact is between an asperity and a plan, R’ is the radius
of the asperity.

Substitute Eq. (5) into Eq. (4), then

2 2/3
e =3pppin / wHEdw
(7)
2W5/3 2

= spapgins ~ 5V

Since § =z —d, the mean elastic energy of one asperity contact is

o 2 [ Wof(2)dz 2 [;° Wz - d)f(2)dz

FT U5 [Xfadz 5 [ fl2)dz

So the total elastic energy stored in the asperity contacts (Ug) will
be

(8)

Ug = AonUig 9)

where A, is the apparent contact area; n is the number of contacts
in unit area given by Eq. (3).
Using Eqgs. (3) and (8), the total elastic energy can be given by

Ug = 0.4A,DsymW / (z — d)f (z)dz (10)
d

If the velocity of the surface sliding is v, then the time needed
for the release of individual asperity contact can be expressed as

r-d (11)

where a is the Hertzian radius of the asperity contact circle given
by

WR’ 1/3
a= ( = ) (12)
Substituting Eq. (12) into Eq. (11)
n\1/3 N1/2
=RV (OR) (13)
v E/3y v
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Using § =z — d, the mean release time of asperity contact is

[ RY2812f(2)dz A RV2(z — d)'/?f(2)dz
v [ f(2)dz v [ f(2)dz

Using Eqs. (10) and (14), the release rate of elastic energy can be
expressed as

_ Ug _ 0.4AcDsynuWv [z - df(2)dz [° f(z)dz
T RV2 [¥(z— d)'/*f(2)dz

7= (14)

Uk (15)

Define the total number of asperity contacts between the two
surfaces (N) as

N = AoDsym /Oof(l)dz (16)
d
Define
Fa(h) = /OO (s —h)"¢(s)ds (17)
t

where h=d/ao, is the standardized separation; o is the standard
deviation of height distribution; ¢(s) is the standardized height
distribution

Using Eq. (16) and function F,(h) defined by Eq. (17), Eq. (15)
can be expressed as

Fi(h)

Ug=04ANWy—12—
RV2Fy ()

(18)

It can be seen from Eq. (18) that the release rate of elastic energy
is proportional to the number of asperity contacts and contact load.
According to the Greenwood-Williamson model [12], the number
of asperities increases linearly along with load. Therefore, there is
a square relationship between the elastic energy release rate and
contact load. Eq. (18) also shows that the release rate of elastic
energy is proportional to the power of contact load and sliding
velocity. This is in line with the engineering experience that the
Wv value has a strong influence on the sliding friction between
two surfaces.

The definition of F,(h) given by Eq. (17) indicates that F,(h) is
influenced by the surface separation d and the characteristics of
surface topography. Research has shown that the separation d is
actually also determined by the surface topography and indepen-
dent of the load applied [12]. Hence, the (F1(h))/(R’1/2F1/2(h)) part
in Eq. (18) is only determined by the topographic characteristics of
the contact surface.

2.3. The AE model

Suppose that a portion ke of the elastic strain energy converts to
AE pulses and the gain of the AE measurement system is k. Using
Equation (18), the energy rate of the acoustic emissions generated
by asperity contact is given by

Fi(h)

Upg = 0.4keknNWy————~ (19)
AE effm R’1/2F1/2(h)
Define k¢ = 0.4kekm then Eq. (19) is
UAE = chWV% (20)
RV2Fy j5(h)
Thus the energy collected by AE sensor is
U = / Unagdt (21)
0
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Fig. 2. Layout of the mechanical seal test rig.

This energy equals the energy of the AE signals
o0
Upg = G/ V2(t)dt (22)
0

where G is the electrical conductance of the AE measuring circuit;
V(t) is the measured electrical signal
The RMS value of AE signal is defined as

1/2

T T
Vims = {(T; / Vz(t)dt] :% / Unedt (23)
0 0

where T is the selected duration of the AE signal

Assuming the sliding between two surfaces is stable, the elastic
energy release rate Uz will be constant and a continuous acoustic
emission with constant Uag will be observed. Using Egs. (21)-(23),
the RMS value of the AE signal excited by the total asperity contact
can be expressed as

Vims = \/ UAE (24)

Substituting Eq. (20) into Eq. (24), the relationship between AE
RMS and the elastic sliding of asperity contact can be expressed as

Fy(h)'/?

Vims = ksNV2(Wi)V/2 1000
R’1/4F1/2(h)1/2

(25)

where

ks=\/ﬁ

3. Experimental validation of the AE model

To validate the developed AE model, an experimental study was
conducted on the test rig (Fig. 2) designed for the condition mon-
itoring of mechanical seals. Studies conducted by Fan [14] proved
that the AE signal measured on the cartridge of mechanical seals
was caused by the rubbing between seal faces.

The rig has a pressure chamber at the non-driven end, which
consists of two John Crane 1648MP cartridge seals and a stainless
steel drum. An auxiliary circulating system is connected with the
chamber to pressurize the working fluid (water in this research)
and take away the heat generated by the friction of mechanical seal.
The load on mechanical seals is able to be changed by adjusting the
pressure in the sealed chamber. The shaft of the test rig is driven
by an electrical induction motor controlled by an inverter to allow
the change of test speed.

The experiment employed the PAC WD2030 sensor with a fre-
quency range from 100 kHz to 1000 kHz. The output of AE sensor
was amplified using PAC 2/4/5 preamplifier and sampled using PAC
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Fig. 3. AE from mechanical seals running with different contact loads.
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Fig. 4. AE from mechanical seals running at different speeds.

PCI 2 data acquisition board. The filter of PAC PCI 2 was set from
100kHz to 1 MHz and the sampling frequency was 2 MHz. For each
test AE raw signal was recorded continuously for 3s.

The material combination of the tested mechanical seal was
reaction-bonded silicon carbide versus antimony-impregnated car-
bon. The testrig was firstly run at 5 bar and 1500 rpm for 3 h to allow
a sufficient running-in of the seal faces. Then the seals were tested
at different speeds and pressures to evaluate the influence of sliding
speed and contact load on AE signal. The test speeds were 900 rpm,
1200 rpm, 1500 rpm, 1800 rpm and 3000 rpm while the pressure
in the sealed chamber was kept at 6 bar. Then the speed of test rig
was kept at 1500 rpm and the sealed pressure was increased from
2 bar to 8 bar with the increment of 1 bar. The water temperature
was controlled at 26 °C during the tests.

The seal face was lapped to meet the manufacture requirements
of John Crane before the test. After the test, the seal face was exam-
ined and found that the seal surfaces were well polished due to the
running-in. No other wear evidence was observed.

Fig. 3 presents the test results when the seal was run at
1500 rpm with different contact loads. The contact load supported
by mechanical seal face was calculated using the well established
mechanical performance calculation software available at John
Crane UK when different pressure was loaded in the sealed cham-
ber. It can be observed that the relationship between AE RMS value
and the contact load is linear (R? = 0.99) while Eq. (25) predicts that
AE RMS is in proportion to the square root of contact load. This is
because the influence of contact load (W) on the total number of
asperity contact (N) is not taken into account. Since the tested seal
was under stable lubrication, the number of asperity contact should
increase in proportion to contact load according to Greenwood-
Williamson model [12]. Therefore a linear relationship between AE
RMS value and contact load was observed.

Fig. 4 shows the relationship between AE RMS value and the
average sliding speed of mechanical seal, which was calculated
using the average of the outer and inner diameters of sealing
interface. As predicted by Eq. (25), the AE RMS has a square root
relationship with sliding speed (R% =0.99).

The relationships observed from this experimental study were
also validated by tests conducted in the R&D laboratory at John
Crane.

4. Conclusion

The paper developed a model of the acoustic emission gener-
ated by material elastic asperity contact. The model shows that the
level of AE measurement is determined by the load supported by
asperity contact, sliding speed, the number of asperity contact and
surface topographic characteristics. The relationship was validated
by the experimental study conducted on the test rig for the con-
dition monitoring of mechanical seals. On the basis of this model,
the contact load between seal face, which is a key factor in the safe
operation of mechanical seals, is possible to be predicted by AE
measurement when the sliding speed is known. The success of the
experiment demonstrated the potential of the developed model to
detect and evaluate the premature failure of machinery at an early
stage.
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Appendix A. Appendix: Nomenclature

Ao the apparent contact area.

Dsum the asperity density

E the Hertzian contact modulus

G the electrical conductance of the AE measuring circuit

P(z) the probability of randomly variable z

R the radius of the curvature in the Hertzian contact area

Rq mean root square surface roughness

Uag the energy of acoustic emission signal

Uig the elastic energy stored in individual asperity contact

Ue the elastic energy release rate of asperity contacts

Uag the energy rate of acoustic emission caused by total asper-
ity contacts

Uik the elastic energy rate released by individual asperity con-
tact

Ui the mean elastic energy stored in asperity contact

V(t) the measured AE electrical signal

Vims the RMS value of AE signal

w the normal load on a surface

a the radius of Hertzian contact area

d separation between reference plans of rough surfaces

flz) the probability density function (PDF) of randomly vari-
able z

h the standardized separation

ke the portion of the elastic strain energy converts to acous-
tic emission pulses

Kkm the gain of the AE measurement system

k¢ ke = %

ks ks = \/kt

v the average sliding speed of the face

z(x) the height of the surface profile from the mean line at a
distance x
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Greek symbols
the maximum Hertzian deflection
(s) the standardized height distribution
the standard deviation of distribution
the release time of the individual asperity elastic energy
the mean release time of the individual asperity elastic
energy
the Poisson’s ratios of the contact materials

N H Qe o

U1, U
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