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Abstract

Elastohydrodynamically lubricated (EHL) contacts are fundamental for sev-
eral rotating machine elements. For example gears, rolling element bearings
and lubricated chain drives work due to the principle of EHL. All of these ma-
chine elements require maintenance and, as condition based maintenance has
increased in industry, the need for monitoring techniques has also increased. In
order to avoid incorrect condition indications, since the 60’s researchers have
improved signal processing of existing monitoring tools and developed new
techniques as a complement to these existing tools. In the past two decades
acoustic emission has been identified as a new complementary tool for mon-
itoring of rolling element bearings and investigated intensively by several re-
search groups. However, most of the investigations were carried out at low
rotational speeds. Furthermore, most of the investigations used simple signal
processing methods like activation counts (AC) or trend analysis of the root
mean square signal (RMS). One reason for using simple experimental con-
ditions and signal processing methods is the complexity of a rolling element
bearing itself. A rolling element bearing consists of several EHL contacts and
each contact has different operational conditions (film thickness, slide to roll
ratio, contact pressure, entrainment speed). The measured signal is the summa-
tion of all EHL contacts. This complexity is one reason why the high frequency
emissions of an EHL contact are still not fully understood. Therefore, an in-
vestigation of the acoustic emission of a single EHL contact was here carried
out within the framework of a PhD project.
In this thesis simplified experiments were used to represent either a single EHL
contact or elements of an EHL contact. Both acoustic emissions of tensile tests
and ball impacts on a solid plate were studied and analyzed with respect to
their significance for EHL contacts. For all investigations carried out in this
thesis an absolute calibration method developed by McLaskey and Glaser was
used. This calibration method was validated for boundary restricted systems,
where a good agreement for zero frequencies was found, however, unsatisfying
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agreement was discovered for resonances of a boundary restricted system. The
investigation found elastic waves in boundary restricted systems consist of two
fundamental types. Zero frequencies will be enhanced for cases were excita-
tion source and elastic wave are independent, while an interaction of source
and elastic wave results in a pure resonance problem.
Furthermore, the time dependency of acoustic emission signals was investi-
gated. As mentioned previously most existing investigations are carried out
at low and constant rotational speed. The dependency of acoustic emission
signals and speed is reported in literature as well as difficulties with acoustic
emission measurements at elevated rotational speeds. By using ball impacts
with different ball sizes and tensile tests with different displacement speeds the
time dependency was analyzed with respect to excitation time (contact time of
ball impact) and event frequency (amount of dislocation movement and plane
slip movements in a certain time frame). Thereby an indirect quadratic pro-
portionality between acoustic emission amplitude and contact time was found.
This proportional relationship is also valid for RMS signals with short averag-
ing windows if system damping is low. For event frequency and RMS signals
the results of the tensile tests suggest a direct proportional relationship.
Furthermore, Hertzian and EHL contact impacts were studied and compared.
Thereby it was observed that the overall amplitude of the signal increases for
EHL contacts in comparison to Hertzian contacts. In addition the third zero
frequency disappears, which is most likely due to cavitation effects. Further-
more, the results show a shift of the first and second zero frequency towards
higher frequencies, which is caused by the localised deformation of EHL con-
tacts as a result of the solidification of the lubricant. This behaviour of zero
frequencies was in line with simulation results. However, the agreement be-
tween simulation and measurement for the location of zero frequencies and the
signal amplitude was not satisfying. This mismatch was most likely caused by
the assumption of the global contact force acting at a single point, causing a
perfect elastic deformation in the simulation. Additionally, for the findings re-
garding zero frequencies, a change in the excitation of resonances above the
first zero frequency in boundary restricted systems was also found, comparing
Hertzian and EHL impacts.
Finally, full scale tests on a complete rolling element bearing were carried out
during the PhD project to validate findings of the single contact experiments.
Magnetite contaminated rolling element bearings and their acoustic emission
signals were investigated with respect to the use of sulfur additives, contam-
ination and rotational speed. These tests were executed at varying speed for
single measurements and constant speed for continuous measurement record-



ing. The results of the full scale tests showed good agreement with previous
results of the component tests, such as bouncing ball and tensile tests. Tran-
sient forces are the main source of signals for well lubricated rolling element
bearings or bearings at high rotational speed, while acoustic emission signals
of contaminated bearings at low rotational speed were dominated by plastic
deformation signals. Furthermore, it was found that sulfur additives reduce
the plastic deformation signal by up to 70% in comparison to contaminated
bearings lubricated with plain grease.
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δ1,δ2 Material factor of ball (1), plate/disc (2) [Pa−1]

∆ f Spectrum resolution [Hz]
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ω Frequency [Hz]

ρ1,ρ2 Density of ball (1), plate/disc (2) [ kg
m3 ]

τ Time, impact base [s]

ξ Position of impact [−]
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b Width of elliptical contact area [m]

cp Speed of elastic pressure wave [ m
s ]

cp1,cp2 Speed of elastic pressure wave in
lubricant layer (2) and solid plate (1) [ m

s ]

DO Diameter of outer raceway [m]

E1,E2 Elastic modulus of ball (1), plate/disc (2) [Pa]

fE End value of measured frequency range [Hz]

f j Force in direction j [N]

famp Maximum force measured during calibration test [N]
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fCA Rotational frequency of cage assembly [Hz]

fmax Maximum Hertzian Force [N]

fnorm, N Normalized zero frequencies of N-order [Hz]

fplastic Force of initial plastic deformation [N]
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gk j Green’s function of directions j to k [−]

h Thickness/height of plate/disc [m]

h00 Initial film thickness [m]
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N Number or order [1,2,3...] [−]

n Number of spectral lines [−]

R Ball radius [m]
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Rq1,Rq2 Surface roughness parameter [m]

RC Reflection coefficient [−]

S Measured raw signal, frequency domain [−]
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srelative Signal of relative measurement [−]
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t Time, measurement base [s]

tc Hertzian contact time [s]

tCOR Contact time of rolling element bearing
on outer raceway [s]



tre f lection,H Reflection time across plate/disc height/thickness [s]
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Ue Entrainment speed [ m
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UEHL Vertical maximum displacement of an EHL contact [m]

UHertz Vertical maximum displacement of a Hertzian contact [m]
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Us1,Us2 Speed of surfaces, ball (1), disc (2) [ m
s ]

v0 Impact velocity [ m
s ]

x Position of sensor [−]

Z1,Z2 Acoustic Impedance of solid plate (1),
lubricant layer/air (2) [ Ns

m3 ]

Chemical Abbreviation

Fe2O3 Hematite
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FeS Ferrous sulfide

FeSO4 Ferrous sulfate

O2 Oxygen
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ZDDP Zinc dialkyl dithiophosphate

Acronyms

AC Activation counts

ACC Accelerometer

AE Acoustic emission

BB Bouncing ball

BonD Ball on disc

EHL Elastohydrodynamic lubrication

FB Four ball

FEM Finite element method

LDV Laser Doppler vibrometer

RePD Reciprocating pin on disc

RMS Root mean square

RoPD Rotational pin on disc

SKF Rolling element bearing manufacturer

SRR Slide to roll ratio

TD Twin disc



Part I

Comprehensive Summary

1





Chapter 1

Introduction

This Thesis mainly deals with research in two fields - tribology and condition
monitoring. Both research fields are interdisciplinary and important for sus-
tainable societies. The environmental program of the United Nations (UNEP)
has pointed out the importance of efficient use of product life cycle and energy
efficiency for a green economy [1]. Furthermore, the UNEP has included these
two requirements in their Agenda 2030 [2]. Thereby, the United Nations have
indirectly pointed out the importance of research fields such as tribology and
condition monitoring. Both research fields are essential to improve energy effi-
ciency and to minimize waste of product life. However, despite the importance
of these research fields for future sustainable societies, they are on the whole
only known to experts rather than the general public. Therefore, both research
fields will be introduced in this chapter. Fundamental theory used in this thesis,
such as acoustic emission (AE) and elastohydrodynamically lubricated (EHL)
contacts, will be mentioned in this chapter. However, a detailed introduction
to these terms and the related research fields will be given in Chapter 2.

1.1 Tribology

The problems caused by tribological systems, such as wear, lubrication, fatigue
and friction, have challenged mankind since the beginning of their existence.
Some of the most important inventions in human history are solutions to tri-
bological problems. The invention of the wheel reduced friction tremendously
and the invention of oil lubrication reduced both friction and wear of sliding
surfaces. Even famous inventors such as Leonardo da Vinci dedicated time to
solving tribological problems. His drawing of a rolling element thrust bearing

3



4 CHAPTER 1. INTRODUCTION

(Figure 1.1) is some of the first documentations of tribological research.

Figure 1.1: Sketch of a rolling element thrust bearing drawn by Leonardo da
Vinci [3]

Still tribology was for a long time not considered to be an autonomous research
field. An exact date of the establishment of tribology as a research subject
does not exist. Most people refer to the Jost report [4] as the introduction of
tribology as a research topic, because it was the first scientific report using the
term tribology; a combination of the Greek words "tribos" (to rub) and "logia"
(knowledge of). However, an exact date of the establishment of the field is
difficult to define, because many major contributions to the research field are
dated before the Jost report (Figure 1.2). Da Vinci and Coulomb were brilliant
minds of their time, with scientific contributions to a tremendous number or
research fields, among them tribology. Reynolds, Hertz and Stribeck are not as
well known to the general public, however their research is still the foundation
of the majority of tribological research. Kaiser and McFadden are not as well
known in the tribology community, but are mentioned due to their significance
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regarding the research topic of this thesis. While Kaiser was the first recording
acoustical waves of materials during deformation processes, McFadden con-
tributed by introducing FFT based vibration analysis, which is still the most
common type of condition monitoring of machine elements.
As hard as it is to date the establishment of tribology as a research topic, the
definition of tribology is easy:

"Tribology is the study of interacting surfaces in relative motion."

Figure 1.2: Timeline of the research field tribology (Reynolds [5], Hertz [6],
Stribeck [7], Kaiser [8], Jost [4] and McFadden & Smith [9, 10])

As industrialization has progressed, the demand on life cycle efficiency and en-
ergy efficiency has increased. This increasing demand is met through research
in the field of tribology and nowadays, tribology is an established research
topic with several branches, among them biotribology, automotive tribology,
high temperature tribology, tribo-chemistry and elastohydrodynamic lubrica-
tion. This thesis focus on the last mentioned branch, elastohydrodynamic lu-
brication (EHL). Everybody has been dependent on EHL contacts, but only a
few are aware of them. EHL contacts are crucial for the function of bicycles,
cars, trains, pumps and wind turbines, among many other things. EHL is the
basis for many machine parts, such as rolling element bearings, gears and cam
followers.

1.2 Condition monitoring

Condition monitoring can be defined according to ISO 17359 as: "observation
of parameters for evaluation of the performance of an application" [11]. This
general definition includes almost everything, even a fire guard in the stone
age, fits the definition. However, the standard is a good basis for deriving more
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specified definitions, such as SKF, a leading rolling element bearing manufac-
turer, did. SKF defined condition monitoring as [12]: "Condition monitoring
is the process of determining the condition of machinery while in operation."
SKFs definition is limited to on-line monitoring, where parameters are recorded
and assessed during operation. Beside on-line monitoring, off-line monitoring
also exists. A well known example of off-line monitoring are structural checks
of aeroplanes. However, there is a trend in industry to replace off-line moni-
toring with on-line monitoring.
Both A. van Beek and Tedric A. Harris [13] point out the importance of con-
dition monitoring for future efficiency. Harris and Kotzalas [13] even state:
"Maintenance is considered the largest controllable cost in modern industry."
Further, they claim condition monitoring is the only tool able to cut these
costs. However, Harris and Kotzalas [13] also mention that additional re-
search is necessary to prove the reliability of monitoring techniques and ac-
curacy of prognostic models. More specific in terms of this thesis, Mba and
Rao [14] claim acoustic emission will be, among others, one of the important
tools for condition monitoring in future applications. However, they also point
out that additional research is required before the "intelligent information of
acoustic emission signals" [14] can be processed without loss of information.
Niknam et al. [15] even see condition monitoring already today as superior in
comparison to statistical based failure prognosis.
Condition monitoring in the research field of tribology is used to evaluate
performance of a tribological system or to detect the occurrence of a defect.
Thereby parameters such as load, frictional force/coefficient, temperature, vi-
bration, acoustic emission, contact impedance and oil film thickness, amongst
other things are observed. The huge amount of tribologically interesting pa-
rameters, shows that condition monitoring is an important part of tribology
research and is expected to be even more important in the future.
This thesis will show that huge contributions to knowledge on the relationships
between tribological contact conditions and measured parameters have already
been made. However, there is still the need for further breakthroughs.



Chapter 2

Acoustic emission of a single
elastohydrodynamic contact

This PhD work started with the idea of investigating acoustic emission (AE)
signals of a single elastohydrodynamically lubricated (EHL) contact. Limiting
the system to a single EHL contact enables a more detailed study of AE sig-
nals in comparison to full machine elements such as rolling element bearings
and gears. However, even an EHL contact is a complex system, which will
be explained in this chapter. Additionally, difficulties and breakthroughs in
interpretations of AE signals are presented in this chapter.

2.1 Elastohydrodynamically lubricated contacts

Elastohydrodynamically lubricated (EHL) contacts occur in rolling element
bearings, gears and cam followers, among others. EHL contacts are non-
conformal lubricated contacts with surfaces in relative motion. In an ideal
case the surfaces are separated by a thin layer of lubricant. Pressures in this lu-
bricant film can reach, within normal operating conditions, up to 2.5 GPa, and
in certain cases even 3.0 GPa as Harris and Kotzalas point out [13]. Within
fatigue research these typical pressures are exceeded and the contact is over-
loaded with up to 8.0 GPa to accelerate tests. At these high pressures the
lubricant solidifies and surfaces deform elastically as illustrated in Figure 2.1.
As shown in Figure 2.1, the elastic deformation reduces at the outlet of the
contact and this causes a pressure spike. This pressure spike was first observed
by Petrusevich [16]. The film of an EHL contact was first measured by Gohar
and Cameron [17] using a interferometric method presented by Kirk [18].

7
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Figure 2.1: Schematic drawing of an EHL contact

Ideally both surfaces are separated by a lubricant film in an EHL contact. How-
ever, a decrease of entrainment speed, a decrease of viscosity or an increase
in load can cause the elasto-hydrodynamic film to collapse. A measure for the
degree of film separation is the film thickness parameter Λ:

Λ =
hmin√

Rq2
1 +Rq2

2

(2.1)

Based on this film parameter Λ different lubrication regimes can be distin-
guished [19, 20].

EHL Λ>3 In the elastohydrodynamic lubrication regime
both surface are fully separated by a fluid film,
which solidifies in the contact. The total load the
contact is exposed to is thereby carried by the lu-
bricant film.

Mixed 1≤ Λ≤ 3 In the mixed lubrication regime, both lubricant
film and asperities carry the load. The ratio of
load carried between asperities and film depends
on the degree of separation.

Boundary Λ<1 In the boundary lubrication regime all load is car-
ried by the asperities of the surfaces in contact.

However, the boundaries of these lubrication regimes are not as distinct as the
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classification of the film thickness parameter suggests. The boundaries of the
different regimes are calculated based on the combined surfaces roughness of
both surfaces. However, the surface roughness is reduced within the contact
due to elastic deformation. A smoothening of the surface roughness by elas-
tic deformation is one of the critics of this distinct classification of lubrication
regimes [21]. Another aspect which questions the separation based on only sur-
face roughness is the effect of roughness structure on pressure built up and film
formation, such as shown by Choo et al. [22] and Guegan et al. [23]. Both in-
vestigations showed that structures such as grinding grooves from manufactur-
ing processes affect the speed at which the EHL regime is entered. Boundaries
between different lubrication regimes are hard to determine, which can be seen
by monitoring the coefficient of friction across all lubrication regimes. These
observed coefficients of friction can be plotted in a Stribeck curve, named after
Richard Stribeck who first published this curve in a journal [7]. Figure 2.2a
shows a schematic drawing of such a Stribeck curve. This schematic illustra-
tion is also divided into lubrication regimes. However, the smooth coefficient
of friction curve indicates that there are smooth transitions between lubrication
regimes, rather than distinct boundaries, based on Λ.
Another parameter which has an influence on EHL contact conditions is the
slide-to-roll ratio (SRR) (2.2). Friction curves such as shown in Figure 2.2a,
are based on a constant SRR. However, investigations have shown a signifi-
cant influence of SRR on friction and film formation [25]. As a solution one
might add a third axis to extend the Stribeck curve, which is known as friction
mapping [24] (Figure 2.2b).

SRR =
Us1−Us2

Ue
(2.2)

Stribeck curves (Figure 2.2a), friction mapping (Figure 2.2b) [24], investiga-
tions on film formation [26, 27] or EHL contact behaviour [28] are usually
carried out in component test rigs, rather than on machine elements such as
gears, bearings or cam followers. Different component test rigs were devel-
oped in the past, to investigate EHL contacts in detail.
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(a) Stribeck curve

(b) Friction map [24]

Figure 2.2: Schematic illustration of a Stribeck-curve and the different lubri-
cation regimes
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Reciprocating
pin on disc

The reciprocating pin on disc (RePD) setup consists of a
disc and a pin where the end has a half spherical shape.
In this test setup the disc is stationary and the pin recip-
rocates backwards and forwards. Even though full film
lubrication can be reached in these test rigs, RePD al-
ways contains a boundary lubricated phase around the
point of reversal in the pin’s sliding direction. Therefore
RePD are mainly used to study the boundary lubrication
regime and the wear behaviour of EHL contacts.

Rotational
pin on disc

Instead of the reciprocating motion of the pin in the
RePD, the disc is moving in the rotational pin on disc
(RoPD). Substituting the reciprocating motion with ro-
tation of the disc allows continuous operation in all lu-
brication regimes. However, the stationary pin and the
moving disc results in rotation of the sliding direction
and the point of minimum film thickness, around the
pin centre.

Four ball A four ball (FB) test rig consist of 4 identical balls,
where one is pressed on to the three other balls, form-
ing a pyramid. Rotation of the top ball will lead to three
EHL contacts. The fact that the center ball is exposed
to three EHL contacts and the ability of highly over-
loaded contacts (up to 8 GPa) makes the four ball setup
favourable for scuffing, seizure and surface fatigue in-
vestigations.

Twin disc In a twin disc (TD) two discs are pressed circumferen-
tially against each other and turned simultaneously. De-
pending on the surface shape an EHL line contact (plane
surface) or an elliptical EHL contact (crowned surface)
will be obtained. The possibility to control slide-to-
roll ratio (SRR) is an advantage in comparison to the
three aforementioned setups. Therefore TD setups are
often used to simulate an EHL contact in gears, where
a EHL line contact with variating SRR occurs between
gear teeth.



12 CHAPTER 2. ACOUSTIC EMISSION OF SINGLE EHL CONTACT

Ball on disc In a ball on disc (BonD) setup, SRR is, (as in the TD
setup) controllable. The maximum contact pressure
is comparable to the BonD and TD setup (around 2-
3 GPa). However, instead of a line contact, a circular
EHL contact is obtained. Additionally this setup allows
interferometric film thickness measurements if a sap-
phire disc is used. Due to this capability BonD setups
are frequently used in rheological EHL investigations
and as a tool for evaluation of numerical studies.

Bouncing ball A bouncing ball (BB) is probably the simplest setup. A
ball is simply dropped onto a lubricated plate/disc and
this creates a circular EHL contact. An advantage of
such a setup is the absence of secondary machine parts,
such as support bearings, electric motors, or force ac-
tuators, which eliminates disturbances caused by these
parts. However, the BB setup does not allow for a con-
tinuous study of an EHL contact and is limited to a
short time of impact. In the most common setup the
plate is horizontal and the EHL impact is studied with
pure rolling conditions. However, by tilting the plate
even sliding can be introduced to the BB setup. More
detailed explanations can be found in Chapter 5, Sec-
tion 5.1.

Except for the four ball setup, all mentioned setups enable the study of a single
EHL contact and are therefore of interest for this investigation.
Besides a tremendous amount of experimental investigations on EHL contacts,
using the aforementioned component test rigs, several theoretical studies on
EHL contacts have been carried out. The basis of all theoretical investigations
is Reynolds thin film approximation [5] which enables numerical examina-
tion of the pressure within the EHL film. One of the most comprehensive
studies was the investigation of an elliptical EHL contact by Hamrock and
Dowson [29]. They used a variety of different loads, rotational speeds and
material properties and mapped the behaviour of elastohydrodynamically lu-
bricated point contacts. The investigations of Lubrecht et al. [30] and Ven-
ner [31], introducing multigrid and multilevel approaches to increase com-
putational speed, can be seen as the start of computational tribology. Many
researchers adapted their approach, among them Larsson and Höglund [32].
They published a study on an EHL impact, providing theoretical support to
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bouncing ball experiments.
As computational power increased the finite element method (FEM) was in-
creasingly applied to solve EHL contact problems. One of the first FEM stud-
ies, providing a solution capable of solving realistic contact pressures of up to
4 GPa, was carried out by Houpert and Hamrock [33]. More recently Hab-
chi et al. [34] presented a FEM based approach for solving EHL problems of
both line and point contacts.

2.2 Acoustic emission

Acoustic emission is a term which refers to monitoring of high frequencies of a
system. However, different researchers define the term differently, particularly
in respect to the monitored frequency. In Figure 2.3 the frequencies used by
different researchers in combination with the phrase "acoustic emission" are
visualised. Figure 2.3 shows that a majority of researchers use a frequency
range between a 20 kHz and a couple of MHz. However, there are exceptions.
Lindberg et al. [35] studied the acoustic emission of disc brakes. Lindberg
et al. [35] represents automotive industry applications, where the term acous-
tic emission refers to the noise drivers are exposed to. In these applications no
frequencies higher than 21 kHz are measured. Ollendorf and Schneider [36]
are situated at the other end of the frequency range. They have used laser
measurements at up to 70 MHz to evaluate coating films and also used the
term acoustic emission. However, recently these high frequencies are referred
to as optical acoustic emission instead.
To standardize the term acoustic emission, the American Society for Test-
ing and Materials has introduced the following definition (ASTM E1316):
"...waves generated by the rapid release of energy from localized sources within
a material...". It was the first definition of acoustic emission and is based
on the needs of non destructive testing. However, the definition does not
fit for the purposes of condition monitoring of machine elements. There-
fore Niknam et al. [15] defined acoustic emission differently: "AE signals
are caused by crack growth, plastic deformation, friction, corrosion, leak and
defect growth such as fatigue that appear as high-frequency AE events in the
range from 20 kHz to 1 MHz."
Even long before AE was defined researchers already dedicated their work to
these emissions of elastic waves, without knowing the term acoustic emission.
Kaiser [8, 54] investigated already in the 50’s the sound emission from differ-
ent materials during tensile and Brinell tests. He found a significant emission
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Figure 2.3: Used frequency ranges by researchers which used the term Acous-
tic emission (Eberhardt [37], Gross [38], Ollendorf [36], Hoffmann [39], Guar-
ino [40, 41], Colombo [42], Niknam [15], Petri [43], Lindberg [35], Lin-
gard [44], Dolinšek [45], Otha [46], Jun [47], Miettinen [48–50], Mba [51–53])

of sound up to 25 kHz during plastic deformation. Furthermore, he discov-
ered a stress memory effect (called the Kaiser effect) which prohibits sound
emissions. This effect is still used today in the mining industry, where the
effect is used to determine the stresses that rocks where exposed to in the
past [55]. Many researchers followed Kaiser’s path and investigated acoustic
emission of plastic deformation during tensile tests. Richter et al. [56] found
a repeatable maximum of acoustic emission around the yield point, whereas
Wang et al. [57] used acoustic emission to assess steel damage during tensile
tests.
Acoustic emission is also used to detect crack initiation and crack propaga-
tion [37]. Colombo et al. [58] reported a good correlation between b-value
(usually used in seismological analysis) and crack propagation in beams. A
proportionality between crack growth velocity and energy content of acoustic
emission signals was observed by Gross et al. [38], while Petri et al. [43] has
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proved that micro fracturing processes follow a power law statistical behaviour.
Pure ductile fracture processes were investigated by Gerberich et al. [59]. They
found huge differences in acoustic emission magnitudes comparing tension
and compression fractures. Furthermore, they found huge differences in AE
magnitude between different heat treatments and thereby different micro struc-
tures.
Inspired by the results on acoustic emission of plastic deformation and crack
propagation, researchers started to investigate condition monitoring possibili-
ties of different structures. The research group of Carpinteri used AE to mon-
itor historical buildings and bridges [60]. Thereby they found similarities be-
tween AE events and damage progress. Niar and Cai [61] state in their review,
that accumulative AE measurements are a promising method for monitoring
steel and concrete bridges. However, they also admit practical challenges
which need to be addressed. Another application where acoustic emission is
used to monitor the structure are coatings and coating evaluations. Bull [62]
has distinguished the four failure modes for brittle and ductile coatings re-
spectively by comparing acoustic emission time signal patterns. Ollendorf and
Schneider [36] were able to measure the E-modulus of an adhesion film, which
is sensitive to micro cracks.
Chemistry is another field which has shown increased interest in acoustic emis-
sion. Sawada et al. [63] has shown that both a phase separation and a phase
transition can be monitored by acoustic emission. The phase transition from
liquid to solid was clearly detected by AE, whereas the melting process was
not that distinctly detectable. Sawada investigated three different substances
(water, sodium thiosulfate and methoxybenzylidene-4n-butylaniline) and con-
cludes that the sharp increase in AE activity is caused by crystal formation.
Another use of acoustic emission as a chemical monitoring tool was shown by
Belchamber et al. [64]. In their publication they prove the linear dependency
between acoustic emission and the hydration of silica gel. Furthermore, it was
shown by Betteridge et al. [65] that exothermic reactions can be monitored by
AE. Even electro-chemical processes can be monitored by acoustic emission as
Crowther et al. [66] showed. Hydrogen gas bubble formation of the electroly-
sis cell at the cathode was detected and correlated to both the acoustic emission
and the electrical potential of the electrolysis cell. The experiment showed a
clear correlation between gas bubble formation and the acoustic power.
In machine elements investigations have proved the capability of acoustic emis-
sion to detect dents, contamination and lubrication changes. To seed dents or a
defect is a common way to evaluate detectability of faults in machine elements.
In the 80’s McFadden and Smith [67] used scratches on the inner raceway’s of a
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rolling element bearing and were able to detect the defect at a rotational speed
of up to 850 rpm. Later Morhain and Mba [68] have shown that even up to
4000 rpm seeded faults can be detected by acoustic emission. Choudhury and
Tandon [69] were able to detect seeded scratches on a rolling element bearing.
The propagation of such defects (scratches and dents) was studied by Elfor-
jani and Mba [53]. They observed correlation between AE bursts in the time
domain and the defect size. In another investigation Elforjani and Mba [70]
generated defects by overloading instead of introducing them prior to the test.
They used a plane disc for a thrust bearing to increase contact pressure and
observed natural pitting defects, which were detected by acoustic emission.
Additionally, the same correlation between AE burst duration and defect size
was observed.
Particle contamination of rolling element bearings is another well investigated
defect monitored with acoustic emission monitoring. Miettinen and Patani-
itty [71] were able to use acoustic emission for detection of contamination in
slowly rotating bearings (0.5 to 5 rpm). Later this approach was expanded
by Miettinen and Andersson [48] who were able to relate activation counts
(AC) of AE signals to the contaminant concentration, the particle size and the
type of particle. While Miettinen used AC in his investigations, Jamaludin and
Mba [72] used stress waves. Both methods showed a distinct difference be-
tween contaminated and uncontaminated bearings.
Beside the various investigations on failure detection, some investigations use
non-faulty bearings, where correlations between acoustic emission and the lu-
brication were found. Niknam et al. found statistically significant differences
in AE signals between lubricated and dry rolling element bearings, regardless
of load or rotational speed. A change in AC of AE was observed by Mietti-
nen et al. [49] for different greases. They correlated different grease thickener
to AC levels. Additionally they concluded higher viscosity of the base oil lead
to more AC due to starvation phenomena. However, Otha et al. [46] observed
a decrease of RMS value of acoustic emission signals with increased base oil
viscosity. Hamel et al. [52] correlated film thickness parameter Λ and acoustic
emission signals in a gear. They changed viscosity by changing the tempera-
ture of the oil and observed a reduction of RMS value of the acoustic emission
signal for increased film thickness (Λ).
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2.3 Research gap and objectives

Knowledge about acoustic emission and its use for condition monitoring has
increased tremendously over the past decades, due to excellent research efforts
in the past. In many investigations researchers have shown the ability of AE
to monitor and detect failures in machine elements. A small outline of this
research was presented in the previous section (Section 2.2). Still the use of
acoustic emission as a monitoring tool in industry is rare. While in laboratory
setups all critical parameters, such as load, degree of contamination, failure
size, temperature and lubricant properties, can be either controlled or mon-
itored, these parameters are often unknown in industrial applications. This
lack of information leads to challenges for AE signal interpretation. Com-
mon analysis methods used for acoustic emission signals include among oth-
ers RMS (root mean square) [46, 52, 73], amplitudes [70, 72] and activation
counts [48, 49, 71]. These signal processing methods have the huge advan-
tage of a maximized data reduction. Such a data reduction might have been
historically necessary. However, today the need for data reduction is not as
urgent anymore and therefore, the drawback of information loss by using these
processing methods has increased in importance. Processing the AE data in a
smart way, requires knowledge of which information is of interest. Hence, a
good understanding of the cause of AE signals in an EHL contact is required.
However, this understanding of these causes and the process from generation
to detection of the AE signals in EHL contacts still has many deficits. For ex-
ample several investigations [49,73–75] have reported a significant increase of
AE activity with increased rotational speeds, without further explanation. Fur-
thermore, McFadden and Smith [67] earlier pointed out problems with failure
detection at elevated rotational speed. Investigations on full sampled acoustic
emission signals of single EHL contacts are rare. Elforjani and Mba [53, 70]
have published some of the rare investigations including full sampled acous-
tic emission signals and were able to find a correlation between raceway faults
and AE bursts in the time domain. However, by using a rolling element bearing
including raceway faults, they studied a complex and severe case (faulty bear-
ing). Studies on acoustic emission of single EHL contacts do exist. Thereby
ball on disc setups [76,77], twin disc setups [78] and Pin/ball on cylinder setups
(similar to pin on disc) [79] were used. However, even these studies focused
on rather severe contact conditions, such as wear under high pressure and pure
sliding. Therefore, a need for a study focusing on acoustic emission of a single
EHL contact operating in normal bearing conditions without faults was iden-
tified. Based on this need, the identified research gap, the PhD work focused
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on fulfilling these needs and the following, rather general, research questions
were formulated:

I. What are the sources of acoustic emission signals of EHL contacts?

II. How is an acoustic emission signal of a single EHL contact dependent on
the contact properties?

III. Can acoustic emission signals of single EHL contacts be simulated?

IV. How are acoustic emission signals of component setups related to acous-
tic emission signals of complete machine elements, such as rolling ele-
ment bearings?



Chapter 3

Theory and definition

This chapter includes the definitions and hypotheses that the thesis is based
on. The author’s own definition for acoustic emission is introduced, to avoid
any confusion about the term. Furthermore, hypotheses on possible sources of
AE in EHL contacts are presented. These hypotheses were the foundation of
all experiment work carried out in this thesis. Finally the concept of Green’s
function is introduced, which is the base of all simulations within the frame of
this work.

3.1 Definition of elastic waves

As mentioned in Section 2.2, different definitions of acoustic emission ex-
ist, which are based on the source of acoustic emission. However, this thesis
has the objective to determine the source, which leads to uncertainties about
the term acoustic emission. Instead of source based, the definition should be
based on the obtained signal. Signals in this thesis are measured with either
an AE-transducer or a laser-Doppler-vibrometer. Both methods measure the
movement of the surface over time. Even though the AE-transducer mea-
sures acceleration and the Laser-Doppler-vibrometer measures velocity, both
are physically coupled to a surface movement. Because the measurement prin-
ciple of the acoustic emission signal is the only certainty in this investigation, it
will be the basis for definition of acoustic emission as regards this thesis work.
Therefore, the term acoustic emission will be defined for the entire thesis as:

Acoustic emission is an elastic wave causing an oscillating dis-
placement of a point of measurement at the surface over time with
a frequency higher than 20 kHz.

19
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Figure 3.1 illustrates this definition, where a point of measurement experiences
a time dependent displacement. This definition implies that measurements are
taken at a single point, even though in reality both laser-doppler-vibrometer
and an AE-transducer (used in this thesis) measure an average across a sensor
area. This simplification, treating the measurement area as a single point is
especially important for Simulations (see Section 3.3 and Chapter 6). Finally
based on this definition the terms "acoustic emission" and "elastic waves" will
be synonyms throughout this thesis.

Figure 3.1: Definition of acoustic emission as elastic waves measured by a
displacement over time

3.2 Sources of elastic waves in an EHL contact

Several different sources for elastic waves have been reported in literature.
However, the understanding of sources contributing to signals of a single EHL
contact is poor. Therefore, hypotheses of sources contributing to signals of
a single EHL contact were formulated. These hypotheses are a basis for this
thesis and an attempt has been made to address them with experiments and
simulations.

Sliding surfaces:
Asperities of sliding surfaces interact with each other and can cause elastic
waves. Several investigations [76, 78–80] have shown that AE signals can be
caused by two lubricated surfaces sliding against each other. In an EHL con-
tact sliding is a important characteristic and determined by the SRR. Knowing
the contribution of the SRR to EHL contact properties and the correlation be-
tween sliding and acoustic emission, leads to the hypothesis that sliding is
a source for elastic waves in EHL contacts. This hypothesis is supported by
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Löhr et al. [78]. They found a correlation between SRR and AE signal strength
in a twin disc application. However, one should consider that all investigations
mentioned are conducted in the mixed and boundary lubrication regime.
Even though sliding is expected to contribute to AE signals of EHL contacts,
this thesis will focus on EHL contacts in pure rolling, which eliminates sliding
as a source for AE signals. This limitation is necessary due to the time frame
of this thesis. Still during experimental design and evaluation of full bearing
tests one needs to be aware of this possible source.

Transient force:
Transient forces are known to cause elastic waves. A force acting on a spe-
cific point and varying over time, causes elastic deformation on the surface
and initiates an elastic wave. This is known as a transient force signal. In 1958
Sherwood [81] has shown the correlation in a theoretical approach based on a
semi-infinite solid space. Later Glaser et al. [82] observed these elastic waves
in an experimental approach. That transient forces cause elastic waves is a
fact, the question remains whether they occur in EHL contacts or not. McLas-
key and Glaser [83] measured and calculated elastic waves caused by transient
forces of a Hertzian contact using a bouncing ball experiment setup. The same
setup was used by Larsson and Höglund [32] to investigate an EHL contact
theoretically. Thereby they observed only small differences comparing dry
(Hertzian) and lubricated (EHL) impact forces. Furthermore, Sunnersjö [84]
has shown how geometrical imperfections caused by manufacturing processes
in combination with transient forces of rolling element bearings affect vibra-
tion patterns. Therefore it is assumed transient forces are a significant source
of acoustic emission signals in EHL contacts.

Plastic deformation:
Plastic deformations causing rapid movements at the grain boundaries cause
elastic waves. However, plastic deformation is a phenomena which is usually
not associated with rolling element bearings or EHL contacts. However, even
well functioning EHL contacts are exposed to plastic deformation of the sub-
surface region due to residual stresses [85] (Fatigue process). Furthermore,
plastic deformation can occur locally in asperities during running-in. Finally,
plastic deformation can be caused by unfavourable operating conditions, such
as particle contamination. Since plastic deformation can occur and several in-
vestigations [56,57,86] have correlated plastic deformation and acoustic emis-
sion, it is considered to be a possible source for AE signals of EHL contacts.
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3.3 Green’s function approach

In 1828 George Green published his findings on mathematical analysis of elec-
tricity and magnetism [87]. This publication included a mathematical concept,
which is known today as Green’s function. It was developed to explain the
correlation between electricity and magnetism. However, as a mathematical
concept it is applicable to other problems too. The correlation between initial
force and resulting displacement in elastic wave theory is one problem Green’s
function was adapted to. In Figure 3.2 this mathematical concept is illustrated.
Every point ξ within a system is connected to any point x within this system
through the so called Green’s matrix or Green’s function. Green’s function
represents the reaction at point x caused by a Dirac impulse at point ξ. This
general description of Green’s function can be specified for elastic wave cases.
Green’s function (gk j(x, t,ξ,τ)) then contains the resulting displacement u at
point x caused by a Dirac force impulse ( fδ) at point ξ for a given geometry.

Figure 3.2: Schematic illustration of the principle of a Green’s function ap-
proach (Paper A, Figure A.3)

Using the superposition principle (3.1) enables the calculation of any dis-
placement (uk(x, t)) caused by a given force ( f j(ξ,τ)), once Green’s func-
tion (gk j(x, t,ξ,τ)) is derived. The general Green’s function approach is three
dimensional, taking forces and displacements in all directions into account.
However, this thesis uses a simplified approach, only taking a single dimen-
sion into account.

uk(x, t) =
x

f j(ξ,τ)×gk j(x, t,ξ,τ) dξ dτ (3.1)

It is assumed that sensors only measure pressure waves (displacements orthog-
onal to the surface). For both sensors used in this investigation (AE-transducer
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and Laser-Doppler vibrometer) the maximum sensitivity is for waves orthog-
onal to the surface and declines with any angle less than 90◦. Further it is
assumed that all forces act orthogonal to the surface. Based on these two as-
sumptions equation (3.1) can be simplified to equation (3.2). Both variables
for dimensions (k, j) will be set to k = j = 1, using the definitions of directions
shown in Figure 3.2. Additionally, the double integral simplifies for a single
dimension to a convolution.

u1(x, t) = f1(ξ,τ)∗g11(x, t,ξ,τ) (3.2)

3.4 Definition of specimen declaration

In this thesis a specific declaration for specimens used in the bouncing ball
setup was used. This declaration is consistent throughout the thesis and ex-
plained in Figure 3.3. The first two letters indicate the shape, which is in chase
of this thesis always a ball (RB, rolling element ball). The following numbers
represent the diameter in mm and the last three characters indicate the toler-
ance of the specimen. The tolerance term follows the standard ISO3290 and
includes tolerances for average diameter variation, maximum diameter varia-
tion, deviation from spherical form and surface roughness.

Figure 3.3: Explanation of specimen declaration used in this Thesis





Chapter 4

Absolute calibration

AE-transducers are piezoelectric accelerometers, which do not record the ac-
tual acceleration of a point, but record the acceleration of a measurement point
modulated with a sensor specific sensor function i1(t). When AE-transducers
are used for relative measurements this modulation does not influence the
results, because the sensor function will be cancelled out as shown in equa-
tion (4.1).

srelative(x, t1, t2) =
u1(x, t1)∗ i1(t)
u1(x, t2)∗ i1(t)

=
u1(x, t1)
u1(x, t2)

(4.1)

However, the sensor function needs to be determined in case AE-transducers
are used for absolute measurements. Equation (4.2) shows that the sensor func-
tion i1(t) is the link between the actual measured signal s(x, t) and the physical
cause of the signal, the displacement (u1(x, t)) at point x.

s(x, t) = u1(x, t)∗ i1(t) (4.2)

Therefore, the extraction of the sensor function through absolute calibration
enables the correlation of single measurements to physical causes. Being able
to correlate single signals and physical events is elementary for identifying
sources of the signal and thereby sources of AE signals in single EHL con-
tacts.
For extraction of the sensor function a calibration experiment is needed, where
both sensor signal s(x, t) and the actual physical measure (in this case the dis-
placement u1(x, t)) can be obtained. The displacement (u1(x, t)) can be simu-
lated or measured. Jacobs and Woolsey [88] presented an absolute calibration
method based on reference measurements executed with Laser interferometry,
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while McLaskey and Glaser [89] presented a method based on simulated ref-
erence signals. The method based on simulated reference signals was used for
calibrations in this thesis.
As a calibration experiment a glass caliper burst was used, due to the good
excitation of high frequencies [90]. Figure 4.1 shows the experimental setup.
Thereby, a calibration plate with the dimensions 1.0x0.5x0.051m was used to
avoid reflections within the measurement time in horizontal direction. The AE-
transducer was placed underneath the calibration plate and a glass caliper tube
on top of the calibration plate. Both sensor and glass caliper tube were verti-
cally aligned. A cylindrical probe was positioned on top of the glass caliper
tube with a 90◦ longitudinal shift. Then the probe was pressed against the
glass caliper tube, decreasing distance between cylindrical probe and calibra-
tion plate until the glass caliper tube burst.

Figure 4.1: Schematic drawing of the calibration setup with a glass caliper
burst as a source

The recorded signal of this experiment corresponds to s(x, t) and is illustrated
in Figure 4.2-c. The displacement (u1(x, t)) was calculated based on equa-
tion (3.2) presented in Section 3.3. The corresponding Green’s function was
obtained by using Hsu’s script [91], a simulation code allowing the calcula-
tion of Green’s function for plates which are infinite in two dimensions (Fig-
ure 4.2-a). The force of the glass caliper burst was calculated according to the
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following equation:

f (τ) =
famp

2× (1− cos(πτ/trise))
, 0≤ |τ| ≤ trise

f (τ) = 0 , τ < 0 (4.3)

f (τ) = famp , τ > trise

A rise time of 200 ns assumed as suggested by McLaskey and Glaser [89]. The
force the cylindrical probe was exposed to was recorded during the calibration
experiment. Assuming the maximum recorded force corresponds to the force
at which the glass caliper tube burst, the value for famp in equation (4.3) is
found. With both force function and Green’s function (Figure 4.2-a) obtained,
the theoretical displacement was calculated according to equation (3.2). Trans-
forming this result for the displacement into the frequency domain results in a
theoretical spectra of a caliper burst, shown in Figure 4.2-b.

(a) Green’s function (b) Spectra caliper burst

(c) Uncompensated spectra Sensor (d) Transfer function of sensor

Figure 4.2: Illustration of simulated, measured and calculated signals for cali-
bration

The recorded signal of the calibration experiment is also transformed into the
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frequency domain, as shown in Figure 4.2-c. The transformation to the fre-
quency domain enables the calculation of the sensor function by simple divi-
sion (4.5), instead of the convolution in the time domain (4.2).

S(x,ω) =U1(x,ω)I1(ω) (4.4)

I1(ω) = S(x,ω)/U1(x,ω) (4.5)

The result of this division in the frequency domain, the transfer function of the
sensor I1(ω), is shown in Figure 4.2-d.
To evaluate the transfer function of the sensor, McLaskey and Glaser’s [83]
experiments on Hertzian impacts were repeated. Steel balls of different sizes
were dropped from different heights onto the calibration plate. Figure 4.3
shows spectra of one of these experiments (steel ball �1.5 mm dropped from
250 mm). While the uncompensated spectra (blue) mismatches the simulated
spectra (green), the spectra after compensation by the transfer function of
the sensor (red) correlates to a much better degree with the simulated spec-
tra (green). Furthermore, the obtained results agree with the published results
by McLaskey and Glaser [83]. Therefore the calibration was seen as success-
ful.

Figure 4.3: Ilustration of calculated, uncompensated and compensated spectra
of signals from the evaluation test

It should be noted that all spectra of accelerometer signals shown in the re-
mainder of this thesis are compensated by the transfer function of the sensor
obtained by the calibration method detailed here.



Chapter 5

Component tests

Component tests are used to study a phenomena, such as an EHL contact,
individually in a controlled environment. In Section 2.1 several component test
setups for investigations of EHL contacts were mentioned. In this section the
choice of a bouncing ball setup over all other possible setups will be justified.
An explanation will be given of how the component test chosen relates to real
applications containing EHL contacts. Thereby the component tests will be
compared to rolling element bearings. Additionally the correlation with tensile
tests and rolling element bearings will be explained.

5.1 Bouncing ball

In this thesis work, the bouncing ball setup was chosen over many other EHL
component test setups (Section 2.1). The most important reason for choosing
a bouncing ball setup was the possibility to measure a pure signal of a single
EHL contact. More complex setups such as ball on disc or twin disc, may
enable more variability and may be closer to EHL contacts existing in applica-
tions like rolling element bearings, however, more complex test setups include
secondary acoustic emission signals. Bearings, gearboxes and belt drives of
these test rigs emit acoustic emissions of their own. Even though attenuation
of these elastic waves will minimize the contribution to the overall measured
signal, acoustic emission of these support components will still affect the mea-
surement. Whereas the bouncing ball setup allows the measurement of a pure
acoustic emission signal of a single EHL contact.
Drawbacks of the bouncing ball setup are that slide-to-roll ratio (SRR) and
film thickness are hard to control. Instead of forced SRR such as in a ball on
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disc setup, the SRR in a bouncing ball setup is dependent on contact prop-
erties. The SRR can be controlled by the angle of impact of the ball. The
impact angle in combination with the coefficient of friction (dependent on film
thickness and lubricant properties, among other things) leads to a certain SRR.
Furthermore, the absolute calibration shown in Chapter 4 is only valid for an
impact orthogonal to the surface. Therefore, the bouncing ball setup was only
used with horizontal plates and orthogonal impacts, which corresponds to pure
rolling (SRR=0).
The film thickness in a bouncing ball setup is dependent on the impact velocity
(v0). However, the impact velocity depends on the thickness of the lubricant
layer on the disc, which dampens the balls velocity before impact. Therefore
lubricant layers should be prepared with a initial thickness thick enough to
provide fully flooded conditions of the contact, but not any thicker. The opti-
mum initial film thickness is equal to the expected maximum film thickness.
However, in practice it is hard to prepare lubrication layers thin enough (less
than 10 µm) not to affect impact velocity. Furthermore, to provide an even
distributed lubricant layer of similar initial film thickness throughout an ex-
periment series is difficult. Therefore, dry impacts, so called Hertzian impact,
where always executed as reference measurements, in order to know the con-
tribution of the film preparation to the experimental error.
A bouncing ball setup enables measurement of a single EHL contact under
a short time period, contrary to a measurement on a rolling element bearing,
where several EHL contacts are emitting elastic waves continuously. This dif-
ference can be clearly seen by comparing two 25 µs long recordings of an
AE-transducer from a bouncing ball experiment and a rolling element bearing
(Figure 5.1). While in a bouncing ball setup a single impulse and its atten-
uation can be studied (Figure 5.1-a), several impulses are contributing to a
continuous signal in a rolling element bearing (Figure 5.1-b).
Despite this difference the bouncing ball setup and rolling element bearing are
still similar, as Figure 5.2 shows. In both, the rolling EHL contact (rolling
element bearing) and the EHL impact (bouncing ball setup), the surfaces are
separated by a solidified lubricant layer. However, while the deformation of the
EHL impact is point symmetrical, the rolling EHL contact is axially symmetri-
cal along the centerline in rolling direction. The maximum deformation (uEHL)
is difficult to compare, because they depend on different variables. While
the maximum deformation of the EHL impact depends on lubricant proper-
ties and impact velocity, the maximum deformation of the rolling EHL contact
depends on lubricant properties, entrainment speed and load. The Hertzian
reference case, however, can be compared to the EHL impact. Larsson and
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(a) Bouncing ball (b) Rolling element bearing

Figure 5.1: Comparison of signals obtained in a bouncing ball setup and in a
full bearing test

Höglund [32] observed that the maximum deformation of an EHL impact and
a Hertzian impact of balls dropped from the same height is almost identical.
Only a minimal higher maximum deformation was observed for EHL impacts
in their theoretical study. However, the bigger contact area of a Hertzian im-
pact in comparison to an EHL impact leads to a bigger maximum force for
Hertzian impacts. Larsson and Höglund [32] observed as well a longer contact
time for EHL impacts in comparison to Hertzian impacts. However, the dif-
ference was just determined qualitatively. For a Hertzian impact, the contact
time can be calculated analytically based on equation (5.1), while an exact de-
termination of the contact time for an EHL impact is not possible. The contact
time of a Hertzian impact is defined as the time where the force does not equal
zero, which corresponds to the surfaces in contact. In an EHL impact there is
already a nonzero force as the ball penetrates the lubricant layer, resulting in a
significantly longer contact time.

tc = 4.53(4ρ1π(δ1 +δ2)/3)2/5R1v−1/5
0 (5.1)

where δi =
1−ν2

i

πEi

Furthermore, the larger contact area of a Hertzian impact in comparison to an
EHL impact leads to higher contact pressures for EHL impacts, even though
the maximum impact force of Hertzian impacts is larger than for EHL im-
pacts. This contact pressure of an EHL impact is comparable with the contact
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pressure of a rolling EHL contact, while the forces of an EHL impact and a
rolling EHL contact are usually not compared. Rolling EHL contacts are typi-
cally solved as a stationary problem with contact load as an input variable for
simulations. Therefore, any integration over parts of the contact will be depen-
dent on the discretization of the simulation. Still, Figure 5.2 show similarities
of the shape of the force comparing an EHL impact and a rolling EHL contact.
However, a better comparison is made by using contact pressures. For both
EHL impact and rolling EHL contact the contact pressure is expected to be
similar, when contact pressure across the rolling EHL contact is compared to
contact pressure over time for EHL impacts.
In summary it can be stated that despite the different experimental setups and
deformation processes, the force and contact pressure functions of a Hertzian
impact, EHL impact and rolling EHL contact show similarities and therefore
elastic waves caused by transient forces should be similar too.

5.2 Tensile tests

EHL contacts in standard operating conditions are working in elastic condi-
tions and should not be exposed to plastic deformation. However, on a local
scale asperity deformations can even occur in a well functioning EHL contact.
Particles entering the contact is another scenario where plastic deformation
might be introduced to EHL contacts. Particles will increase the contact pres-
sure locally, which can lead to plastic deformation.
Plastic deformation is known to cause acoustic emission and is part of the def-
inition of acoustic emission according to the ASTM E1316 [92]. To study
acoustic emission of plastically deforming structures individually and with as
high signal to noise ratio as possible, tensile tests were chosen. Tensile tests
are among the standard material tests with the most severe plastic deformation
and therefore provide a good signal strength. Furthermore, acoustic emissions
of tensile tests are a well researched phenomena, providing references for test
evaluation. However, most of the investigations focus on crack initiation and
propagation (red zone in Figure 5.3). It is also the regime where acoustic emis-
sions reach a maximum level of activity. EHL contacts operate in the elastic
region, which is marked green in Figure 5.3. In the elastic region there is no
acoustic emission. As shown in Figure 5.3, during elastic deformation (green
zone) only background noise is measured. However, around the yield point
a local maximum of the acoustic emission signal occurs. The plastic region
around the yield point (yellow zone in Figure 5.3) corresponds to plastic re-
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Figure 5.3: Example of an acoustic emission measurement during a tensile
test, with different zones highlighted

gions which might occur in an EHL contact on an asperity level or caused by
particles. Therefore, a study of acoustic emission signals of tensile tests around
the yield point are of interest with regards to plastic deformation caused by
EHL contacts.
For this PhD-thesis, tensile tests were conducted with two different geome-
tries. One standard tensile test geometry (Figure 5.4, Geometry I) which will
be referred to as geometry I throughout the thesis. The second tensile sam-
ple (Figure 5.4, Geometry II) has a more restricted deformation zone and is
referred to as geometry II.
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Figure 5.4: Schematic drawings of the geometries used in the tensile tests and
the sensor position





Chapter 6

Simulation of elastic waves

Within the frame of this PhD thesis simulations of elastic waves were per-
formed. However, these simulations only represent signals of transient forces.
Sources such as sliding and plastic deformation are not considered in these
simulations.
As mentioned in Section 3.3, all simulations presented in this thesis are based
on a Green’s function approach in a simplified form (Equation (3.2)). Using
this simplified approach both Green’s function and the force function are re-
duced to a one dimensional vector and are independent of each other. The
force function for Hertzian impacts is analytically calculated according to the
following equation:

f (τ) = fmax sin(πτ/tc)3/2 , 0≤ τ≤ tc
f (τ) = 0 , τ < 0 (6.1)

f (τ) = 0 , τ > tc

where tc is calculated according to equation (5.1), presented in Section 5.1 and
fmax is calculated according to the following equation:

fmax = 1.917ρ
3/5
1 (δ1 +δ2)

−2/5R2
1v6/5

0 (6.2)

where δi =
1−ν2

i

πEi

While the force function for Hertzian impacts was calculated analytically, a
numerical simulation by Larsson and Höglund [32] was used to calculate the
force functions for EHL impacts.
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6.1 Simulation of elastic waves in an infinite plate

Plates where only reflections in the vertical direction are considered and both
horizontal directions are considered infinite will be called infinite plates in this
thesis. By only taking reflections in one dimension into account, calculation
of Green’s function is simplified and allows the use of a standard (NBSIR 85-
3234) [91]. This standard is a script to determine Green’s function for one
restricted and two infinite dimensions, using generalized ray theory. By con-
volution of a force function and the results of the simulated Green’s function,
acoustic emission signals for both Hertzian and EHL impacts were obtained.
Figure 6.1 shows spectra of a simulated Hertzian (Blue solid line) and EHL im-

Figure 6.1: Simulation of spectra caused by Hertzian and EHL impacts on an
infinite plate (Paper B, Figure B.5)

pact (red dashed line). The Hertzian case was previously presented by McLas-
key and Glaser [83]. In their study they also presented the location of the local
minima, called zero frequencies ( fZero, N):

fZero, N =
N +0.75

tc
(6.3)

where N is the order of the zero frequency (N=1,2,3,...). This dependency of
the local minina of the spectra on the contact time is characteristic for Hert-
zian impacts. However, for EHL impacts the definition of the contact time
is not that simple as shown in Section 5.1. Therefore EHL impacts will be
compared to Hertzian impacts in this study, which act as reference cases. The
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spectra of the EHL impact shows a smaller amplitude and a shift of the zero
frequencies towards lower values in comparison to the spectra of the Hertzian
impact. These differences are caused by the force functions, because for both
simulations, Green’s function is identical. The lower amplitude is caused by
a lower maximum force of the EHL impact in comparison to the Hertzian im-
pact, while the frequency shift is caused by the increased time duration of the
force function of the EHL impact.

6.2 Simulation of elastic waves in a boundary restricted
system

Systems where all reflections are accounted for will be called boundary re-
stricted systems throughout this thesis. Taking reflections in all dimensions
into account, instead of only vertical reflections, increases the complexity of
the calculation of Green’s function. Hsu’s script [91] used for the infinite plate
case is no longer valid. Instead a finite element method simulation was carried
out to calculate Green’s function. An element length of 50 µm and a time step
of 10 ns was used. Simulating discs with a diameter of 103.8 mm and differ-
ent heights resulted in an enormous amount of finite elements. Therefore, an
LS DYNA solver for rotational symmetry was used, which led to a significant
reduction in elements. However, this simplification limited the simulation to
impacts and measurements along the centre line only.
As was the case for the infinite plate, impacts in boundary restricted systems
were only simulated where the initial force and the resulting elastic wave are
independent of each other. In Figure 6.2 simulated spectra of signals of both
Hertzian and EHL impacts in boundary restricted systems are shown. The re-
sults are similar to the infinite plate case (Figure 6.1), because the force func-
tions are identical. Only Green’s function differs between the infinite plate
case and the boundary restricted case. Both cases (Figure 6.1 and Figure 6.2)
show a decrease of the amplitude and a shift of the zero frequencies for the
EHL impact in comparison to the Hertzian impact. However, zero frequen-
cies are harder to identify in the boundary restricted systems, especially for
EHL impacts. This is a direct result of the reflection in horizontal directions,
which are taken into account. These reflections enhance resonances and mask
the pressure wave, whereas in the infinite plate case the simulated signal only
contains the pure pressure wave signal.
The information about these resonances is embedded in the Green’s function.
Simulating a ball impact with an extremely small diameter (�1 µm) and nor-



40 CHAPTER 6. SIMULATION OF ELASTIC WAVES

malizing the spectra by its maximum value results in Figure 6.3. The numbers
in Figure 6.3 indicate the order of the resonance.

Figure 6.2: Simulation of spectra caused by Hertzian and EHL impacts in a
boundary restricted system (disc �103.8 mm and 29 mm height)

Figure 6.3: Simulation of resonances in a boundary restricted system excited
by a Hertzian impact



Chapter 7

Elastic waves caused by
transient forces

Investigations conducted within the frame of this thesis showed that transient
forces are the dominating source of AE in well functioning pure rolling
(SRR=0) EHL contacts. Therefore, it is important to know the impact of con-
tact conditions on frequency content and signal parameters such as amplitude
and RMS. In this chapter especially the contact time is analyzed as a contact
condition. Thereby, results are shown ranging from reflection free measure-
ments in two dimensions to measurements with reflections in all three dimen-
sion and interacting source and elastic waves. Results in this chapter are based
on measurements of bouncing ball setups and a full scale bearing test.

7.1 Ball impacts on an infinite plate

Ball impacts on an infinite plate were performed on the same calibration plate
used for experiments in Chapter 4. Within the measurement time reflections
did not need to be considered, because horizontal reflections did neither have
the time to reflect back to the point of wave initiation (impact point) nor did the
horizontal reflections have the time to reflect back to the measurement point.
Therefore, the experimental setup fullfilled the definition of a infinite plate pre-
sented in Chapter 6.
In Figure 7.1 and Figure 7.2 spectra of AE signals of both a Hertzian and an
EHL impact are shown. The measured spectra are compared to the simula-
tions presented in Chapter 6. For the Hertzian impact (Figure 7.1) a good
agreement of the zero frequencies between simulation (blue dashed line) and
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Figure 7.1: Simulated and measured spectra of a Hertzian impact on an infinite
plate (Paper B, Figure B.6)

measurement (yellow solid line) was observed. Even the amplitudes of both
spectra are similar, however, a slight overestimation of the amplitude by the
simulation was observed. Contrary to the Hertzian impact, the simulation for
the EHL impact (red dashed line) underestimated the amplitude of the spectra
(Figure 7.2) of EHL impacts (green solid line). Furthermore, the zero frequen-
cies do not agree when comparing simulation and measurement. The simula-
tion suggests a frequency shift towards lower frequencies in comparison to the
Hertzian impact, while measurement show a shift towards higher frequencies
in comparison to the Hertzian impact. However, the overall suggested shape
of the spectra and the shape of the measured spectra show similarities, with
distinct zero frequencies of first and second order, while the third order can
not be identified due to additional excitation of frequencies from 0.5 MHz to
1 MHz. This excitation could be caused by cavitation. Cavitation was found
to be able to excite these frequencies [93] and occurs once the ball rebounds
from the plate.
For simulations of both Hertzian impact and EHL impact it is assumed that the
total contact force acts at a single point, at which the force initiates a perfect
elastic deformation. The results suggest that this assumption is valid for the
Hertzian case, while for the EHL case this assumption needs to be reconsid-
ered. A possible explanation for the poorer agreement between simulation and
measurement of the EHL impact in comparison to the Hertzian impact could
be the solidification of the lubricant. As shown in Figure 5.2 in Section 5.1,
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Figure 7.2: Simulated and measured spectra of an EHL impact on an infinite
plate (Paper B, Figure B.7)

the lubricant layer has a huge influence on the deformation behaviour of both
ball and plate, due to the solidification of the lubricant layer. Larsson and
Höglund [32] showed that the total contact force of an EHL impact is smaller
and the contact duration is longer than for a dry impact. However, they also
showed that the deformation at the centre point of an EHL impact is slightly
larger than for a Hertzian impact and they showed that the contact pressure at
the centre is significantly larger for EHL impacts in comparison to Hertzian
impacts. These findings imply that EHL impacts are more localized phenom-
ena than Hertzian impacts. Using the total force to initiate the elastic waves
in the simulations might not be the best approach, considering this localized
concentration of pressure and deformation at the centre point of EHL impacts,
because ultimately the deformation of the surface causes the elastic wave, not
the force.
Figure 7.3 shows that the shift of zero frequencies towards higher values in
comparison to the Hertzian reference cases is observed in more than just a sin-
gle measurement. This frequency shift is consistent throughout all measure-
ments. Each marker in Figure 7.3 represent the average of 8 measurements,
while the error bars indicate the standard deviation. The normalized frequency
represents the zero frequency multiplied by the contact time of the Hertzian
reference case. It is clearly shown that all EHL impacts are located at higher
normalized frequencies in comparison to the corresponding Hertzian reference
case. Furthermore, the standard deviation is bigger for the EHL cases and in-



44 CHAPTER 7. TRANSIENT FORCES

Figure 7.3: Normalized zero frequencies of Hertzian and EHL impacts on an
infinite plate (Paper B, Figure B.8)

creases with decreasing drop height. This increase in standard deviation could
be caused by the preparation of the lubricant layer. While in the Hertzian case
the surface only needed to be clean, a thin and even lubrication layer had to be
prepared for EHL impacts. Differences in initial film thickness of this layer,
which was hard to control, had a direct impact on the measurements by vis-
cous damping of the ball. The huge standard deviation for EHL impacts mean
that no significant difference in zero frequencies could be observed between
the two lubricants with different viscosities.

7.2 Ball impacts on boundary restricted system

For elastic waves in the boundary restricted system (discs of �103.8mm) two
different cases were observed using the bouncing ball setup. In the first case
the initiating force and the resulting elastic wave are independent and the zero
frequencies are amplified in the same way as impacts on the infinite plate (Sec-
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tion 7.1). If the reflections reflect back to the point of impact before the ball
rebounds, the elastic waves and the initiating force interfere with each other. In
this second case the elastic wave and initiating force are not independent any
longer and no zero frequencies are amplified. Instead, results show that reso-
nances are excited once the elastic wave and force interact with each other.

7.2.1 Independent source and elastic wave

This thesis, refers to experimental cases as independent when reflections do
not reach back to the point of impact, before the ball rebounds. Results of
such independent bouncing ball experiments in boundary restricted systems
show that AE signals behave in a similar way to the infinite plate case. In
Figure 7.4 measurement (red dashed line) and simulation (green solid line) of
a Hertzian impact on a disc with 29 mm thickness is shown. Both simulation

Figure 7.4: Spectra of a Hertzian impact on a disc with�103.8 mm and 29 mm
height (Paper A, Figure A.7b)

and measurement show zero frequencies located at the expected positions, as
seen for the infinite plate case. However, the zero frequencies can not be as
clearly identified in the boundary restricted systems. While in the infinite plate
case (Figure 7.1 and Figure 7.2) these local minima called zero frequencies
are clear without any doubt, the zero frequencies of an impact in a boundary
restricted system are indistinct due to the noisy spectra caused by the reflec-
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tions. A moving average of the spectra (blue solid line - Figure 7.4) reduces the
noisiness and allows localization of the zero frequencies. However, the identi-
fication of these minima is inaccurate in comparison to the infinite plate case.
For EHL impacts the zero frequencies are so indistinct that an identification
was not possible. Therefore only Hertzian impacts are shown for the boundary
restricted systems.

Figure 7.5: Normalized zero frequencies of Hertzian impacts in boundary re-
stricted systems (Paper A, Figure A.8)

In Figure 7.5 normalized zero frequencies of all bouncing ball experiments
with independent elastic waves and sources are plotted. Each marker repre-
sents the average of 8 impacts. The difficulties of identification of the zero
frequencies can be as well seen by the large standard deviations (error bars)
in Figure 7.5. Equivalent Hertzian impacts on infinite plates (hollow markers
in Figure 7.3) show a significantly smaller standard deviation. However, iden-
tification is still possible. Comparing the normalized zero frequencies of first
and second order impacts on boundary restricted systems (Figure 7.5) and on
infinite plates (Figure 7.3) shows identical positions of 1.75 for first and 2.75
for second order zero frequencies. Therefore, the identified zero frequencies
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in the boundary restricted system are considered correct. Furthermore, an in-
crease in standard deviation for increased drop height and increased order can
be seen, which is caused by the repeatability of the impact position and the
measurement accuracy.

7.2.2 Interacting source and elastic wave

In case the reflection time back to the point of impact is shorter than the con-
tact time, source and wave are interacting. Impacts where source and elastic
wave interact with each other were measured with a laser-doppler vibrome-
ter (LDV). The thin discs (5 mm and 7 mm height) and relatively large balls
(�2 mm to �8 mm), led to displacements large enough to be detected by the
LDV, in contrary to the calibration plate (51 mm thickness) and disc (29 mm)
used in the previous section (Section 7.2.1) where the displacement of the mea-
sured points were less than the detectability. The LDV has the advantage of
higher accuracy with larger displacements in comparison to the used AE tran-
ducer and eliminates any possible failures caused by the absolute calibration.
A comparison between LDV measurement and AE-transducer measurement
can be seen in Paper A.
Results from this thesis indicate that the content of the spectra reduces to res-
onances of the excited system once initiating force and elastic wave interact
with each other. As Figure 7.6 shows the same system resonances are excited
by impacts of different ball sizes (�2 mm to �8 mm) onto a lubricated disc.
Except for the amplitude, caused by different impact energies, the resonances

Figure 7.6: Resonance excited by EHL impacts in the boundary restricted sys-
tems caused by ball drops with different ball size (Paper B, Figure B.11)
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are identical. The same behaviour was observed by changing impact energy
through a change of impact velocity (drop height), while changing the system
(disc) obviously influenced the resonances.
Even though the spectra consisted exclusively of resonances, which limited in-
formation about the EHL impact, the contact time still influenced the spectra.
In Figure 7.7 normalized spectra of Hertzian impacts (blue dashed line) and
EHL impacts (red solid line) are shown. For both cases it can be seen that
the amplitude of higher order resonances drops faster with increased ball size
and thereby increased contact time. The black dashed vertical lines in Fig-
ure 7.7 indicate the theoretical position of the zero frequency of the first order
( fzero, 1). Even though the spectra do not contain zero frequencies, the theoret-
ical position of fzero, 1 agrees with a 20dB cut off. Amplitudes of resonances
at frequencies lower than fzero, 1 show a decrease of 0dB to 20dB in compar-
ison to the maximum amplitude, while amplitudes at frequencies higher than
fzero, 1 decreased more than 20dB. Therefore, spectra of impacts where source
and wave interact still contain information about the contact time.

Figure 7.7: Comparison of normalized spectra of EHL and Hertzian impacts
exciting resonances (measured by LDV) (Paper B, Figure B.12)

Further information on the resonance behaviour and the agreement between
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measured and simulated resonance information of the Green’s function, shown
in Section 6, can be found in Paper A and Paper B.

7.3 Signal amplitude of elastic waves caused by tran-
sient forces

As shown in Chapter 2, many researchers use measures such as amplitudes,
root mean square values (RMS) and activation counts. Results from bounc-
ing ball experiments onto the calibration plate have shown that these measures
are not only influenced by impact force and impact energy, but also by the
contact time. Dropping balls of different sizes from different heights onto
a plate allows for the study of impacts with different contact times of equal
maximum force and equal impact energy. Thereby was equation (6.2) used to
calculate the required drop height to reach a maximum force ( fmax) of 50 N
(Figure 7.8) for all ball sizes (R = [1 mm,1.5 mm,2 mm,3 mm,4 mm]). In Fig-
ure 7.9 RMS values of AE signals of Hertzian impacts with equal maximum
force ( fmax = 50 N) are shown. A clear increase in RMS value with decreased
contact time can be observed. For a short RMS-window (100 µs sample

Figure 7.8: Impact force for the different balls scaled in drop height to reach
an equal maximum impact force of 50 N. (Paper C, Figure C.4)

length/window), when damping does not influence the average value, the de-
pendency between contact time and RMS value follows an indirect quadratic
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Figure 7.9: Dependency of RMS values of acoustic emission signals caused
by transient forces on contact time (measured by LDV) (Paper C, Figure C.9)

proportional tendency. The same dependency is valid for correlation of contact
time and amplitude values of acoustic emission signals (Paper C, Figure C.8).
Scaling the drop height to give equal maximum impact force leads to small
differences in impact energy. However, repetitions of the experiments with
equal impact energies instead of equal maximum impact force showed similar
results (more detailed results can be found in Paper C).
The experiments with the bouncing ball setup suggest that the speed dependent
acoustic emission signal of rolling element bearings is caused by a change of
contact time with changed rotational speed. Defining the contact time of a
rolling element bearing (tCOR) based on the elliptical contact length in rolling
direction (b), raceway diameter of the outer ring (Do) and frequency of cage as-
sembly rotation ( fCA) enables the comparison of the bouncing ball experiments
and rolling element bearing tests at different speeds.

tCOR =
b

fCA ∗DO ∗π
(7.1)

UREB =
t2
c

t2
COR
∗UHI (7.2)

Using Equation (7.2), the results of the Hertzian impacts shown in Figure 7.9
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were scaled to estimate RMS values of AE signals of a spherical rolling el-
ement bearing (SKF 22220 E) at different rotational speeds and a constant
load of 10 kN. These estimated RMS values are shown in Figure 7.10 (trian-
gular markers). Considering that the estimated RMS values are based on a
single Hertzian impact and are compared to measured RMS values of a spheri-
cal rolling element bearing (circular markers in Figure 7.10) with several EHL
contacts, the agreement of the RMS values is good. In particular the agreement
of estimated and measured RMS values over increased rotational speed shows
good agreement. The deviation at speeds from 1 rpm to 30 rpm is caused by
the background noise of the measurement and therefore this deviation is not
unexpected.

Figure 7.10: RMS values of elastic waves caused by transient forces in a rolling
element bearing (Paper E, Figure E.7)





Chapter 8

Elastic waves excited by plastic
deformation

In Section 5.2 it was mentioned that acoustic emission signals around the yield
point are of interest, when tensile tests are analyzed with respect to plastic
deformation in rolling element bearings. The signal strength (amplitudes and
RMS values) of acoustic emission signals around the yield point is dependent
on several parameters. Results have shown that both the cross sectional area
of the tensile sample and the hardness of the tensile sample influence ampli-
tude and RMS values of AE signals. The two different geometries used in this
thesis (Figure 5.4) showed an increase of amplitude with increasing cross sec-
tional area. The increase in AE signal amplitude is most probably caused by
an increased plastically deformed volume. However, for tensile tests the plas-
tically deformed volume is difficult to determine, which is the reason tensile
tests refer to the cross section of maximum tensile stress.
Results of tensile tests with ferrite and bainite samples of identical geometry
indicate clearly an increase of AE signal amplitude with increased hardness.
This difference in amplitude for bainite and ferrite samples can be seen in Fig-
ure E.3 in Paper E. Both the dependency on hardness and on deformed volume
are in line with the conclusions of Miettinen and Andersson [48], which found
increased AE activity in contaminated rolling element bearings with increased
particle concentration (deformed volume) and increased particle hardness.
Additionally, results showed a dependency of AE amplitude and RMS value
for increased displacement speed. Tensile tests with 7 different displacement
speeds (the speed the hydraulic cylinders extend the tensile sample) were car-
ried out. As Figure 8.1 shows, a linear dependency between displacement

53



54 CHAPTER 8. PLASTIC DEFORMATION

Figure 8.1: Dependency of RMS values of acoustic emission signals (caused
by plastic deformation during tensile tests) on extension speed (Paper E, Fig-
ure E.4)

speed and RMS value was found. During a tensile test a certain plastic defor-
mation is induced in the sample. Increasing the displacement speed (within the
range used in this thesis) should not have any effect on the plastic deformation.
Therefore, it can be assumed that an increase of displacement speed increases
the amount of plastic events during a given time interval, which leads to a sum-
mation and the linear dependency.
This linear dependency of AE signal amplitude on displacement speed is es-
pecially interesting, considering the quadratic dependency of AE signal am-
plitude of transient force signals presented in Section 7.3. The combination
of these two dependencies might be the cause for problems of detection of
particle contamination in rolling element bearings at elevated speed (see Chap-
ter 2). While at elevated rotational speeds the AE signals of plastic deformation
caused by particle contamination are masked by transient force AE signals, the
AE signals of plastic deformation get more dominant with decreased rotational
speed. An experiment with a spherical rolling element bearing lubricated with
contaminated and uncontaminated grease supports this hypothesis.
The results (Figure 8.2) show no significant difference between AE signals of
contaminated and uncontaminated bearings at elevated rotational speed, which
supports the theory that AE signals contain mainly transient force signals. De-
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Figure 8.2: RMS values of acoustic emission signals of a rolling element bear-
ing lubricated with contaminated and clean grease (Paper E, Figure E.8)

creasing the rotational speed to between 30 to 100 rpm led to a significantly
higher AE signal amplitude from contaminated bearing, which is also in line
with the hypothesis. The contradicting results for extremely low rotational
speeds, especially 1 rpm and 3 rpm, are most probably influenced by the low
signal to noise ratio.
The initial behaviour (first green and yellow zone) of the acoustic emission
signal of the tensile step test (Figure 8.3) is similar to the standard tensile test
shown in Figure 5.3. As mentioned in Section 5.2, the yellow area marks the
zone of possible elastic and plastic deformations in EHL contacts. The first
green area (Figure 8.3) marks the elastic regime, where the acoustic emission
signal remains at background noise level. The elastic regime is the preferred
area of operation for an EHL contact, while entering the plastic regime (enter-
ing the single yellow area) would indicate unfavourable operating conditions
for an EHL contact. Therefore, the increased acoustic emission signal around
the yield point (border of green/yellow area) is highly favourable for condition
monitoring of EHL contacts by acoustic emission. However, a stress memory
effect (Kaiser effect) could impede the continuous detection of plastic defor-
mation within EHL contacts. In Figure 8.3 this stress memory effect is visual-
ized. The tensile test was interrupted two times and the sample was unloaded.
After restarting the tensile test, the elastic regime was extended and acoustic
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emission was not detected even though the force exceeded the initial force of
plastic deformation, fplastic. These extended elastic regimes (indicated by the
second and third green area) imply that acoustic emission can only be recorded
once plastic deformation occurs that is more severe than any of the previously
occurring plastic deformations within the material.

Figure 8.3: Acoustic emission signal obtained from a tensile step test, which
visualises the Kaiser effect

For condition monitoring purposes of EHL contacts, the Kaiser effect is a
drawback. However, in long term testing of rolling element bearings with con-
taminated grease no influence of the Kaiser effect was observed. In Figure 8.4
RMS values of acoustic emission recordings of rolling element bearings oper-
ated for 168 hours are shown. The results show that acoustic emission signals
of contaminated bearings (Figure 8.4-c,d) continue throughout the test dura-
tion with larger AE signals than uncontaminated bearings (Figure 8.4-a,b). If
the Kaiser effect would contribute to the acoustic emission signal, the AE sig-
nals of contaminated bearings would decrease towards the level of AE signals
of uncontaminated bearings, which is clearly not the case. A possible expla-
nation could be the random distribution of particles within a rolling element
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bearing with contaminated grease. The Kaiser effect only occurs if the force
vector causing the plastic deformation does not change direction. The random
distribution of particles might violate this requirement.
The RMS values shown in Figure 8.4 are from acoustic emission signals pro-
cessed with double enveloping (one analog and a digital envelope filter). How-
ever, this preprocessing does not influence the conclusion regarding the Kaiser
effect. In Paper E a similar test with RMS values of unfiltered acoustic emis-
sion signals is presented, which shows a similar trend between contaminated
and uncontaminated bearings (Figure E.9).

(a) Non-EP grease (b) EP grease

(c) Non-EP grease with particle contami-
nation

(d) EP grease with particle contamination

Figure 8.4: Observation of acoustic emission signal for the different test se-
tups with a test duration of 168 hours. Circles: trend of the double envelope
signal of test bearing A. Squares: trend of the double envelope signal of test
bearing B. Pay attention to the difference in scale! (Paper D, Figure D.10)

Additionally, the results in Figure 8.4 show a significant difference between
RMS values of contaminated rolling element bearings lubricated with grease
containing EP-additives (Figure 8.4-d) in comparison to bearings lubricated
with EP-additive free grease (Figure 8.4-c). This drastic reduction of RMS
value must be caused by a reduction of plastic deformation, which is sup-
ported by interferometric spectroscopy images of the raceways. These spec-
troscopy images (shown in Paper D, Figure D.5) show raceways of bearings,
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where bearings lubricated with the EP-additive free grease are to a higher de-
gree plasticly deformed in comparison to raceways of bearings lubricated with
EP-additive grease. An explanation could be provided by a chemical reaction
(Equation (8.2) and Equationn (8.1)) between the particles (magnetite oxide)
and the sulfur based EP-additive. The resulting FeSO4 and FeS are both softer
than the initial magnetite oxide particles (Fe3O4), which explains the reduction
in plastic deformation to the raceways.

2 Fe3O4 +4 S−−R+O2 −→ 2 FeSO4 +2 FeS+2 FeO+4 R (8.1)

Fe3O4 +3 S−−R+2 O2 −→ 2 FeSO4 +FeS+3 R (8.2)

Furthermore, the resulting compounds (FeSO4 and FeS) are used as solid lu-
bricants in journal bearings [94]. Yuan-Dong et al. [94] used these compounds
to reduce wear and protect the sliding surfaces, which is in line with the results
obtained.



Chapter 9

Conclusions

The conclusions of this PhD work can be divided into two parts, based on the
first research question: "What are the sources of acoustic emission signals
in EHL contacts?". During this thesis work two possible sources (transient
force and plastic deformation) were evaluated and found to be contributors to
acoustic emission signals from EHL contacts. However, this does not exclude
the possibility of additional sources of AE signals from EHL contacts, such as
from sliding.
Transient forces as a source of acoustic emission in EHL contacts was a major
part of this thesis and the following conclusions regarding transient forces can
be drawn, based on research questions two to four.

How is an acoustic emission signal of a single EHL contact dependent
on the contact properties?

• Contact time was found to be the most important single contact
property influencing AE signals caused by transient forces in EHL
contacts.

• The contact time determines the location of zero frequencies, where
first and second orders exist for single EHL contacts and are lo-
cated at higher frequencies in comparison to Hertzian reference
cases. Zero frequencies were found in both infinite plate and bound-
ary restricted system setups. However, in boundary restricted sys-
tems the detection is highly hindered by reflections.

• Once initiating force and elastic wave do interact with each other,
zero frequencies are no longer detectable and resonances are en-
hanced instead.
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• A quadratic dependency between contact time and AE amplitudes
was observed. Additionally it was found that amplitudes of elastic
wave signals of EHL contacts are higher than the amplitudes of
Hertzian reference cases, which is most probably caused by the
difference in surface deformation.

Can acoustic emission signals of single EHL contacts be simulated?

• Elastic waves caused by transient forces in EHL contacts can be
simulated. It was found that a Green’s function approach predicts
the shape of the spectra of an AE signal caused by a single EHL
contact correctly. However, the position of zero frequencies and
the amplitude are not well predicted, which indicates that force
based simulations of elastic waves are not ideal for EHL contacts.

How are acoustic emission signals of component setups related to acous-
tic emission signals of complete machine elements, such as rolling el-
ement bearings?

• Comparing full bearing test with bouncing ball experiments showed
that transient forces are the main source of elastic waves in rolling
element bearings at elevated rotational speeds.

• Both bearing tests and bouncing ball tests showed a similar quadratic
relation between amplitude and contact time/rotational speed re-
spectively.

Beside transient forces, plastic deformation was investigated as a possible
source of acoustic emission signals from EHL contacts. Thereby, the study led
to the following conclusions regarding plastic deformation as a source, based
on research question two and four.

How is an acoustic emission signal of a single EHL contact dependent
on the contact properties?

• As for transient force signals, time dependency was found to be
an important factor for AE signals caused by plastic deformations.
However instead of the quadratic dependency, such as for transient
force signals, a linear dependency between AE signal amplitude
and event frequency was found.
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• Experiments indicated that hardness and deformed volume also in-
fluence the AE signal amplitude. However, these dependencies
should be studied in more detail before conclusions on the exact
influence of these properties can be drawn.

How are acoustic emission signals of component setups related to acous-
tic emission signals of complete machine elements, such as rolling el-
ement bearings?

• AE signals caused by plastic deformations do not exist or are masked
by transient force signals in rolling element bearings operating in
normal conditions.

• AE signals caused by plastic deformations can be detected in se-
vere operating conditions, such as particle contamination, and fol-
low the same linear trend with regards to event frequency as tensile
tests.

Additionally, interesting results on the contribution from plastic deformation
and transient force to the overall acoustic emission signal of EHL contacts
were observed:

• Plastic deformation in rolling element bearings can only be detected by
acoustic emission signals in combination with traditional signal process-
ing techniques (RMS and AC among others) at low rotational speeds,
where transient force signals are smaller than signals caused by plastic
deformation of the raceways. Otherwise signals caused by plastic defor-
mations are masked by signals caused by transient forces.

All conclusions are based on experiments executed in a controlled laboratory
environment, which needs to be considered before adapting results to industrial
applications. Signal to noise ratios in industrial applications are most proba-
bly worse than in the experiments performed here. Therefore, signals might
deviate and condition monitoring through acoustic emission might be a more
complex task.





Chapter 10

Future work

This Thesis has to some extent answered the research questions (Section 2.3)
on sources and contact properties contributing to acoustic emission signals in
single EHL contacts. However, there is still scientific work left before the
research questions are answered completely. This required scientific work is
listed in this chapter. Additionally, academic research is pointed out, which is
necessary to be able to implement findings of this research to rolling element
bearings or other EHL based machine elements.
To improve understanding of elastic waves excited by single EHL contacts
even further, the following future work is suggested:

• Experiments have shown that the relatively large sensor area violates the
point assumption and increases measurement inaccuracy. Repetition of
parts of the experiments with an improved sensor system would reveal
the contribution of the large sensor area to the error margin, especially
in the boundary restricted system.

• Simulations of elastic waves based on force as an initiating source showed
some weaknesses. It would be interesting to investigate if substitution of
force with pressure or surface deformation will improve the agreement
between measurement and simulation.

• This thesis focused on transient force and plastic deformation as sources
of elastic waves. However, investigations have shown that sliding sur-
faces can cause elastic waves too. To introduce slide to roll ratio to a
bouncing ball setup, experiments can be repeated with tilted plates. Al-
ternatively, pure sliding of EHL contacts in ball on disc or twin disc
setups could be studied.
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Improving the understanding of elastic waves caused by single EHL contacts
is important. However, it is as important to adapt this understanding to appli-
cations such as rolling element bearings or whole machines. Therefore, further
future work is suggested:

• Results have shown that acoustic emission caused by plastic deforma-
tion from particle contamination can be detected at low speed, while at
elevated rotational speeds transient force signals dominate. The severity
of the plastic deformation determines, therefore, the maximum speed,
where plastic deformation is detectable. Therefore, it is necessary to in-
vestigate how particle size, particle concentration and particle hardness
influence the maximum rotational speed where plastic deformation is
still detectable.

• Sources of elastic waves, such as plastic deformation, sliding and tran-
sient forces usually occur simultaneously in EHL contacts. Therefore,
it is necessary to study the interaction of these different sources in a
controlled environment before the results are adapted to rolling element
bearings. Investigations in a ball on disc setup might be a good choice
for this intermediate step.

• Results have shown that in most of the rolling element bearing appli-
cations spectra of acoustic emission signals only display resonances,
which makes spectral analysis for failure detection difficult. Therefore,
future work regarding time signal analysis is suggested. First attempts in
combination with dictionary learning [95] have shown promising results
and should be studied further.
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Abstract In most applied monitoring investigations using acoustic emission,
measurements are carried out relatively, even though that limits the use of the
extracted information. The authors believe acoustic emission monitoring can
be improved by instead using absolute measurements. However, knowledge
about absolute measurement in boundary restricted systems is limited. This
article evaluates a method for absolute calibration of acoustic emission traduc-
ers and evaluate its performance in a boundary restricted system.
Absolute measured signals of Hertzian contact excited elastic waves in bound-
ary restricted systems were studied with respect to contact time and excita-
tion energy. Good agreement is shown between measured and calculated sig-
nals. For contact times short enough to avoid interaction between elastic waves
and initiating forces the signals contain both resonances and zero frequencies,
whereas for longer contact times the signals exclusively contained resonances.
For both cases a Green’s function model and measured signals showed good
agreement.

Keywords: Hertz contact, elastic waves, Acoustic Emission, Green’s function,
boundary restricted system, condition monitoring
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A.1 Introduction

Acoustic emissions (AE), or as well called high frequency emissions, have
over the past decade become increasingly popular in the application of nonde-
structive testing and condition monitoring. This technique has been proven in
the separation of failure modes [62], the monitoring of wear [45,96], the spec-
ification of contaminated systems [48, 97] and to differentiate lubricants [50]
and lubrication regimes [52]. However, most of the investigations use simple
signal processing methods such as root mean square (RMS) [52,97] and activa-
tion counts (AC) [48,50,62,96]. All these investigations use relative measure-
ment methods and signals are acquired using piezoelectric transducers, which
limits investigations without further calibration to measure relatively. This use
of relative measurement methods also limits the extraction of information of
the acoustic wave.
The authors hypothesize that condition monitoring techniques could be im-
proved by improving processing of the signal. A fuller understanding of the
relation between the source of the wave and the actual measured signal would
improve the processing of the signal. Absolute measurement would therefore
be required so that the relation between the signal and the wave source could
be ascertained. Both McLaskey [89] and Jacobs [88] have presented methods
for absolute calibration of piezoelectric transducers. However, there are no
evaluations of the validity of the methods which are independent of the sys-
tem. McLaskeys method for absolute calibration of piezoelectric transducers
is used.The method is evaluated for boundary restricted systems using a Laser-
Doppler vibrometer (LDV) and Green’s function based on an FEM simulation
as a comparison. The term "boundary restricted systems" is used for systems
where reflections of all dimensions are taken into account (in this investiga-
tion disc samples), whereas systems which are boundary free in one or two
dimension are not included in this definition (calibration plate - reflection is
only considered in one dimension).
An absolute measurement is required to improve condition monitoring capa-
bility of high frequency emissions. However, a better understanding of the re-
lation between source and signal is as well an essential knowledge for improv-
ing condition monitoring by acoustic emission. Several researchers have suc-
cessfully connected source and signal for high frequency emissions. McLas-
key [83] has for example related a signal of a piezoelectric transducer to the
actual force function by using a Green’s function approach. Kundu [98] has
presented a mathematical method to locate Hertzian impacts by minimizing er-
ror functions. The impact of cracks on wave propagation in plates was studied
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by Liu [99] with FEM based on a Green’s function for transfer of the initial
source. Glaser [82] was able to calculate the wave propagation in an isotropic
half space with a viscoelastic propagator and compared it to actual measure-
ments. All these investigations have used either thin plates in order to minimize
the problem to two dimensions or have used huge geometries in comparison to
the measurement time to avoid reflections. In both cases the boundary restric-
tions are simplified. However, in industrial applications boundary restrictions
often comprise a great part of contribution to the measured signal.
Other researchers have taken boundary restrictions into account by using
smaller geometries with limited sizes, were reflection could not be neglected,
but have focused on linking physical properties to the measured signal rather
than the actual source. Han [100], for example, related the yield stress in
tensile tests with wave forms, while Niknam [15] related AE signals with a
statistical approach to lubrication conditions. However, in these investigations
absolute measurement is not used nor do they relate signal and source directly
to each other.
Investigations with boundary restricted systems which relate wave source and
signal are rare. One of the few that do is an investigation about crack prop-
agation in brittle amorphous materials, where Gross [38] links the spectra of
the excitation to the speed of the crack propagation. However, investigations
of Hertzian contact excited, boundary restricted systems, could not be found,
even though such systems are fundamental for condition monitoring of rolling
element bearings. Understanding the relation between AE source and AE sig-
nals in a rolling element bearing would enable new opportunities for improved
signal processing. This article therefore describes a experimental analysis of
Hertzian contacts in boundary restricted systems and compares the results to
previous investigations without boundary restrictions.

A.2 Experimental setup

Steel balls (SKF) with diameters from �1.5mm to �10mm were used as
Hertzian excitation for all experiments. The balls were dropped from different
heights onto different plates (Table A.1). Impact positions were identical for
all experiments so as to obtain repeatable measurements. To achieve as iden-
tical impact positions as possible a hemispherical magnetic holder was devel-
oped (Figure A.1). With a magnetic force just enough to overcome gravity
the ball samples were self aligning by positioning at lowest potential energy,
right centered beneath the half sphere. Any redirection problem due to residual
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Figure A.1: Schematic of the experimental setup. a) accelerometer setup, b)
LDV setup

magnetism was minimized due to the minimization of contact area. This re-
peatability is visualized in Figure A.2. It shows repeated drops onto a pressure
sensitive paper from various heights. The spread of contact points increases
with increasing drop height. However, the results demonstrate an acceptable
repeatability, especially considering that the ball penetrates the 0.1mm thick
pressure sensitive paper.

Figure A.2: Drop tests for evaluation of repeatability with pressure sensitive
paper. a) 350mm drop height b) 250mm drop height c) 150mm drop height

Another adjustment of the test setup was the position of sensors (LDV and
accelerometer respectively) relative to the position of the impact. Using a
Green’s function approach it is important to have impact point and sensor point
vertically aligned to each other (according to Figure A.3, points ξ and x). To
achieve this setup the laser was aligned vertically by aligning the reflection of
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a water bath. If the laser was reflected back to its source by the water surface,
the laser hit the water surface at a 90 degree angle and was thereby vertically
aligned. Once the laser was vertically aligned the magnetic holder was cen-
tered to the laser. Thereby was the effect used that the reflection right back to
the laser source is maximized, when the laser hit the center point of the sphere.

Table A.1: Test setup

Disc samples Ball samples Drop heights

[mm]

Aluminum 7075 5mm RB1.5 G20 100mm
Aluminum 7075 7mm RB2 G20 150mm
Steel 2511 5mm RB3 G20 250mm
Steel 2511 7mm RB4 G20 350mm
Steel 2511 29mm RB6 G20

RB8 G20
RB10 G20

As shown in Figure A.1 the various samples (discs) are clamped between two
rubber o-ring seals. In this investigation five different discs were used and ex-
cited by different Hertzian impacts as shown in Table A.1. The discs samples
only differ in material and thickness. Both diameter (�103.8mm) and a 30◦

chamfer on one side were identical for all samples. Several combinations of
disc and ball samples were tested and measured with both the laser-doppler vi-
brometer and the piezoelectric accelerometer. Each measurement was repeated
eight times. All samples and test equipment, except pre- amplifier and acqui-
sition computer, were mounted on an optical table to minimize disturbances of
the surrounding.
Accelerometer measurements were executed with the same broadband flat-
response sensor (Physical acoustics WSα) used with the calibration measure-
ments. As a pre-amplifier a Physical Acoustic 2/4/6C was used with an in-
built bandpass filter of 100 kHz - 1200 kHz. The sensor was attached using
beeswax. Thereby beeswax was both the attachment and the couplant. A
small portion was heated to 75◦C. Then the sensor was pressed with dead
weights onto the discs, while waiting until both disc and couplant reached
room temperature again. Beeswax was chosen following tests with various
methods for the attachments prior to the investigation. Additionally several
other researchers have in previous tests used beeswax as a couplant for acous-
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tic measurements [101] [102].
The laser measurement was executed with a device called OFV056 from Poly-
tec. The OFV056 is a laboratory type laser-doppler vibrometer which uses a
red laser. In this investigation a sensitivity of 1.25 mm/s was used in com-
bination with a measurement range of 1Hz to 1MHz. The laser head was
used in combination with a matching controller and pre-amplifier box (Polytec
OFV3001S). As shown in Figure A.1 it was necessary to redirect the laser by
an optical mirror (Thorlabs PF20-03-P01).
The signals of both the LDV and the accelerometer are stored with a 14-bit
digitizer PCI-card (GaGe OSC-432-007). A Sample rate of 10 MS/s was used
and in total 10000 samples per signal were recorded, which resulted in a mea-
surement time of 1ms. However, limited to a measurement time of 100µs. All
signals were triggered on a positive flank with a pretrigger storage of 1µs.

A.3 Green’s function approach

Both the calibration and simulation are based on a Green’s function approach,
where a single function describes the time dependent relation between two
physical measures at two points within the system boundaries. Usually, the
Green’s function g is a matrix which describes the relationship between points
(x, ξ) for given directions (k, j) at specific times (t, τ):

uk(x, t) =
x

f j(ξ,τ)×gk j(x, t,ξ,τ) dξ dτ (A.1)

However, in this paper a simplified case is used, such as that which McLaskey
and Glaser suggest [83]. It is assumed that the major contribution is the pres-
sure wave through the material and therefore the simplified Greens function is
only dependent on a single direction. As shown in Figure A.3 the two points of
interest are only separated in direction 1 by the distance h. For all other direc-
tions the distance between x and ξ is zero. All exciting forces f are assumed
to be perpendicular to the plate and forces therefore only act along direction
1. The same applies for the displacement u. If these assumptions are made
Green’s function may be simplified according to equation (A.2) as shown by
McLaskey and Glaser [83]:

u1(x, t) = f1(ξ,τ)∗g11(x, t,ξ,τ) (A.2)

Equation (A.2) allows determination of the displacement (u1(x, t)) in the per-
pendicular direction to the plate at the sensor position, by convolution of
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Green’s function (g11(x, t,ξ,τ)) and given force functions ( f1(ξ,τ)). The Green’s

Figure A.3: Schematic for declaration of experimental setup

function approach presented in this report requires independence between force
function and Green’s function. Therefore calculations are only valid for con-
tact times (tc) shorter than any reflection time back to the point of force ini-
tiation (ξ). This is especially important for the boundary restricted systems
(in this investigation small discs) and reflection times are therefore defined as
following:

tre f lection H = 2
h
cp

(A.3)

tre f lection R = 2
rdisc

cp
(A.4)

where tre f lection H and tre f lection R are reflection times across the disc and radial
respectively. The variables h and rdisc are height and radius of the disc and cp

is the speed of the pressure wave in the given material.
The Green’s function approach as used in this investigation is based on two
point assumptions: One assumption is that the global force of a Hertzian elas-
tic contact model as shown in equation (A.8) act on a single point (in this
investigation ξ). This assumption requires a small contact area and a deforma-
tion that is as homogeneous as possible across the contact area. The second
point assumption used in this investigation is that calculated displacements of
a single point (in this investigation x) represent measured acoustic waves by
a sensor with a finite contact area. This assumption requires a ratio between
sensor diameter and distance of the measurement point (x) to source point (ξ)
as small as possible.
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A.4 Calibration

McLaskey’s and Glaser’s [89] method was used for calibration of the accelerom-
eter. As a calibration system a steel plate (Toolox40) with dimensions of
1 x 0.5 x 0.051m was used. The huge dimensions of the steel plate were nec-
essary in order avoid reflections from the side walls during the measurement
time of 100µs. Being able to neglect reflections allowed the use of Hsu’s [91]
script for calculating Green’s function, which uses only material properties and
the thickness of the plate as input parameters. The source for the wave was a
glass capillary tube (D=�1,4mm and d=�1mm) which was compressed un-
til it burst on the surface of the plate. A glass capillary burst was chosen as
a source because of its good excitation of high frequencies due to the rapid
release of force [90] and that the following equation may be used:

f (τ) =
famp

2× (1− cos(πτ/trise))
, 0≤ |τ| ≤ trise

f (τ) = 0 , τ < 0 (A.5)

f (τ) = famp , τ > trise

The calibration was carried out in a tensile test machine, where the steel plate
was positioned under a steel cylinder and pressed against it with the glass cap-
illary in between. With a speed of 0.01mm/s the plate was elevated towards the
steel cylinder and the force on the glass capillary as a result increased succes-
sively. During the whole calibration the force on the steel cylinder, and thereby
the force on the glass capillary, was measured continuously with a sample rate
of 50 Samples/s. With the force measurement, the force, at which the glass
capillary burst, was identified by the force maximum. This force maximum
was the input value for famp of equation (A.5). The released elastic wave was
measured with an accelerometer (Physical acoustics WSα), which was posi-
tioned centered to the source underneath the steel plate (positions comparable
to x in Figure A.3). By transforming the measured accelerometer signal s(x, t)
and the calculated theoretical displacement u1(x, t) to the frequency plane the
sensor function is calculated by simple division:

s(x, t) = u1(x, t)∗ i1(t) (A.6)

I1(ω) = S(x,ω)/U1(x,ω) (A.7)

Directions of force and displacement as well as relative positions of source
and measurement point were kept constant for all experiments. The extracted
sensor function was therefore valid for all measured accelerometer signals.
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A.5 Simulation

A simulation was carried out to be compared with experimental findings.
Thereby the spectra of the displacement U1(x,ω) was studied. First u1(x, t)
was calculated by convolution of f1(ξ,τ) and g11(x, t,ξ,τ) (equation (A.2)).
For the force function an equation based on Hertz elastic contact mechanics
derived by Reed [103] was used:

f (τ) = fmax sin(πτ/tc)3/2 , 0≤ τ≤ tc
f (τ) = 0 , τ < 0 and τ > tc (A.8)

Maximum force ( fmax) and contact time (tc) are calculated based on geometri-
cal and physical properties according to the following equations:

fmax = 1.917ρ
3/5
1 (δ1 +δ2)

−2/5R2
1v6/5

0 (A.9)

tc = 4.53(4ρ1π(δ1 +δ2)/3)2/5R1v−1/5
0 (A.10)

where δi =
1−ν2

i

πEi

The indexes in Equation (A.9) and (A.10) refer to the ball (index 1) and the
disc (index 2), while index 0 refers to the velocity at the time 0 (initial impact
velocity v0).
Knowing materials and geometrical properties of the samples allows the calcu-
lation of an analytical solution for the force function. However, a solution for
Green’s function (g11(x, t,ξ,τ)) of the used samples where reflections could not
be neglected was neither solvable analytically nor by the Hsu’s [91] script used
for calibration. Therefore a Finite element method (FEM) analysis was carried
out to generate Green’s functions for disc samples used in this investigation.
The FEM analysis was based on an LS DYNA solver for rotational symme-
try. The element size of the rectangular elements was 50µm. Time steps are
usually connected to element size and material properties in LS DYNA, which
results in 3.6ns for steel and 3.7ns for aluminum. However, in this investiga-
tion a storage interval of 10ns was used to artificially increase the time step
and thereby to homogenize the time step for all samples.
Figure A.4 shows a schematic drawing of the FEM model with the red sym-
metry axis on the left side. The three yellow marked nodes on the top (marked
with F) of the disc in Figure A.4 represent the nodes for the force initiation.
The nodes were exposed to a step force with a rise time of 100ns. The three
nodes form a circular area with a radius of 100µm, where the maximum force
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Figure A.4: Schematic drawing of the FEM model with the symmetry axis and
nodes for loading (F), response extraction (M) and constrain (B)

applied is 1N over this circular area. Usually Green’s function approaches are
transfer functions between two points. However, to obtain convergence, the
FEM model uses three points for the force initiation. The stored output of the
model is the displacement in y-direction of a single node on the lower side of
the disc positioned on the symmetry axis (Yellow node marked with M, Fig-
ure A.4). A boundary constrain was introduced to take the fixation of the discs
into account. A single node with a distance to the symmetry axis equivalent
to the radius of the rubber seals was tied in the y- and the z-direction (Yellow
node marked with B, Figure A.4). By taking the derivative of the FEM-result
(displacement in y-direction of node M), Green’s function for specific samples
were obtained. In combination with the equation for the force function (A.8), it
enabled the calculation of the spectra for various Hertzian impacts. However,
simulated results were only valid as long as the force and elastic wave do not
interact (tc < tre f lection H , tre f lection R).

A.6 Zero frequencies

Zero frequencies according to McLaskey [83] are calculated by using equa-
tion (A.11). McLaskey and Glaser [83] have shown acoustic waves excited
by a Hertzian contact have local minima in the signal spectra (Figure A.5 -
fzero,1, fzero,2, fzero,3) which they call zero frequencies. These zero frequencies
are determined by the contact time (tc) and have different orders
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(N = [1,2,3,4, ...]) which are in theory infinite.

fzero,N =
N +0.75

tc
(A.11)

However, in practice measurement of zero frequencies at higher orders are
difficult due to higher damping of higher frequencies. This study therefore
also focuses, as do McLaskey and Glaser [83], on zero frequencies up to the
third order.

A.7 Results and discussion

Results are divided in two sections. After repeating earlier results [83] to con-
firm that the calibration, by McLaskey’s and Glaser’s [89] method, was correct
executed, the calibration method was evaluated for boundary restricted sys-
tems. Thereby measured spectra of acoustic waves in disc samples were com-
pared to FEM simulated spectra and LDV measured spectra. In the second
section results on the behavior of Hertzian excited elastic waves in boundary
restricted systems will be shown. For cases were source and wave interact
with each other LDV measured spectra are presented and analyzed. In the case
of independent source and wave, accelerometer measured spectra are shown,
analyzed and compared to FEM simulations with respect to zero frequencies.

A.7.1 Evaluation of absolute calibration for boundary restricted
systems

As mentioned in section A.4 a calibration method by McLaskey [89] was used
to extract the sensor function I1(ω). To confirm that the calibration was exe-
cuted correctly, McLaskey’s experiment with Hertzian contacts was repeated.
Figure A.5 shows the results to be repeated and Figure A.6 shows the repeated
experiment for control of the calibration. The theoretical signal (green) is cal-
culated with Hsu’s script and equations (A.2), (A.8), (A.9) and (A.10). In
Figure A.6a a clear difference between the measured raw-signal and the calcu-
lated theoretical signal can be seen. However after compensating for the sensor
function I1(ω), the measured accelerometer signal (red) and the theoretical sig-
nal (green) show a good agreement (Figure A.6b) between 20kHz and 1.2MHz.
Even the zero frequencies ( fzero,n) of the theoretical signal and the measured
accelerometer signal match each other. Comparing to McLaskeys experiments
the zero frequencies are positioned at similar positions considering plate ma-
terial and ball sample. Both the overall agreement and the agreement of the
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Figure A.5: Schematic replication of results obtained by McLaskey [83]

zero frequencies (Figure A.6b) indicate a successful calibration and extrac-
tion of the sensor function and are in line with the earlier result of McLaskey
(Figure A.5). The difference in zero frequencies between the two results is
caused by different plate materials (aluminum vs. steel) and ball sizes (1mm
vs. 1.5mm) which results in different contact times tc. Therefore the difference
is expected and does not affect the conclusion of a successful calibration.
The extracted and controlled sensor function was then used for compensa-
tion of accelerometer signals recorded from Hertzian excitations in boundary
restricted systems. These compensated signals were then compared to FEM-
simulation and LDV measured signals. For cases where source and wave do
not interact with each other, the FEM simulated signal was used as a refer-
ence, while LDV measured signals were the reference for cases where source
and wave do interact. The use of two different references was necessary, be-
cause for thick discs the displacement was too small to be detected by the LDV
and the interaction of wave and source in thin discs could not be managed by
the FEM simulation. Figure A.7a shows both the LDV measured and compen-
sated accelerometer measured signal of a Hertzian impact (�8mm Ball) on a
5mm thick aluminum disc. Geometrical dimensions lead to multiple reflec-
tions (tre f lection H =1.575µs and tre f lection R =16.346µs) within the disc in all
directions during the contact time of 31.96µs. Therefore excitation force and
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(a) raw signal

(b) calibrated signal

Figure A.6: Calibration evaluation
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(a) comparison of LDV measurement and accelerometer signal

(b) comparison of theoretical signal and accelerometer signal

Figure A.7: Calibrated accelerometer measurements on boundary restricted
systems
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resulting wave are interacting with each other. As a result the Hertzian impact
excites resonances of the plate rather than enhancing zero frequencies. For
this case the calibration method shows weaknesses (Figure A.7a). While the
LDV measured signal (purple) clearly shows the excitation of the resonances,
the compensated accelerometer signal represents these resonances only poorly.
Even though the signals show some similarities, the compensated accelerom-
eter signal would not be enough to identify the resonances on its own. A
possible explanation for the weak agreement, beside the calibration, can be the
sensor itself. In comparison to the calibration plate, the sensor does change
the system for the small discs by adding additional weight. The sensor rather
is large (�19mm) and therefore violates the point assumption of the Green’s
function approach.
The absolute calibration seems more promising in boundary restricted sys-
tems if the exciting force and wave reflections do not interact with each other
(Figure A.7b). For measurements shown in Figure A.7b a ball of the size of
�1,5mm was dropped onto a steel plate with a thickness of 29mm. By reduc-
ing the ball size and increasing the thickness, contact time was reduced (5.1µs)
and reflection times were increased (tre f lection H =9.831µs and
tre f lection R =17.59µs). In this case both excitation of the resonances and en-
hancing of zero frequencies was expected according to the calculated theo-
retical signal (green). Comparing the calculated signal and the compensated
accelerometer signal (red) a good agreement of the zero frequencies can be
observed. However, the excited resonances indicated by the theoretical signal
are not clearly represented by the compensated accelerometer signal.
Sensor function compensated accelerometer signals are capable of identifying
zero frequencies in boundary restricted systems. However, the method in com-
bination with the used equipment is not able to identify the excited resonances,
even though theory would suggest otherwise. Possible explanations could be
as mentioned a violation of the point assumption. While the assumption is de-
cent for the Hertzian contact, the used sensor head with a diameter of 20mm
violates this assumption. Another explanation could be nonlinearities in the
sensor function. The calibration method assumes the sensor function (I1(ω))
to be linear for a given frequency across the excitation amplitude, which might
not be the case.

A.7.2 Hertzian contacts in boundary restricted systems

For boundary restricted systems a finite element model was for this investiga-
tion developed to replace Hsu’s script which did not take any reflections into
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account. In combination with the Green’s function approach, this model is also
only valid for excitations which do not interact with the excited elastic wave.
Comparing the calculated spectra (green solid line) in Figure A.7b with the
compensated accelerometer signal (red dashed line), shows that both are able
to identify the zero frequencies. Zero frequencies according to McLaskey [83]
were calculated (A.11) and are indicated with the dashed vertical lines. Both
calculated and measured signals match the zero frequencies to a good degree.

Figure A.8: Normalized frequencies of the first three zero frequencies for dif-
ferent balls and drop heights on a boundary restricted system (steel plate 29mm
thickness and �103.8mm)

By normalization of the zero frequencies over the contact time (tc) experiments
with different ball sizes and drop heights are comparable. Figure A.8 shows a
visualization of normalized zero frequencies of several combinations of drop
height and ball size. Each marker represents the mean value of eight measure-
ments and the error bars represents the standard deviation of the eight measure-
ments. The results show that the identification of zero frequencies is clearly
possible in boundary restricted systems. However, the failure margin increases
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(a) drop height

(b) ball size

Figure A.9: Comparison of LDV measurements of different impact energies
and contact times on a Steel 2511 plate of 5mm thickness by changing drop
height and ball size.
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in comparison with the case of an infinite plate [83].The failure margin shows
a clear increasing trend with increased ball size. The reason for the increase is
most probably the increase of contact time. For balls with a diameter of 3mm
the contact time (tc) is almost as long as the reflection time (tre f lection H). The
contact time increases as well with a decrease in drop height. However, the
results show a decreased failure margin. This is most likely caused by the in-
creased spread of the impacts from increased heights as shown in Figure A.2.
By decreasing the reflection time (tc > tre f lection H) by decreasing plate thick-
ness, zero frequencies could neither be detected by measurements nor by the
FEM model based Green’s functions approach. As the results indicate, elas-
tic wave responses in a boundary restricted system turn into a pure resonance
problem once the contact time exceeds the reflection times. As Figure A.9
shows neither a change in drop height nor a change in ball size has an effect
on the excited resonances. However, a change in contact time by changing ball
size does change the cut off as Figure A.10 indicates. Thereby matches the
first zero frequency fzero,1 (indicated as a dotted line in Figure A.10) to a good
degree matches a -20dB cut off.

Figure A.10: Spectra of signals with normalized amplitude for different ball
sizes

Even though the Green’s function approach is not valid for cases where ini-
tiating force and elastic wave interact, it still provides information about the
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Figure A.11: Comparison of resonances calculated and measured

location of the resonances. In Figure A.11 both the normalized spectra of an
aluminum plate 5mm obtained by calculation and by measurement are shown.
The theoretical location and the measured location of the resonances are not
identical, but show good agreement. Comparing calculated and measured res-
onances one to five (as indicated in Figure A.11) for different plates and ball
sizes (�8 to �3) results in Figure A.12. Except for resonance one the agree-
ment between calculated location and measured location is good considering
the simplicity of the FEM model and the accuracy of the experiments. The
larger deviation for the location of the first resonance can be partly explained
by the larger percentage difference between spectral lines at low frequencies
and the short time obtained by calculation and by measurement of 1 ms.

A.8 Conclusions

After evaluating calibration based on Green’s functions it can be concluded
that the approach is also valid for boundary restricted systems with respect
to zero frequencies. The calibration is however, not accurate enough to de-
tect resonances. This might be explained by violation of the assumptions of
the Green’s function approach by the sensor system or by a summation of
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Figure A.12: Degree of agreement between resonances calculated and mea-
sured by the LDV

measurement inaccuracy. The evaluation is, however, promising enough to in-
vestigate more accurate sensor systems which violate the assumptions of the
Green’s function approach to a lesser degree.
The investigation shows a clear difference between excitation times shorter
than reflection times and excitation times longer than reflection times. In cases
of independence of elastic waves and excitation force, the spectra contains
both zero frequencies and resonances. Thereby the zero frequencies follow
Reed’s [103] contact model, as suggested by McLaskey [83]. However if elas-
tic wave and excitation force do interact, zero frequencies are not detectable
anymore and the measured spectra exclusively contains resonances. Even
though zero frequencies are not detectable in this case, the first zero frequency
does affect the spectral signal by determining the -20dB cut-off frequency. Ad-
ditionally it was shown that the Green’s function approach does provide partial
information about the resonance location and is in line with measurements.
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Abstract Elastic waves are widely used for condition monitoring of rolling el-
ement bearings through vibration or acoustic emission measurements. While
vibration signals are understood to a high degree due to many scientific investi-
gations as well as a long history of usage in the field, acoustic emission signals
of rolling element bearings are poorly understood. Therefore, this investigation
presents simulation studies and measurements of a single elasto-hydrodynamic
lubricated (EHL) contact. In this investigation the EHL contact is a ball bounc-
ing on a lubricated plate. The simulation based on Green’s function and the
measurements based on a accelerometer to some extent agree. A shift of zero
frequencies towards higher frequencies when compared to Hertzian reference
measurements was determined for an infinite plate setup. Taking boundary re-
strictions into account elastic waves of a Hertzian contact and an EHL contact
only differ by a damping of higher resonances which is most likely caused by
the EHL film.

Keywords: EHL contact, EHL, Hertz contact, elastic waves, Acoustic Emis-
sion, Green’s function, ball impact, bouncing ball
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B.1 Introduction

Acoustic emission (AE) has been shown in several studies to be a viable method
for condition monitoring of rolling element bearings. Signals from contami-
nated bearings were in these studies successfully correlated to type [48, 96],
size [48,96,104] and concentration [48,96] of particle contamination. In addi-
tion the type of lubricant [49,71,97] and the lubrication abstinence [15] in both
contaminated and uncontaminated cases were correlated with signals moni-
tored by acoustic emission transducers. Artificial implemented dents [73] on
the outer ring and failure growth [70] was another operating condition with
which AE was correlated. In 20214 Hamel et.al. [52] determined the relation
between acoustic emission signals and the lubrication regime. However, re-
gardless of the application of acoustic emission in scientific studies it is still a
rarely used method of condition monitoring in industrial applications. The sig-
nal to noise ratio (SNR) is one factor. Special test rigs which limit the amount
of noise from other machinery parts are employed in all the experiments in the
studies. Most of them in addition operate in severe conditions which improves
the SNR. In industrial applications, however, it is more difficult to observe
the phenomena presented in the investigations mentioned. For these reasons
it is important to improve signal processing of acoustic emission raw data and
in addition, there is a need for the origin of acoustic emission in an elasto-
hydrodynamic lubricated (EHL) contact to be understood.
One way of improving understanding of the origin of acoustic emission in an
EHL contact is to break the rolling element bearing down into the component
level. One of these investigations on a component level was carried out by Rah-
man et al. [105]. This study focused on the correlation of acoustic emission
signal and contact fatigue in a twin disc setup. A pure sliding EHL contact and
its acoustic emission was studied by Wang et al. [106] in a ball on disc appara-
tus. There are, however, few investigations on a component level. The difficul-
ties of the complex nature of an EHL contact itself remain. This complexity of
an EHL contact is also a reason for fundamental research in acoustic emission
to focus on fundamental sources such as transient forces [83] or cavitation [93]
which both occur in an EHL contact. However, studying fundamental sources
is just a first step towards the study of full EHL contacts. Therefore, this article
investigates EHL contacts based on the investigations mentioned into transient
force and cavitation. In this investigation a special case of EHL contact, with
a bouncing ball on a lubricated plate, is examined. This EHL contact was cho-
sen because transient forces and cavitation can be expected, while sliding as a
source of acoustic emission is minimized, due to a pure squeeze contact.
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B.2 Experimental Setup

All experiments were carried out at room temperature and in a laboratory envi-
ronment. Acoustic emission signals were sampled with a 14-bit digitizer PCI-
card of GaGe (product number OSC-432-007). Sample rate and total sample
length were set to 10MSamples/s and 10.000 Samples respectively. Addition-
ally, to the sample length a pretrigger of 10 Samples was used which equiva-
lents to 1µs. This short pre-trigger coud be used due to the low noise level and
the low trigger threshold. This threshold was -3% of the measurement range
which was±10V. Signals were triggered on a negative flank. As a comparison,
the background noise during experiments was between ±1% and ±2% of the
measurement range.
To study an elasto hydrodynamic lubricated contact, a thin layer of lubricant
was applied onto the plates or discs. In theory the layer should be as thick
as the maximum film thickness of the EHL contact to avoid viscous damp-
ing of the ball impact. In practice the lubricant layer was applied as thinly as
possible, so that viscous damping effects were minimized. In this way 0.5ml
of lubricant was applied at the position of the ball impact and smeared out
across an area of 50mm x 50mm. This lubricant layer was then covered with a
non-cellulose based paper, absorbing the majority of the lubricant film. After
removing the paper, the film was exposed for 10 minutes to a low and steady
air flow, which distributed the lubrication layer evenly and caused possible air
bubbles to burst. This procedure was identical for all applied lubricant films in
this investigation.

B.2.1 Infinite plate

Figure B.1 shows a schematic drawing of the experimental setup of tests on a
plate that is considered to have infinite length and breadth. The plate used has
the dimensions of 1x0.5x0.051m and can be considered infinite for a measure-
ment duration of 84µs because reflections in horizontal directions are not rele-
vant. The shortest horizontal reflection time (based on width 0.5m) is 84.75µs
which means the elastic wave does not return to the point of measurement
within the recorded time. Hence the plate can be considered infinite and bound-
aries do not need to be considered in the horizontal direction. However, across
the plate (0.051m) reflection times are shorter and therefore boundaries need
to be considered in the vertical direction. Therefore, the plate was boundary
restricted in one dimension and infinite in the two horizontal dimensions. Due
to the two boundary free dimensions the plate is considered to be an infinite
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plate throughout the article.
The plate was, during the experiments, resting on two rubber
cylinders (�10mm) placed on each end of the 1m side (Figure B.1). The AE
sensor was mounted centered underneath the plate and was vertically aligned
with a magnetic holder. In this way the ball impact occurred centered on
the sensor position only separated vertically by the plate thickness (epicentral
setup). To improve the accuracy of the impact position the magnetic holder
was shaped as a sphere to obtain automatic alignment based on gravity.

Figure B.1: Schematic drawing of experimental setup for tests on plate con-
sidered to be infinite

Acoustic emission signals were recorded by a broadband flat-response trans-
ducer (WSα) from Physical Acoustics in combination with a preamplifier
(Physical Acoustic 2/4/6C). In addition to the amplifying circuit the amplifier
had an inbuilt bandpass filter with corner frequencies of 100kHz and 1.2MHz.
In all experiments presented in this article the AE sensor was attached with
beeswax to the specimens. Thereby a small amount of beeswax was applied
onto the plate and heated to 75◦C, followed by pressing the AE sensor with
dead weight onto the plate. Before starting the tests a temperature measure-
ment made certain that the plate was cooled to below 25◦C. All signals of the
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acoustic emission sensor presented in this investigation were compensated for
the sensor function. This sensor function was obtained by a glass caliper burst
experiment as suggested by McLaskey and Glaser [89] as a method for abso-
lute calibration.

Table B.1: Test setup for infinite plate case

Ball samples Ball radius drop heights

RB1.5 G20 0.75mm 350mm
RB2 G20 1.0mm 250mm
RB3 G20 1.5mm 150mm
RB4 G20 2.0mm

For experiments with the infinite plate setup four different steel balls were used
and each ball was dropped from three different heights (Table B.1). Each com-
bination (ball size and height) was repeated 8 times for the lubricated experi-
ments. Hertzian reference measurements under dry conditions were repeated
4 times for each combination.

B.2.2 Boundary restricted systems

Tests for boundary restricted systems were executed on disc samples with a
diameter of 103.8mm. The disc samples only differed in height (Table B.2).
Due to the dimensions of the disc reflection cannot be neglected and bound-
aries of all dimensions need to be considered. Therefore the term boundary
restricted system will be used for all experiments with discs. The balls were
for the boundary restricted cases dropped from three different heights onto the
discs. As previously shown [107] there are in boundary restricted systems two
major cases; One where the exciting source and elastic wave are independent,
and one where both interact with each other. The latter case (interaction be-
tween source and wave) is studied in this article for an EHL contact. The
laser doppler vibrometer (LDV) used for acoustic emission measurement in
the boundary restricted system is the Polytec OFV056. The Polytec OFV056
was used in combination with a control and preamplifying unit of the same
manufacturer (Polytec OFV3001S). As shown in figure B.2 the laser had to
be redirected, which was done by an optical mirror (Thorlabs PF20-03-P01).
The sensitivity setting was chosen to be 1.25 mm/s, which resulted in a fre-
quency range of 1Hz to 1MHz of the LDV system. As for the infinite plate
setup, the measurement point and impact point were vertically aligned to mea-
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Figure B.2: Schematic drawing of the experimental setup for tests on boundary
restricted systems

sure an epicentral impact. The magnetic holder and sampling card were also
identical in both measurement setups. However, the setups differ in terms of
positioning of the plates and discs respectively. While the plate was resting on
rubber cylinders (Figure B.1), the discs needed to be clamped in between two
rubber seals (Figure B.2), because the net weight of the discs was not enough
to prohibit movement during impacts. The dimension of the rubber seals was
� 100mm and the thickness was � 2.5mm. For the boundary restricted sys-
tems both EHL contact and reference measurements with Hertzian contacts
were repeated 8 times for each combination (ball size, disc height and drop
height).

B.3 Theory for Simulation

Signals presented in this investigation are simulated based on a Green’s func-
tion approach (B.1), where force function ( f j(ξ,τ)) and Green’s
function (gk j(x, t,ξ,τ)) are convoluted with each other to obtain a time sig-
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Table B.2: Test setup for boundary restricted case

Ball samples Ball radius drop heights disc heights

RB2 G20 1.0mm 350mm 5mm
RB3 G20 1.5mm 250mm 7mm
RB4 G20 2.0mm 150mm
RB6 G20 3.0mm
RB8 G20 4.0mm

nal for the displacement (uk(x, t)). Variables x, t,ξ and τ represent thereby the
position of the sensor, the time scale of the sensor signal, the position of the
impact and the time scale of the impact respectively. Indexes indicate the di-
rection of the force, displacement and Green’s function.

uk(x, t) = f j(ξ,τ)∗gk j(x, t,ξ,τ) (B.1)

As Figure B.3 shows index 1 refers to the direction perpendicular to the plate.
It is assumed for the entire article that displacements (uk(x, t)) and all initiat-
ing forces ( f j(ξ,τ)) are perpendicular to the plate, which results in k = j = 1
for indexes of equation (B.1). Green’s function for an infinite plate was cal-

Figure B.3: Schematic drawing for declaration of experimental setup

culated numerically by using Hsu’s script [91], which is valid for the infinite
plate setup and a measurement time of 84µs. The force function, however, was
calculated either numerically or analytically for EHL impacts and Hertzian
impacts respectively. Forces of EHL impacts are calculated by using a numer-
ical EHL solver of Larsson and Höglund [32] which is based on a multigrid
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f (τ) = fmax sin(
π(τ− t f ilm)

tc
)3/2 , t f ilm ≤ τ≤ (tc + t f ilm)

f (τ) = 0 , τ < t f ilm (B.2)

f (τ) = 0 , τ > (tc + t f ilm)

-multilevel solution [31]. The script requires an initial film thickness (h00) as
an input parameter. This initial film thickness needs to be minimal to minimize
viscous damping of the ball by the lubricant film. However, the film thickness
needs to be at least as thick as the maximum film thickness of the EHL contact.
After empirical trials, the factor for the initial film thickness (h00) was set to
10µm and was identical for all simulations in this investigation.
In the case of Hertzian impacts a modified version of Reed’s [103] elastic con-
tact model was employed (Equation (B.2)). Maximum force ( fmax) and contact
time (tc) are calculated according to the following equations:

fmax = 1.917ρ
3/5
1 (δ1 +δ2)

−2/5R2
1v6/5

0 (B.3)

tc = 4.53(4ρ1π(δ1 +δ2)/3)2/5R1v−1/5
0 (B.4)

where δi =
1−ν2

i

πEi

and indexes 1 and 2 refer to ball and plate respectively, while the film offset
time (t f ilm) is the time required to pass an initial film:

t f ilm =
h00

v0
(B.5)

While the ball needs to pass the initial film thickness in the EHL model, Reed’s
original equation does not take that into account and starts from t = 0. To syn-
chronize both force functions with respect to the initial metal to metal contact,
Reeds force function was shifted. This shift was done by implementing an
additional variable, the film offset time (t f ilm).
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B.4 Results and discussion

B.4.1 Infinite plate

In figure B.4 forces are generated in both a dry and a lubricated contact for an
impact of a ball (RB2 G20) from a height of 350mm. Differences in contact
time, as well as amplitude are observed. The EHL force reaches its maximum
earlier than the Hertzian force function, which is in line with the investigation
of Larsson and Höglund [32]. Therefore, the force functions are considered to
be evaluated and are the main input for simulations presented in this investiga-
tion.

Figure B.4: Simulated and calculated force caused by an EHL and a Hertzian
impact respectively

Results of simulated signals based on the force functions show decreased zero
frequencies due to the increased contact time for EHL contacts and additional
excitation of higher frequencies (Figure B.5). The blue solid line represents
the spectra of an impact of a ball (RB2 G20) dropped from a height of 350mm.
The spectra shows distinct frequency minimums (zero frequencies, fZero,N)
based on the contact time of the Hertzian contact as shown by McLaskey and
Glaser [83]:

fzero,N =
0.75+N

tc
(B.6)

fnorm,N = fzero,N ∗ tc (B.7)
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The red dashed line shows the spectra of the simulated EHL impact. Com-

Figure B.5: Simulated spectra of signals of Hertzian and EHL impacts with a
ball (RB2 G20) dropped from 350mm height

paring the spectra to the Hertzian impact shows zero frequencies shift to-
wards lower frequencies. Using equation (B.7) gives in indication of expected
positions of frequency minimums. While Hertzian zero frequencies agree
with McLaskey’s and Glaser’s [83] suggested positions ( fnorm,N = [1.75, 2.75,
3.75]), zero frequencies for EHL impacts shift according to the simulation to
1.61 and 2.53. The third zero frequency cannot be identified, which can be a
cause of cavitation. As Zong et al. [93] demonstrate cavitation excites high
frequencies, which would be in line with covering zero frequencies such as in
this case for third order and higher orders.
Figure B.6 shows the comparison of simulation (blue dashed line) and mea-
sured (yellow solid line) signals for a Hertzian impact. As an earlier inves-
tigation [83] showed, agreement is good and could be replicated for this in-
vestigation. This demonstrates that Hertzian measurement is a good reference
measurement. A slight overestimation of the simulated signal can be seen,
which is especially interesting if compared to Figure B.7 (Comparison of EHL
impacts). For EHL impacts the simulation (red dashed line) underestimates
the measured signal (green solid line). The overestimation in the Hertzian case
is known [83], but the underestimation in the EHL case was not previously
known. This overestimation become even more contradictory when the lubri-
cant layer is taken into account. Instead of having an interface of steel and air,
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Figure B.6: Comparison of simulated and measured spectra of Hertzian im-
pacts with a ball (RB2 G20) dropped from 350mm height

Figure B.7: Comparison of simulated and measured spectra of EHL impacts
with a ball (RB2 G20) dropped from 350mm height

the interface on the upper part of the plate consists of steel and lubricant. This
affects the reflection coefficient (B.8), which decreases due to an increase of
density (ρ2 increases). A change of reflection coefficient was ot taking into
account by using Hsu’s script [91] for Green’s function. One explanation for
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the increase in the amplitude even though the reflection coefficient decreased,
could be the improved transmission of the exciting force. As couplants are
used to improve transmission to the sensor, the lubricant could act as a cou-
plant to improve transmission of the initial excitation.

RC =
Z2−Z1

Z2 +Z1
=

cp2ρ2− cp1ρ1

cp2ρ2 + cp1ρ1
(B.8)

Furthermore, it can be seen in figure B.7 that the effect of covering third and
higher order zero frequencies (possibly due to cavitation) predicted by the sim-
ulation is also observed for measured signals. The position of the zero frequen-

Figure B.8: Zero frequencies of first and second order, normalized to the Hert-
zian reference contact time for different drop heights and ball sizes.

cies, however, do differ between simulated and measured signals. Instead of a
shift towards lower frequencies, as suggested by the simulation, zero frequen-
cies of an EHL impact shift towards higher frequencies when compared to the
Hertzian reference impact. This is even more apparent in figure B.8 where nor-
malized zero frequencies for all test conditions of the infinite plate are shown.
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The errorbars represent the standard deviation for the four and the eight repeti-
tions of Hertzian and EHL measurements respectively. The transparent marker
represents the Hertzian reference measurements. As found in McLaskey and
Glaser [83] normalized zero frequencies of Hertzian reference measurements
fit Reed’s [103] contact model well ( fZero,1 = 1.75 and fZero,2 = 2.75). EHL
impacts (markers with solid fill) in comparison are without exception at higher
normalized zero frequencies. The deviation between different test conditions
(ball size and drop height) as well as between repetitions is larger than for the
Hertzian reference measurements. This is most probably a result of the way
in which the lubricant layer is prepared, because any deviation in initial film
thickness is expected to influence the zero frequencies by influencing impact
velocity. A significant difference between the lubricants used could, however,
not be observed, even though signals of EHL impacts with the lubricant 80W90
(gray marker) tend to have lower normalized frequencies as EHL impacts with
paraffin (black marker) especially for the first zero frequency.

(a) Hertzian impact (b) EHL impact

Figure B.9: Schematic drawing of deformation during a Hertzian impact and
an EHL impact

Both amplitude and the shift of zero frequencies behave in a contradictory
manner when comparing simulations and measurements. The difference in
amplitude could be caused by the lubricant layer acting as a couplant dur-
ing excitation. However, this is not an explanation for the mismatch of zero
frequencies. Another approach to provide an explanation of the difference be-
tween simulated and measured spectra could be solidification of the lubricant
layer and the nature of the EHL contact itself. As figure B.9 shows the elas-
tic deformations are substantially different as regards an EHL and a Hertzian
impact. Note must also be taken that the y-axis in Figure B.9 is not to scale
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and deformations therefore are highly emphasized, in order to show basic dif-
ferences with and without lubricant. While the Hertzian impact (Figure B.9-a)
results in a uniform deformation of both plate and ball, the EHL impact (Fig-
ure B.9-b) results in a deformation that is more localized due to the partly
solidified lubricant (indicated by the color scheme). Furthermore, the maxi-
mum deformation is larger in the EHL case compared to Hertzian impact for
the center position, as was previously observed by Larsson and Höglund [32].
Simulations in this investigation are based on a point assumption. A global
force function is applied at a single point assuming the contact area is so small
that it can be considered to be a single point. However, this assumption also
implies that deformations within the contact area are uniform so that the global
force function may be used, which might be true for the Hertzian impact, but
is definitely violated by the EHL impact. The difference on a local scale could
be the cause of both amplitude (Higher maximum deformation for EHL im-
pacts) and frequency shift (localized faster deformation changes). A possible
solution for future investigations could be to use the Green’s function approach
to transfer deformations within the system instead of global forces coupled to
deformations by fully elastic models.

B.4.2 Boundary restricted system

Figure B.10: Comparison of resonances in the boundary restricted system for
Hertzian and EHL impacts of a ball (RB4 G20) dropped from 350mm height

A previously study [107] showed that an elastic wave excited by Hertzian con-
tacts in boundary restricted systems reduces to a resonance problem once wave
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Figure B.11: Comparison of resonances in the boundary restricted system EHL
impacts with different ball sizes dropped from 350mm height

and source interact. As figure B.10 shows the difference in excitation force be-
tween EHL impact and Hertz impact does not influence the measured signal.
With both excitations identical resonances are triggered and the spectra are al-
most identical, except for an additional spike in between resonances for the
Hertzian excitation.
A change in impact energy by changing ball size only influenced the ampli-
tudes (figure B.11) of the resonances, which is also in line with previous Hert-
zian investigations [107]. However, a change in ball size does influence the
resonance cut off, due to the change of contact time. For Hertzian impact the
-20dB cut off and the first zero frequency agree to a high extent [107]. In the
case of EHL impacts it was found that resonance cut offs occur much earlier.
As figure B.12 shows the Hertzian contact (blue dashed line) excites to a higher
degree higher resonances in comparison with an EHL contact (red solid line).
A reason for the earlier cut off could be the damping of the EHL film when
compared with the dry Hertzian impact.

B.5 Summary

In this study a simulated spectrum, based on a Green’s function approach,
and excited by an EHL contact is presented. The simulated spectrum partly
showed good agreement with measured elastic waves. The overall shape of
the spectrum and a covering of zero frequencies of higher order (3rd order and
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Figure B.12: comparison of normalized spectra of signals excited by Hertzian
and EHL impacts

higher), most probably due to cavitation, was observed on both measured and
simulated spectra. However, the zero frequencies of simulation and measure-
ment do not match. This could be caused by the point assumption used in
the Green’s function approach. It is, therefore, suggested that in future inves-
tigations of EHL contacts a Green’s function approach based on deformation
rather than on global force be used. The measured normalized zero frequencies
were found to be higher for EHL excited elastic waves than for those excited
by a Hertzian contact. A significant differentiation of normalized zero fre-
quencies due to different lubricants could not be observed, due to relative large
deviations between repetitions, but the lubricant with higher viscosity tended
to have lower normalized first zero frequencies. Additionally, it was observed
that boundary restricted systems excited by EHL impacts resulted in the same
resonance behavior as for Hertzian excited systems. The only observed differ-
ence was a damping of resonances at higher frequencies, which is most likely
caused by the lubrication film.
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Abstract Studies of acoustic emission of rotating machine elements is often
performed under constant speed. There are few investigations on speed and
contact time dependency of acoustic emission signals, even tough some in-
vestigations have reported difficulties at elevated rotational speeds. Simplified
experiments are, therefore, presented in this article to increase understanding
of time dependency of acoustic emission signals. Hertzian impacts and tensile
tests are used to study contact time, the time duration of an event and off-
set time, the time between events, accordingly event frequency. The results
of these model experiments indicate an indirect quadratic proportionality of
acoustic emission amplitudes and contact time (umax ∝ 1/(t2

c )), as well as a
proportional relation between root mean square (RMS) and event frequency
(RMS ∝ fevent ∝ 1/to f f set). The relationship between contact time and RMS of
acoustic emission signals is strongly dependent on the damping of the system.

Keywords: Hertz contact, Elastic waves, Acoustic Emission, RMS, Activation
counts, condition monitoring, Rolling element bearing
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C.1 Introduction

Acoustic emission is today a frequently used monitoring tool for research in
tribology and is also used in some industrial applications as a complement to
vibration analysis. For laboratory tests researchers have linked acoustic emis-
sion successfully to particle contamination [48, 71], lubrication regime [52],
lubricant [46, 49], failure size [73] and failure propagation [53]. Thereby re-
searchers have proven acoustic emission is capable both of monitoring operat-
ing conditions and of detecting failures in rolling element bearings. However,
there is a huge discrepancy between reported laboratory scale tests and re-
ported field tests. While many researchers provide laboratory results, no field
test for acoustic emission measurements could be found in the field of tribol-
ogy. Other fields have reported field tests, but all of them are static cases, like
the crack propagations on steel bridges [108] or health monitoring of bending
wind turbine blades [109]. Furthermore, all mentioned laboratory investiga-
tions [46,48,49,52,53,70–73] use single speed test setups, where they monitor
bearings at a certain speed at a time. Additionally many researchers focus on
slow rotating applications [53, 70–72], whereas investigations on high speed
applications, such as Feng et al. [110], are rare.
McFadden and Smith [67] reported difficulties of failure detection with acous-
tic emission measurements in combination with elevated speeds. In combina-
tion with the huge amount of investigations focusing on low speeds, the re-
ported difficulties of McFadden and Smith [67] indicates a speed dependency
of acoustic emissions of rolling element bearings that is not fully understood.
Rolling element bearings in industrial applications are often exposed to speed
variations and start stop cycles, which makes it important to understand the
speed dependency of acoustic emission signals. The few investigations that
include speed variation in their experimental setup use either a different tribo-
logical system such as journal bearings [80] or have another focus than speed
dependency in their analysis [111]. Therefore an initial investigation was car-
ried out, which addresses the problem of speed dependency of acoustic emis-
sion signals.
Instead of using a full rolling element bearing setup up to investigate the de-
pendency of rotational speed, this study investigates experiments that are even
further simplified such as ball bounces and tensile tests. The ball bouncing test
setup is simplified to study changes of contact time. Contact time in a rolling
element bearing is the time the rolling element needs to pass the width of its
own contact area. The tensile test with varied speeds is intended to represent
given acoustic emission events where occurrence frequency is speed depen-
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dent. Examples of such events with speed dependent occurrence can be over
rolling of contaminants (for a given concentration) or asperity interaction be-
tween either rolling element and raceway or rolling element and cage.
When it comes to acoustic emission as a monitoring tool measures like RMS
(root mean square) [46, 52, 73], amplitudes [70, 72] and activation
counts (AC) [48, 49, 71] are often used. Therefore, this article focuses on the
time dependency of RMS values and amplitude values of acoustic emission
signals. The fundamental results obtained from these simplified experiments
may be considered as a basis for future investigations on more complex sys-
tems such as rolling element bearings.

C.2 Background

According to ASTM standard [92] acoustic emission is the phenomena of tran-
sient elastic waves caused by rapid releases of energy. Based on this definition
it is assumed in this study that all acoustic emission signals can be described
as a series of force pulses as shown in figure C.1, where the pulses can vary
in amplitude ( fmax) and duration (tc). The time between different pulses will
be defined as offset time (to f f set). The use of such a simple model for acoustic

Figure C.1: Schematic drawing of acoustic emission events based on the
ASTM definition for acoustic emission

sources reduces time dependent variables to pulse duration time (tc) and event
frequency ( fevent = (to f f set)

−1). The investigation of one variable at a time will
lead to an increased understanding of principles for the time dependency of



116 PAPER C. TIME DEPENDENCY

acoustic emission signals.

C.2.1 Hertzian impacts for variation of pulse duration time

In order to investigate the influence of (tc) a herztian impact was chosen. Such
an elastic impact of a ball on a solid plate causes a force pulse (Figure C.2)
which is variable in duration time and amplitude by varying impact velocity
(v0) and ball radius (R). Based on Reed’s [103] model for fully elastic im-
pacts (C.1), both amplitude (C.2) and duration time (C.3) of the force pulse
can be calculated.

f (t) =− fmax sin(πt/tc)3/2 , 0≤ t ≤ tc
f (t) = 0 , t < 0 and t > tc (C.1)

fmax = 1.917ρ
3/5
1 (δ1 +δ2)

−2/5R2
1v6/5

0 (C.2)

tc = 4.53(4ρ1π(δ1 +δ2)/3)2/5R1v−1/5
0 (C.3)

where δi =
1−ν2

i

πEi

Reed’s contact model is based on material properties such as elastic modu-
lus (Ei), Poisson’s ratio(νi) and density (ρi), where the indexes (i) refer to
ball (i = 1) and plate (i = 2). By using steel balls and a steel plate, impact ve-
locity (v0) and ball radius (R) are the remaining variables to control amplitude
and contact time.

C.2.2 Tensile tests as a variation of the event frequency

Richter et al. [56] have reported increased and repeatable acoustic emission
activity around the yielding point. The main mechanism of plasticity at that
point is plane slip movement as stated by Taylor [112]. Plane slip in crystal
structures or metals is according to Taylor [112] a rapid and digital phenom-
ena due to the equilibriums in the crystal structure. The force to overcome
equilibrium state is calculated for plane slip according to the Peach-Koehler
equation [113] for movement of dislocations. At the grain boundaries dislo-
cations introduce stress, which results in either micro fracture or plastic grain
deformation [114]. For both cases the duration time, the transition from one
equilibrium to another, is much shorter than the time interval between two sam-
ples of acoustic emission measurements. It is, therefore, in this investigation
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Figure C.2: Force pulse of a single Hertzian contact calculated according to
Reed’s model for elastic impacts

assumed that excitation forces in the tensile test are delta impulses of differ-
ent amplitudes. Both force amplitude and direction of these delta impulses are
dependent on the Burgers vector and thereby on the crystal’s structure and ori-
entations of the grains. However, it is assumed that the global elastic wave is
independent of grain orientation and the dislocation’s position within a tensile
test sample due to the stochastic nature of grain orientation and dislocation’s
positions. Based on these assumptions different speeds in tensile tests will
influence the offset time without influencing excitations due to the slip phe-
nomena mentioned above, which means change in speed will be proportional
to the event frequency (vtensile ∝ fevent).

C.3 Experimental Setup

For all tests an accelerometer (WSal pha) from Physical Acoustics was used.
The sensor was in both test setups attached by beeswax to the test sample.
Beeswax thereby acted both as a glue and a couplant. First the beeswax
was applied to the test samples and after heating it to 75◦C the sensor was
pressed onto the sample. When both couplant and sample had cooled down to
room temperature the tests were started. The sensor signal was amplified by a
preamplifier (Physical Acoustic 2/4/6C) and digitally stored with a 14-bit PCI-
digitizer (GaGe OSC-432-007). The measured signal was bandpass filtered by
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the preamplifier (100kHz to 1.2MHz).

C.3.1 Hertzian impact setup

Figure C.3 shows the schematic setup for Hertzian impact experiments. The
sensor was attached to a steel plate (Toolox 40) with the dimensions
of 1.0x0.5x0.51m and excited by Hertzian impact through ball drops. Balls
were dropped using a spherical magnetic holder. The spherical shape of the
magnetic holder allowed a drop of the balls, which hit the plate vertically
aligned to the sensor position, with minimal spin and perfect free fall. The
plate was resting on two supporting rubber line contacts.

Figure C.3: Schematic drawing of the setup for experiments on Hertzian im-
pacts

Size and corresponding drop height are shown in Table C.1. Size and drop
height were matched based on equation C.2 and C.3 to have a constant force
amplitude of -50N, so that the impulses only varied by contact time (Fig-
ure C.4). Each test was repeated 8 times and signals were recorded for 6ms
with a pretrigger of 50µs. The recorded signal was stored with a sample rate
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Table C.1: Test setup

test-no. Ball samples Ball radius drop heights

1 RB2 G20 1.0mm 295mm
2 RB3 G20 1.5mm 76mm
3 RB4 G20 2.0mm 29mm
4 RB6 G20 3.0mm 7.55mm
5 RB8 G20 4.0mm 3mm

of 10 Msamples/s and amplified by 40dB.

Figure C.4: Calculated impact forces for different tests configurations (Ta-
ble C.1) based on Reed’s model for elastic impacts.

C.3.2 Tensile tests setup

For the tensile test ferrite steel samples were used, due its single phase and
beneficial structure as explained in Section C.2.2 The dimension of the samples
are shown in Figure C.5 and is valid for all tensile test samples used in this
investigation. Two-thirds of the broad end parts of the samples were clamped
by hydraulic activated grips in the tensile tester, which consisted of a hydraulic
test frame for tension and compression from the supplier Dartec combined
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with a control unit of Instron. The used tensile tester has a maximum capacity
of 250kN.
The tensile tests were carried out at six different speeds (0.03mm/s, 0.07mm/s,
0.1mm/s, 0.3mm/s, 0.7mm/s and 1.0mm/s). The range was thereby limited by
the control circuit of the tensile test machine, which was not able to maintain a
constant speed above 1.0mm/s. The lower range of the test speed was limited
by the acoustic emission measurement. For speeds lower than 0.03mm/s the
tests would have been longer than the maximum storage time. The used speed
range required to reduce the sample rate to 5 Msamples/s to limit the maximum
storage time to 132s, due to the capacity of the internal storage (2GB) of the
digitizer card.

Figure C.5: Schematic drawing of the dimensions of the tensile test specimens
and the sensor position. Dimensions are in mm.

During the tensile tests, applied force, cylinder position of the tensile tester,
extension of the test sample and acoustic emission were recorded. All signals
were triggered by a TTL signal in order to synchronize them. Both force and
extension were recorded with a sample frequency of 50Hz. The measurement
of the actual extension was processed to obtain a measure in percent, based on
the initial length of the extensiometer (50mm). Force measurements were used
without further treatment of the data.
The acoustic emission sensor was as for the Hertzian impact tests attached with
beeswax and the sensor position can be seen in Figure C.5.
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C.4 Results

Results of this investigation are divided in two sections. In Section C.4.1 re-
sults of the acoustic waves excited by ball impacts are presented. Both am-
plitude and RMS values of signals were analyzed with respect to the contact
time. The results of tensile tests are presented in Section C.4.2, where ampli-
tudes and RMS values were analyzed with respect to displacement speed of
the tensile tests.

C.4.1 Hetzian impact

As shown in Figure C.6, signals obtained by Hertzian impacts were excitations
with extremely low damping, due to the test setup and the size of the excited
plate. These signals were rectified by post processing of the data and short-
ened to 1ms of measurement plus the pretrigger signal of 50µs (Figure C.7).

Figure C.6: Raw acoustic emission signal obtained from a Hertzian impact

The given geometry leads to theoretical reflection times of 88µs and 171µs
for length and depth respectively, which is the cause of the modulation of the
signals as shown in Figure C.7. There are both peak to peak intervals and min-
imum to minimum intervals which are multiples of the reflection time. These
post processed signals were then analyzed with respect to the contact time
(tc) (C.3) of the Hertzian excitation of the ball bounces.
Figure C.8 shows the 10 highest values of the post processed signals (Fig-
ure C.7) for all Hertzian excitations. As mentioned in section C.1 all Hertzian
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Figure C.7: Rectified signal of the acoustic emission sensor

Figure C.8: Peak values of acoustic emission signals with respect to contact
time for impacts with equal force

impacts were repeated 8 times. The error bars represent the deviations for
each maximum value and excitation within these eight repetitions. Figure C.8
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Figure C.9: RMS values of acoustic emission signals with respect to contact
time

shows as well that at least within the tested range the acoustic emission ampli-
tude is indirectly proportional to the square of contact time (Umax ∝ 1/(t2

c )).
A similar trend was found for RMS values (Figure C.9), which as well tend to
be indirectly proportional to the square of contact time (RMS ∝ 1/(t2

c )). An
effect on the RMS value can be still observed, even if the damping of the ex-
cited plate is small. While the RMS value for 100µs of the acoustic emission
signal fits well to RMS ∝ 1/(t2

c ), the relation is not valid anymore for 1ms
and 6ms RMS values of the signal. However, the relationship between tc and
RMS values is highly dependent on damping of the system and the influence
of damping increase with increased averaging window.
Changing contact time by changing ball size implements a change in impact
energy in the case maximum force was kept constant. This change is shown in
Figure C.10. To ensure that the change in impact energy was not the cause for
increased acoustic emission, a complimentary test with equal impact energy
was executed. Thereby the drop height for the smaller balls was reduced to
equalize energies, which led to a reduction of impact force. In the most se-
vere case of the 2mm ball (RB2 G20) the contact force decreased from 50N to
38.7N, while the force remained 50N in the case of the 8mm ball (RB8 G20).
The contact times increased when drop height decreased in accordance with
equation (C.3). As Figure C.11 shows, the amplitude of the acoustic emis-
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Figure C.10: Impact energy for the tests executed with various ball size and
with an equal force

Figure C.11: Peak values of acoustic emission signals with respect to contact
time for impacts with equal impact energy

sion signal, even for equal impact energies, is strongly dependent on contact
time. However, the inclination of the slope in the double logarithmic scale is
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smaller when compared to the tests with equal force (Figure C.8). This af-
fects the dependency between contact time and acoustic emission amplitude
(Umax ∝ 1/(t2

c )→ Umax ∝ 1/(t1.9
c )), but a strong dependency of contact time

and amplitude of the acoustic emission signal is still shown.

C.4.2 Tensile tests

Figure C.12: Force and acoustic emission of a whole tensile test (results shown
are executed with a speed of 0.7mm/s)

A representative result for force and acoustic emission measurement of the
tensile tests (speed 0.7mm/s in this case) is shown in figure C.12. These re-
sults are in line with the observations of Richter et al. [56] of increased activity
of acoustic emission at the yielding point. The increased acoustic emission
activity after an initial elastic phase with lower AE activity is even more pro-
nounced in Figure C.13 where parts from crack initiation and propagation were
excluded by zooming in at the initial part of an AE signal of a tensile test, to
focus only on the elastic plastic regime.
To analyze the signal with respect to speed around the yielding point, both
force and acoustic emission measurements were converted to displacement
based signals. As Figure C.15 shows that force measurement (Figure C.15a)
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Figure C.13: Raw acoustic emission signal obtained from a tensile test (6s out
of a 30s long signal, to focus on the elastic plastic transition)

Figure C.14: Different stages of data extraction from the rectified acoustic
emission signal
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(a) Force measurements of tensile testl

(b) Force measurements on base of extension around yielding point

Figure C.15: Force measurements of tensile tests with different speeds

for different speeds reduces to one curve except for small deviations once force
measurements were converted to displacement as a basis (Figure C.15b). Hav-
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ing assured equal force for all experiments only speed is left as a cause for
changes of the acoustic emission signal.
At first acoustic emission signals were rectified by post processing identical to
the processing of signals of the Hertzian impact (Figure C.14). Converting sig-
nals to a displacement basis through simple multiplication of the time step and
the speed of the test sample then followed. The signals were reduced to signals
around the yielding point, after transforming signals from a time step basis to
a displacement basis. In cases of this study the data was reduced to signals
between 0.3mm and 0.8mm displacement (Figure C.14), which corresponded
to the region around the yield point. In Figure C.16 signals are rectified for
all the tested speeds presented. Even without further analysis a clear speed
dependency on the acoustic emission signals of the executed tensile tests can
be seen.

Figure C.16: Rectified acoustic emission signal around the yielding point

To extract more detailed information about the speed dependency, the point of
maximum amplitude was extracted for every curve. In order to avoid maxima
from local spikes, a moving average with a window of 0.05mm displacement
was used. This extracted point for every test was used to extract RMS values
at the Maximum (dmax) itself and at a PreMaximum point (dmax− 0.1mm), as
well as at a PostMaximum point (dmax +0.1mm). The window size of the ex-
tracted RMS values respresents in all cases 20ms. These extracted RMS values
are shown in Figure C.17. The error bars represent therefore, the variation in
speed within the analyzed signal (0.3mm to 0.8mm displacement) and error
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bars for a certain test speed are equal therefore. The figure shows as well that
the speed dependency for the tensile test is linear. In combination with the
theoretical background presented in Section 2 (vtensile ∝ fevent), these results
suggest a linear dependency between the RMS value of the acoustic emission
signal and the event frequency (RMS ∝ fevent ∝ 1/to f f set).

Figure C.17: Rectified acoustic emission signal around the yielding point

C.5 Discussion

The following dependencies are indicated by the results:

• RMS ∝ fevent ∝ 1/to f f set

• umax ∝ 1/t2
c (for constant force)

• RMS ∝ 1/t2
c (for constant force and low level of damping)

These dependencies are require systems with low level of damping and a short
averaging window of the RMS signal. The dependencies hold true even when
measurement inaccuracies and repeatability of the results are taken into ac-
count. However, further validation with additional sensors and experimental
setups are suggested to investigate influence of sensor, sensor mounting and
system damping on the speed dependency of acoustic emission.
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Furthermore, this investigation is based on simplified experiments, which leads
to the matter of transferability. In the case of a rolling element bearing, results
cannot be transfered directly without further investigation, because of the com-
plexity of the elasto-hydrodynamic lubricated (EHL) contact. High frequency
emissions in an EHL contact can have several causes, such as stress waves of
transient forces, elastic-plastic deformations on a micro scale or asperity inter-
action of the two surfaces. These sources may change both event frequency and
contact time not just with a change of rotational speed, but most likely as well
with changes of Slide-to-roll ratio, load and film thickness among other vari-
ables. The results of this investigation can not therefore, be adapted to complex
systems like rolling element bearings straight away. The results should instead
be seen as a basis for investigations on more complex systems.

C.6 Conclusions

It is concluded that the article has shown changes in contact time and event fre-
quency have two different impacts on both amplitude and RMS values. While
both amplitude and RMS value increases quadratically with a reduction of
contact time, the RMS value increases linearly with an increase of event fre-
quency. Furthermore it is concluded that simplified experiments have proven
to be a good supplement for full bearing tests in an early stage of investigation.
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Study of the short term effect of Fe3O4 particles in rolling
element bearings

Observation of vibration, friction and change of surface topography of
contaminated angular contact ball bearings

S. Schnabel, P. Marklund, R. Larsson
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SE-97187 Luleå, Sweden

Abstract The harsh environment rolling element bearings are exposed to in
iron mining industries is replicated in a laboratory scale in this work. Bearings
(SKF 7204BEP) were tested both with and without magnetite oxide (Fe3O4)
contamination. In order to study the interaction between contaminants and
extreme pressure (EP) additives the rolling element bearings were lubricated
with two different greases. A grease without EP and a grease containing sulfur
based EP additives were used. Further the effect of the contamination-additive
interaction on rolling bearing performance and monitoring signals (vibration
and acoustic emission) was investigated. The obtained results indicate an ad-
vantage of EP additive in case of the investigated operating conditions. More in
detail the use of EP additives decreased wear, surface roughness, vibration and
acoustic emission for both test durations of 24 and 168 hours. The decrease
of the acoustic emissions and the surface roughness parameter Rq in case of
the tests with a duration of 168h as high as 70 % and 60 % respectively using
EP additives in comparison with the plain grease were observed. The major
cause for this reduction seems to be the interaction between contaminants and
EP additives.

Keywords: Rolling element bearing, condition monitoring, contaminants, ex-
treme pressure (EP) additives
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D.1 Introduction

Rolling element bearings located in the production lines of mining industries
are mainly affected by the contamination of iron ore particles. This contami-
nation leads to a significant shortening of the bearing life and decrease thereby
the productivity due to standstills. Even the use of advanced sealing and lu-
brication systems can not prevent the significant decrease of the life of rolling
bearings working in the mining environment.
Third body abrasive wear due to contamination is a common failure source
of rolling element bearings [115]. As a result, many researchers have inves-
tigated the effect of contamination on rolling element bearing performance,
bearing life time and the detection of debris. In these investigations different
types of contaminants were used. The most common used contaminant is sil-
ica [48, 96, 116–118], but diamonds [115] and iron oxides [48, 96] were also
used.
While Sayles and Ioannides [119, 120] as well as Gabelli et al. [121] investi-
gated the influence of debris on fatigue life of rolling element bearings and its
statistical calculation, did other authors focus on the performance of the EHL
contact itself. The wear behavior of EHL contacts and the particle movement
were studied by Dwyer-Joyce et al. [115]. The same research team character-
ized the probability of particles entering the contact with the result that wear
increases with increased particles size due to the higher probability that par-
ticle enter the EHL contact [122]. A more industrial focused summary on
rolling bearing performance with contaminated lubricants was carried out by
Wennehorst and Poll [123].
Vibration and acoustic emission are common tools to monitor contaminated
bearings. Both Maru et al. [118] and Tandon et al. [96] have investigated
the effect of particle size and concentration on rolling element bearings, us-
ing either oil and vibration [118] or grease and acoustic emission [96] for
their test setups. The wear behavior of contaminated bearings were studied
by Kahlman et. al. [117] and Akagaki et. al. [104] using both vibration and
surface imaging techniques. Another investigation using vibration as a moni-
toring tool was carried out by Hariharan and Srinivasan [116]. They showed
the interaction of the root mean square (RMS) of the vibration signal and the
rotational speed of the bearing at different concentrations of contamination.
But the type of particles has also an influence on the signals of the monitor-
ing tools, like Miettinen and Andersson, [48] have shown. In their work they
presented the activity of the acoustic emission signal for steel, iron, FexOy and
quartz particles.
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Even though iron oxides were used in previous studies [48, 96], they focused
more on the detection of the contaminants rather than the influence on the
rolling element bearing. Further, do the previous investigations not take the
effect of additives into account. Some studies [48, 124] use different base oils
in order to examine the effect of base oil properties on a contaminated contact.
However knowledge about the effect and mechanisms of additives on contam-
inated systems is missing. Therefore this work was carried out to study the
short term effect of contamination on surface topography of raceways, vibra-
tion and acoustic emission signals with respect to the type of lubricant.

D.2 Experimental setup

The test samples were prepared in a laboratory environment and the all test
setups were executed at room temperature.

D.2.1 Rolling bearing test rig

The investigation was carried out in an in-house built rolling bearing test rig
(Figures D.1 and D.2). The principle of the rig is based on a free moving bear-
ing carrier (pos. 4 in Figure D.1) to be able to measure the sum of the friction
torque from both test bearings (pos. 2 in Figure D.1). The tested bearings are
loaded with an axial load by a spring shown in Figure D.2-a. Thereby is the
maximum adjustable axial load 2.5 kN.

1: support bearing
2: test bearing
3: rack
4: free moving bearing carrier

Figure D.1: Schematics of the Rolling bearing test rig used for this investiga-
tion.
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The test rig is capable to run with a rotational speed between 100 rpm and
2500 rpm, due to a variable frequency drive. The measured variables were in
case of the 24 hour tests friction torque and vibrations of the test bearings. For
the tests with a duration of one week the rig was additionally equipped with
acoustic emission sensors. The Friction torque is measured by a force sen-
sor connected to a torque arm (Figure D.2-b). A commercial vibration system
called WindCon is used to investigate vibrations from the tested bearings [125].
The accelerometer (SKF-607M69) was placed in the center of the test bearing
carrier in order to measure vibrations from both test bearings (Figure D.2). In
order to get as close to the contacts as possible, the acoustic emission sen-
sors (CMSS786M) were mounted above each of the tested angular contact ball
bearings. The measured frequency ranges are 0-10 kHz for the vibration and
0.1-0.5 MHz for the acoustic emission. Both signals where measured with a
sample storage rate of 0.625Hz. however, the sample rate of the measurement
was 2.56 kHz for the vibration signals and 1.28 MHz for the acoustic emission
signals. The hardware of the sensors create an envelope signal of the measured
acoustic emission, due to the amount of data, which is otherwise not process-
able by the WindCon system.
During this investigation mainly the trend analysis function of the WindCon
system was used. The trend value (D.1) in this case is the quadratic mean
value across the frequency spectrum for one measured sample.

T REND =
1
n

√√√√ fE

∑
i=0

a2
i , with n =

fE

∆ f
(D.1)

where T REND is the trend value, fE is the end value of the measured fre-
quency range, ∆ f is the discretization of the frequency range and ai is the
amplitude at a certain frequency. The discretization of the system for the pre-
sented results is 1 Hz. The Trend values were calculated for both the vibration,
the acoustic emission and their envelope signals respectively. The presented
trend value diagrams are based on the envelope of the vibration signal and the
double envelope of the acoustic emission signal. The 40 trend values during
a period of one minute are compared with each other and the highest value
is stored. These stored values within the test duration represent the trend of
vibration and acoustic emission level respectively.
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Figure D.2: Image of the free moving bearing carrier. a) top view, b) side view.

D.2.2 Test setup

Eight different test setups were used in the investigation (Table D.1), whereby
four test setups (test-no 1 to 4) acted as reference samples without contamina-
tion. Standard angular contact ball bearings (SKF 7204BEP) were used in all

Table D.1: Test setup

test-no. lubricant type contami-

nation (wt)

number of

samples

test duration

[h]

1 SL12-602 0% 2 24
2 1 168
3 SL12-603 0% 2 24
4 1 168
5 SL12-602 9.1% 4 24
6 2 168
7 SL12-603 9.1% 4 24
8 2 168

tests and for each sample one pair of bearings was tested. Before the test the
bearings were cleaned by an ultrasonic cleaning in heptane as a solvent and
then lubricated with 3 g of grease. The reference samples were lubricated with
uncontaminated grease and the samples of test 5 to 8 were lubricated with a
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mixture of 3 g grease and 0,3 g magnetite particles (Fe3O4). The size distribu-
tion of the contaminant is shown in Figure D.3. The contaminated grease was
mixed in a beaker before it was applied to the bearings.

Figure D.3: Size distribution of the magnetite particles used as contaminants.

The greases SL12-602 and SL12-603 were used as lubricants. SL12-602 (non-
EP grease) is a grease with a lithium thickener and a mineral base oil. Antiox-
idants are the only additives in the grease. SL12-603 (EP grease) is based on
the grease SL12-602, but contains in addition a sulfur based extreme pressure
additive added to the base oil of the grease.
The prepared bearing samples were tested during 24 hours and 168 hours re-
spectively. For both cases the bearings were tested at a rotational speed of
180rpm and by applying a axial load of 2 kN, which results in a life time
L10h of 147,000 hours. During all tests the friction torque was measured in
order to calculate the coefficient of friction and the vibration trend was mon-
itored. In addition to the vibration trend, the trend of the acoustic emission
signal was monitored for tests with a duration of 168 h. After the test dura-
tions of 24 h and 168 h the tested bearings were disassembled and cleaned by
ultrasonic cleaning in a solvent (heptane) and the surface topography of the
raceways was measured. For this measurements a 3D optical interferometry
spectroscope (WYKO NT1100) was used.

D.3 Results

All results showed good repeatability and the results of the different test dura-
tion are in line with each other. Patterns for surface measurement and trends in
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both vibration and acoustic emission measurements are consistent through out
the whole investigation.

D.3.1 Test duration of 24 hours

From a coefficient of friction (COF) point of view, the tests did not indicate
any advantage of EP additives. Figure D.4 shows the coefficient of friction
over the test duration of 24 hours. Addition of contaminants as well as EP-
additives lead to an increase of COF in comparison to the reference sample.

Figure D.4: Average coefficient of friction over the test duration of 24 hours
for the used test setups.

The measurements of the surface topography (Figure D.5) on the other hand
showed a clear difference between EP and non-EP grease. Analyzing the sur-
face features of the images of the raceways (Figure D.5) indicates similarities
between four of the pictures. The image marked with a) is a new bearing, while
the images b) and c) show tested bearing raceways of the non-EP grease and
EP grease references without contamination. In all these samples the grinding
grooves of the manufacturing process are still visible. The grinding grooves
still remain in the sample with EP grease and a 10% particle contamination
(Figure D.5-e). However the grinding grooves are not visible for the contami-
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nated sample without EP-additives, as shown in Figure D.5-d.

Figure D.5: Images of the surface measurements with interferometric spec-
troscopy after a test duration of 24 hours. a) unused bearing, b) bearing with
non-EP grease, c) bearing with EP grease, d) contaminated bearing with non-
EP grease, e) contaminated bearing with EP grease

Further enable the images (Figure D.5) of the surface topography a analysis of
the surface roughness . For all uncontaminated tests (Figure D.5-a,b,c) the sur-
face roughness parameter Rq is within a range of 100 nm to 130 nm. But for
both contaminated tests (Figure D.5-d,e) the surface roughness has increased
significantly. However the increase for tests using EP grease (Figure D.5-e) is
much lower than for the non-EP grease tests (Figure D.5-d). While the surface
roughness parameter Rq of non-EP grease samples increase to about 500 nm,
the EP grease samples had a end value of about 300 nm. Further are pitting
dents only visible for images of the contaminated non-EP grease samples (Fig-
ure D.5-d).
The vibration signals shown in Figure D.6 are the trend (D.1) of envelope sig-
nals with different frequency ranges. Beside test setup 5 (non-EP grease with
contamination) all tests show a constant vibration trend signal. The vibration
trends of the tests with non-EP grease and contamination are increasing during
the 24 hours of testing. The end value increases to as much as three times the
initial value, while for all other test-setups (test-no. 1,3,7 of Table D.1) the end
value does not differ significantly in comparison to the initial one.
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(a) Non-EP grease (b) EP grease

(c) Non-EP grease with particle contami-
nation

(d) EP grease with particle contamination

Figure D.6: Observation of vibration signal for the different test setups. Yel-
low: trend of an envelope signal with a range of 10 Hz-1 kHz. Blue: trend of
an envelope signal with a range of 10 Hz-100 Hz. Observe the difference in
scale!

D.3.2 Test duration of 168 hours

The friction behavior (Figure D.7) follows the exact same pattern as the 24
hour tests (Figure D.4), where both addition of EP additives and contamina-
tion increases the coefficient of friction. The values for COF are decreasing
in all cases during a running in period, followed by a period were the COF
stabilizes on a certain level. Further does the COF, as expected, fluctuate more
by adding contaminants. Another observation is that the systems without EP
additives and with contamination (Figure D.7-C) have a prolonged running in
period in comparison to the other test setups.
As expected, the surface roughness did not change significantly for the un-
contaminated test setups. In comparison to the unused reference sample, with
a surface roughness of Rq=100 nm (Figure D.8-a), the surface roughness pa-
rameter Rq of the uncontaminated non-EP grease sample (Rq=150 nm, Fig-
ure D.8-b) and the EP-grease sample (Rq=115 nm, Figure D.8-c) increased
only slightly. For the contaminated cases the elevated wear rate seen in the 24
hour tests maintained through the 168 hour tests and resulted in even rougher
surfaces as seen after the 24 hour tests. Not just the surface roughness increase
during the 168 hours tests, but also the deviation of the measured surface
parameters increased for the contaminated samples. The surface roughness
parameter Rq varied from 800 nm to 1000 nm in case of the non-EP grease
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Figure D.7: Average coefficient of friction over over the test duration of 168
hours for the used test setups.

Figure D.8: Images of the surface measurements with interferometric spec-
troscopy after a test duration of 168 hours. a) unused bearing, b) bearing with
non-EP grease, c) bearing with EP grease, d) contaminated bearing with non-
EP grease, e) contaminated bearing with EP grease
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(Figure D.8-d). While Rq for EP-grease samples were measured in between
300 nm and 500 nm (Figure D.8-e).

(a) Non-EP grease (b) EP grease

(c) Non-EP grease with particle contami-
nation

(d) EP grease with particle contamination

Figure D.9: Observation of vibration signal for the different test setups with
an test duration of 168 hours. Red: trend of an envelope signal with a range of
10 Hz-100 Hz. Observe the difference in scale!

Comparing the vibration signals from the 24 hour tests and the 168 hour tests
(Figures D.6 and D.9) some differences are observed, but the overall pattern
seems to be maintained throughout both tests. As for the 24 hour tests, the 168
hour tests have low constant vibration levels for uncontaminated samples (Fig-
ure D.9-a,b) and accelerated vibration levels for the samples contaminated with
iron oxide (Figure D.9-c,d). Thereby is in general the vibration level lower
for samples with EP grease (Figure D.9-d) in comparison to the samples with
non-EP grease (Figure D.9-c). However the increasing trend seen from the
previous 24 hour tests (Figure D.6-c) was not observed for the 168 hour tests
(Figure D.9-c).
The detection of acoustic emission was only used for the samples with an test
duration of 168 hours. But the results of the acoustic emission (Figure D.10)
substantiate both the previous mentioned vibration responses of the tests and
the observed differences between uncontaminated and contaminated as well as
the differences between the two types of greases. Especially the difference of
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(a) Non-EP grease (b) EP grease

(c) Non-EP grease with particle contami-
nation

(d) EP grease with particle contamination

Figure D.10: Observation of acoustic emission signal for the different test
setups with an test duration of 168 hours. Circles: trend of the double envelope
signal of test bearing A. Squares: trend of the double envelope signal of test
bearing B. Observe the difference in scale!

the acoustic emission between non-EP grease (Figure D.10-c) and EP grease
is even more distinct in compare to the vibration responses. The differences in
trend values of the double envelope of the acoustic emission signal of the test
setups no. 6 and no. 8 (Table D.1) were as high as 70%.
Ploting the mean values of vibration and acoustic emission signals allows a di-
rect comparison of the different test setups (Figure D.11). For all measures the
reference samples for non-EP grease and EP grease do not show a significant
difference. Further are all reference measures several factors lower than the
contaminated samples. The clearest difference was observed for the acoustic
emission signals of the contaminated bearings used during the 168 hour tests.
Also the average of the vibration signals of the contaminated tests for both the
24 and the 168 hours show a significant difference. However the difference is
not as extreme for the vibration signals in comparison to the acoustic emission
signals.
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Figure D.11: Comparison of the average values for vibration and acoustic
emission between the different test setups

D.4 Discussion

All eight setups with contaminated rolling element bearings simulate the harsh
environment in the iron mining industry and show a difference in vibration
trend and surface topography already after the relatively short test duration
of respectively 24 hours and 168 hours. The observed advantage of EP ad-
ditives could have several reasons. The most obvious would be a reaction
of the additive with the bearing surfaces in order to form sacrificing layers.
The theory would explain the differences in both acoustic emission and vi-
bration responses of different test samples as well as the difference in surface
roughness. But this would not explain the results of the surface topography
images shown in Figure D.5. The missing grinding grooves of samples with
non-EP grease and contaminations (Figure D.5-d) compared to the other test
samples could be a indication of higher wear rate,which is contradictory to the
theory of sacrificing layers. This difference in wear rate between test setup
no. 5 and 7 (Table D.1) could be a result of a possible chemical reactions (D.2)
and (D.3) of the sulfur based EP-additive with the contaminants itself.
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2 Fe3O4 +4 S−−R+O2 −→ 2 FeSO4 +2 FeS+2 FeO+4 R (D.2)

Fe3O4 +3 S−−R+2 O2 −→ 2 FeSO4 +FeS+3 R (D.3)

Martin et.al. [126] have shown that abrasive wear of iron oxide particles can be
reduced by a chemical reaction with additives. In Martin et.al. [126] the reac-
tion between hematite (Fe2O3) and ZDDP was investigated. Another study was
carried out by Yuan-Dong et.al. [94]. In this study they showed the favorable
effect of FeS and FeSO4 particles on the wear behavior of grease lubricated
steel on steel interfaces. Both studies support the theory of a reduced wear rate
due to a chemical reaction of parts of the contaminants with the EP-additives.
Further the theory of a reaction between contaminants and EP additives is in
line with the measured vibration and acoustic emission.
Another result of the investigation is that vibration and acoustic emission
measurements are consistent with the surface topography measurements,
whereas the measurement of the friction coefficients is not related to the mea-
sured surface roughness topographies. At least not within the short test dura-
tions of 24 hours and 168 hours.

D.5 Conclusions

The investigation replicated the severe operating conditions for rolling element
bearings in production lines of mining industries. It was shown that the use of
EP additives could be favorable for those bearings working in such environ-
ments. In particular for the used operating conditions during the experiments
EP additives were favorable. Contaminated test samples with EP additives
showed decreased surface roughness, wear rate, vibration and acoustic emis-
sion in compare to the contaminated samples without EP additives. However
in order to explain the mechanism for these improvements further analysis has
to be done, especially chemical analysis of raceways and grease samples.
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Abstract The detection of plastic deformation caused by particle contami-
nation in rolling element bearings using acoustic emission is reliable at low
speeds as shown in several studies. However, there are no studies at greater
speeds of the detection of plastic deformation by acoustic emission in rolling
element bearings. The acoustic emission signals of rolling element bearings
have, however, been shown to be dominated by transient force signals which
are elastic waves caused by transient forces acting at the raceway surface. This
is especially the case at elevated speeds. This study therefore aims to fill this
gap and investigates the contribution of signals caused by plastic deformations
and transient force signals to the overall acoustic emission signal is investi-
gated in this study. The results of the test showed a dominance of transient
force signals at elevated speeds, which masks signals caused by plastic de-
formation and prohibits the detection of particle contamination. However, the
exponential dependency of rotational speed on transient force signals changed
the ratio between the plastic deformation signal and the transient force signal
over a wide range within the tested speed which went from 1rpm to 3000rpm
in a rolling element bearing setup. With decreasing speed the contribution of
transient force signals to the overall measured acoustic emission signal de-
creased and eventually the contamination was detectable. The influence of a
stress memory effect, the so called Kaiser effect, on the detection of plastic
deformation in rolling element bearings was studied. However, an influence
on detection, due to the Kaiser effect, of plastic deformation caused by particle
contamination was not observed.

Keywords: Rolling element bearing, acoustic emission, elastic waves, tensile
test, plastic deformation, transient force, contamination, RMS
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E.1 Introduction

According to the ASTM standard [92], acoustic emission is defined as:

"...Rapid release of energy, due to stresses within a material..."

This definition is defined by the field on nondestructive testing and limits
acoustic emission to applications where plastic stresses occur. This definition
applies to severe operating conditions in the case of a rolling element bearing.
Particle contamination is one such severe condition where plastic deforma-
tion in rolling element bearings can occur. Particle contamination also occurs
in several investigations of acoustic emissions (AE) in rolling element bear-
ings [48, 71, 72, 96]. Changes in acoustic emission signals based on particle
size [48, 96], degree of contamination [71, 96] and type of particle [48] have
been reported. However, in a well functioning rolling element bearing plastic
stresses are at a minimum and tend to be negligible. However, acoustic emis-
sion signals in well lubricated and well operating rolling element bearings have
been recorded in several studies [52, 72, 111]. These signals are not caused by
plastic stresses and are most likely caused by transient forces: This source of
acoustic emission signals has been studied in model experiments such as that
with a bouncing ball [83], a glass caliper burst [90], or a pencil lead burst
setup [127]. However, there are few studies on acoustic emissions caused by
transient forces in rolling element bearings. Furthermore, reported acoustic
emission signals caused by transient force [83, 90, 127] exceed the signal am-
plitudes reported by studies using plastic deformation as a source [128–130]
by several magnitudes. Therefore, signals caused by plastic deformations only
were compared. Once plastic deformation reaches a level where cracks are
initiated, signals may exceed the signals caused by transient forces. However,
plastic deformations severe enough to cause cracks are not relevant for rolling
element bearings. However, researchers were able to detect mild plastic defor-
mation caused by particle contamination in rolling element bearing tests.
The authors hypothesize that detectability of plastic deformation in rolling ele-
ment bearings is influenced by the dependency of acoustic emission signals on
excitation time [127]. Based on the authors’ hypothesis, plastic deformation
will be detectable if excitation times get long enough so amplitudes of signals
generated by plastic deformation exceed amplitudes of signals caused by tran-
sient forces. In this investigation both simplified test setups and full bearing
tests are shown and analyzed with respect to the authors’ initial hypothesis.
Furthermore, the existence of the Kaiser effect [8, 54] in full bearings test se-
tups is investigated. The Kaiser effect is a stress memory effect named after
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Josef Kaiser who discovered that acoustic emission signals caused by plastic
deformation occur only during the initial deformation. According to Kaiser
no acoustic emission can be observed on a deformed sample unless the initial
deformation force is exceeded, which causes further plastic deformation.

E.2 Experimental setup

In this investigation two different test setups were used to study acoustic emis-
sion signals caused by plastic deformation. First, pure plastic deformation sig-
nals were studied in a tensile test, to understand influences of material hardness
and extension speed (occurrence frequency of plastic events) on the acoustic
emission signal. The results of this simplified plastic deformation test were
used to interpret acoustic emission signals of a second test setup, a full bearing
test. In the full bearing test, rolling element bearings lubricated with clean and
contaminated grease were studied. Assuming that acoustic emission signals
are caused by transient forces in well functioning rolling element bearings, the
AE signals of contaminated bearings were compared to the tensile test signal
and the clean bearing test signal, to identify the contribution of plastic de-
formation to the overall measured acoustic emission signal of contaminated
rolling element bearings. A comparison of tensile tests and full bearings tests
was also made with regards to detectability of the stress memory effect, called
the Kaiser effect. In both tensile tests and full bearing tests, this stress memory
effect can prohibit acoustic signals of plastic deformation, which could influ-
ence detectability of contamination in bearings.
For both the tensile tests and the bearing tests an acoustic emission transducer
(WSα) from Physical Acoustics was used. Signals were amplified by an am-
plifier (2/4/6C) from the same supplier and recorded by a 14-bit PCI-digitizer
(GaGe OSC-432-007). Furthermore, the signal was bandpass filtered (100 kHz
- 1200 kHz). The sample rate was chosen to be 5 Msamples/s for the tensile
test and 10 Msamples/s for the bearing tests. In case of the tensile test the
sample rate had to be reduced, due to the recording time being longer than 30
seconds and the maximum storage capacity of the digitizer card. The sensor
was mounted with beeswax on to the outer ring and the tensile test samples re-
spectively. Beeswax was thereby applied onto the surface and heated to 75◦C
before the sensor head was pressed onto the surface. The tests started after
both the beeswax and the surface had reached room temperature.
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E.2.1 Tensile tests

The tensile tests were executed with two different samples. One sample was
a pure ferrite sheet, while the second sheet metal consisted almost exclusively
of bainite. The sheets had a thickness of 1.3 mm and were shaped according to
the schematic drawing shown in Figure E.1. The dimensions of the diminution
of the sample were crucial, because they not only determine the point of crack
initiation, but also, together with the sheet thickness, determine the deformed
volume of the test sample. Other dimensions of the sheet did not matter for the
test and are therefore not shown in Figure E.1 nor controlled prior to the ten-
sile tests. Figure E.1 also shows the position of the acoustic emission sensor,
which was identical for all tests.

Figure E.1: Schematic drawing of the tensile test sample including dimensions
and sensor position

For the tensile tests a hydraulic test frame (Dartec) was used and controlled
by a unit supplied by Instron. During tests the samples were clamped with
a hydraulic grip at both ends and were extended with an extension speed of
0.03 mm/s to 1.0 mm/s, while a load cell recorded the load with a sample
frequency of 50 Hz. To synchronize both load and the acoustic emission mea-
surement, both recording starts were triggered by a TTL signal of the Instron
control unit. For the standard tests the samples were torn apart with constant
extension speed until the sample was broken. The procedure for the Kaiser
effect test, however, was more complex. In the Kaiser effect test the sample
was loaded beyond the yield point, where plastic deformation occurs. This
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was followed by a rapid unloading until the sample was load free. Thereafter
a second loading cycle was initiated, where the sample was loaded beyond the
previous applied load. After a second unloading, the sample was loaded until
failure.

E.2.2 Full scale bearing test

The full scale experiments were executed on a test rig for large bearings devel-
oped by SKF. In Figure E.2a a schematic drawing of the main shaft assembly

(a) Schematic drawing side view

(b) Schematic drawing front
view

(c) Photo test bearing
front view

(d) Photo test bearing top view

Figure E.2: Schematic drawing of the main shaft assembly, actuator installa-
tion and image of the test bearing used in this investigation
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is shown. As support bearings two spherical roller bearings (SKF 22212-E),
mounted in a SKF SNL 212 housing, were used. The test bearing used in this
investigation was a double row spherical roller bearing (SKF 22220-E). This
test bearing was mounted in a bearing holder, which was held in place by a
spring assembly (Figure E.2). However, before the bearing holder and outer
ring were clamped by the spring assembly, load was applied through a hy-
draulic jack in combination with a lever system (Figure E.2b). Throughout all
test the test bearing was loaded with 10 kN. The setup with a bearing holder
clamped by a spring assembly, secured almost pure radial loading and a ben-
eficial measurement condition by low acoustic coupling to the surroundings.
The test rig is driven by an electric servo motor (MXSV145-28-5-24-3I-A6)
in combination with a frequency converter (Parker Compax3). The motor was
connected to the main shaft by a rubber coupling, which reduced elastic wave
emission of the motor to the main shaft assembly.
In the bearing test rig two different test procedures were performed. One test
with variable speed, where the speed was increased from 1 rpm to 3000 rpm af-
ter an initial run in at 3000 rpm for 15 min. Acoustic emission measurements
were carried out at eight rotational speeds (1, 3, 10, 30, 100, 300, 1000 and
3000 rpm) after 5 min additional run-in at each rotational speed. The acoustic
emission measurements were manually triggered after 5 minutes. Three AE
measurements of 1 second length were recorded with 30 seconds in between
at each speed. This test procedure was repeated for both the clean and the con-
taminated bearing case.
The second test procedure performed in the bearing test rig was a continuous
run for 30 hours at constant speed (180 rpm) for both clean and contaminated
bearings. Similar to the first procedure were 3 AE measurements of 1 second
length recorded at a time. For both test procedures the bearing was grease lu-
bricated; in the clean case with SKF LGWM 2/0.4 grease, while in the contam-
inated case the test bearing was lubricated with a mixture of SKF LGWM 2/0.4
grease (90.9%) and magnetite (Fe3O4) particles (9.1%). The exact distribution
of particle size and the mixing procedure are identical to those in an earlier
investigation [97] made by the authors. The acoustic emission transducer was
for all bearing tests placed at the sidewall of the outer ring above the loaded
zone.
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E.3 Results and discussion

This section is divided in two subsections. One where pure plastic deformation
signals generated by tensile tests are presented and analyzed. In a second part,
the contribution of plastic deformation signals to the total acoustic emission
signal is analyzed based on full bearing tests with plain and with contaminated
grease.

E.3.1 Acoustic emission signals from plastic deformation in tensile
tests

Acoustic emission signals and load measurements of two standard tensile tests
are shown in Figure E.3. Figure E.3a presents the results of a tensile test with
ferrite, while Figure E.3b shows results of a test with a bainite sample. For
both samples the acoustic emission signal shows an increased amplitude after
passing the yield stress. However, this increase in amplitude is shown more
clearly in the case of the ferrite sample (Figure E.3a). Another similarity for

(a) Ferrite (b) Bainite

Figure E.3: Acoustic emission measurements of a tensile test (be aware of the
different scales)

both samples is the rapid increase in amplitude during crack initiation and
propagation. However, for rolling element bearings the signal behavior around
the yield stress is of interest. Before reaching the yield stress (linear force), the
tensile test is in the elastic regime. According to Kaiser [54] acoustic emis-
sion does not exist for elastic deformation. The measurements, however, show
a low amount of acoustic emission for the bainite case, while the ferrite case
has no acoustic emission during elastic deformation and is, therefore, in line
with Kaiser [54]. The reason for acoustic emission in the elastic regime in the
bainite case might be residual stresses from the hardening process. By passing
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the yield stress (once force is not longer linear) the plastic regime is entered
and acoustic emission should be emitted [54]. For both sample types AE was
detected in the plastic regime. Furthermore, a local maximum was observed
shortly after passing the yield stress. The most significant difference between
the ferrite and the bainite sample is the absolute value of the amplitude around
the yield point. While the acoustic emission amplitude of the ferrite sample
reaches 0.6 mV, the amplitude reaches almost 10 mV with the bainite sample.
This indicates that acoustic emission signals caused by plastic deformation in-
crease in amplitude with increasing hardness of the deformed material.
The number of plastic events within a given time interval (event frequency
fevent) has additionally been shown to have a huge impact on acoustic emis-
sion amplitudes [131]. For this previous investigation [131] identical ferrite
samples were used and the extension speed of the tensile test was varied. Fig-
ure E.4 shows how AE RMS values obtained in tensile tests increase with
increased extension speed. The AE RMS values represent, in Figure E.4, the
root mean square of a window of 20 ms around the local maximum after pass-
ing the yield stress. During all tensile tests, regardless extension speed, sim-
ilar plastic deformations are performed, in case identical tensile samples are
used. Increasing the extension speed implies an increase in event frequency
and more plastic events within a given time interval. Finally, the increase in
plastic events within a given time interval will add up to an increase in acoustic
emission amplitude and RMS value [131].

Figure E.4: RMS values of acoustic emission signals around the yield point
for different speeds of a ferrite sample.

The Kaiser effect is clearly shown in Figure E.5, where acoustic emission sig-
nals of both ferrite and bainite samples are recorded during tensile tests with
two load releases. Acoustic emission signals (blue curve Figure E.5) reduced



E.3. RESULTS AND DISCUSSION 159

to background noise level as the load (red curve Figure E.5) is released and re-
mains at background noise level until the previous maximum applied load was
exceeded. This stress memory effect is valid for different geometries and ma-
terials as shown by J. Kaiser [8,54]. However, while the Kaiser effect is clearly
detectable in simplified plastic deformation tests, such as Brinell tests [54] and
tensile tests (Figure E.5), its effect on the detectability of contamination in
rolling element bearings is unclear.

(a) Ferrite (b) Bainite

Figure E.5: Acoustic emission measurements of a tensile test with step wise
loading and unloading of the sample

E.3.2 Acoustic emission signals of plastic deformation in rolling
element bearings

Figure E.6 shows, acoustic emission signals in both time and frequency do-
main of bearings at 100 rpm, the speed with the clearest difference in RMS
value. The most obvious difference between a contaminated and an uncon-
taminated bearing is the amplitude in the time domain causing the difference
in RMS value shown in this study (Figure E.8 at 100rpm). The AE signal in
the time domain for the contaminated bearing is in line with investigations by
Miettinen and Andersson [48]. Considering the particle type (Fe3O4) and par-
ticle concentration (9.1% wt) a continuous signal with elevated amplitude was
expected [48]. Additionally, the time domain of AE signals of contaminated
bearings shows pulsations which were not detected in the case of uncontami-
nated bearings. Some of Miettinen’s and Andersson’s measurements showed
these pulsations in their study too. However, they did not give any cause or
explanation. The relatively long duration (10 ms - 30 ms) of these pulses indi-
cate a global cause, such as particle agglomeration, rather than differences in
the plastic deformation process over time. Therefore, this phenomenon does
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not influence this current study and is not addressed in detail.

Figure E.6: Time signal and spectra of acoustic emission measurements of a
contaminated and an uncontaminated bearing at 100 rpm and 10 kN load.

Spectra shown in Figure E.6 are sensor function compensated by McLaskey’s
and Glaser’s method [89] for absolute calibration. Comparing spectra of AE
signals of contaminated and uncontaminated bearings shows, beside an in-
crease in amplitude, no clear differences. However, previously the tensile tests
indicated that plastic deformation excites frequencies evenly. Therefore, simi-
lar spectra for contaminated and uncontaminated bearings are to be expected.
Furthermore, resonances and bearing frequencies are not visible in the spectra
shown, because they are below the measurement range (100 kHz to 1 MHz).
In summary, the only, though clear, difference in AE signals between con-
taminated and uncontaminated bearings is the amplitude, which explains the
use of measures, such as amplitude, activation counts and mean values, in
previous investigations regarding acoustic emission and particle contamina-
tion [48, 96, 104]. These studies were, however, carried out at a constant and
relatively low speed, to avoid interaction between the AE signals caused by
plastic deformation and AE signals caused by transient forces. While plastic
deformation caused by tensile tests is easily detected and analyzed by acous-
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tic emission, the detection and analysis of plastic deformation through AE in
rolling element bearings is impeded by AE signals resulting from transient
forces. AE signals resulting from transient forces in a bouncing ball applica-
tion had been previously studied [131]. AE amplitudes were found to be highly
dependent on contact time (tc). The term "contact time" in a bouncing ball
setup refers to the time the ball is in contact with the plate. For rolling element
bearings, however, the term contact time is not commonly used. Therefore, the
rolling element bearing contact time (tCOR) in this study is defined as the time a
rolling element requires to pass the contact width of its own contact area in the
direction of rolling. Equation (E.1) describes this definition mathematically:

tCOR =
b

fCA ∗DO ∗π
(E.1)

where tCOR is the contact time on the outer ring, b is the width of the elliptical
contact area along the rolling direction, fCA is the rotational frequency of the
cage assembly and DO is the diameter of the outer raceway. This mathematical
expression (E.1) was used to estimate the RMS value of a rolling element bear-
ing used in this study (SKF 22220 E). Thereby, the elliptical contact width (b)
was calculated for a Hertzian contact based on the geometrical measures of the
bearing. Using RMS value results of the previous study with a bouncing ball
setup [131], the RMS values for the rolling element bearing were estimated by
scaling based on contact time, using the following equation:

UREB =
t2
c

t2
COR
∗UHI (E.2)

where UREB is the estimated RMS value of the rolling element bearing, UHI

is the RMS value of previous Hertzian impact tests [131] and tc is the contact
time of these Hertzian ball impacts of the previous investigation [131].
These estimated RMS values (UREB) are shown in Figure E.7 (red triangle
marker). The trend of the estimated RMS values shows good agreement with
RMS values recorded from full scale bearing tests with clean grease (circular
markers - Figure E.7). The slight underestimation of estimated RMS values
compared with measured RMS values was expected due to several reasons.
One reason is the use of Hertzian dry impacts as a reference. A previous study
has shown an increase in amplitude of AE signals for an EHL impact com-
pared with a Hertzian impact [132]. The second reason is the slide-to-roll
ratio of the rolling element bearing. While the Hertzian impact, which was
the reference case, is solely a compression problem, sliding is introduced in
the full bearing test, which may contribute to the acoustic emission signal.
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Figure E.7: RMS values of acoustic emission measurements obtained from
a full bearing test compared to calculated values from bouncing ball experi-
ments [131]. Error bars represent the standard deviation.

Furthermore, several EHL contacts contribute to the acoustic emission signal
in the bearing test, while the reference signal was based on a single Hertzian
contact. The difference between calculated and measured RMS values below
100rpm (Figure E.7) is due to measurement limitations. The black marker
in Figure E.7 represents measurements of background noise and explains why
RMS values below 100rpm do not decrease any further, even though the calcu-
lation suggests a decrease. In summary, estimated and measured values show
good agreement considering that they represent a single non-sliding Hertzian
contact (estimated values) and a group of EHL contacts with various slide-to-
roll ratio (measured values).
The results shown so far in this study give an indication for acoustic emission
signals of contaminated bearings. Comparison of the amplitude levels of the
tensile tests (Figure E.3) and the measurement of the background noise during
rolling element bearing tests with plain grease (Figure E.7, diamond markers)
shows that the plastic deformation signals are of the same magnitude as the
background noise. Additionally, the speed dependency of AE signals caused
by plastic deformation (Figure E.4) suggests that plastic deformation signals
exceed the background noise level with increased rotational speed. However,
the AE signals caused by transient forces increase to the power of two with the
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rotational speed (Figure E.7, circular markers). Hence, the highest probability
of detection of plastic deformation caused by particle contamination in rolling
element bearings should be at the highest speed where the transient force is
still at background noise level. In the case of the bearing used for this investi-
gation, the rotational speed with the highest probability of detection would be
30 rpm (Figure E.7).

Figure E.8: RMS values of acoustic emission measurements obtained from
a full bearing test with particle contaminated and uncontaminated bearings.
Error bars represent the standard deviation.

A comparison between the measurements of uncontaminated rolling element
bearings (circular marker in Figure E.8) and the contaminated rolling ele-
ment bearings(quadratic marker in Figure E.8) shows the biggest difference
at 100 rpm rotational speed, instead of 30 rpm as suggested by the previous
results. Still, the previous results of bouncing ball and tensile tests provided a
good estimate. Furthermore, figure E.8 supports the hypothesis of detectability
of plastic deformation in rolling element bearings, once contact times become
long enough. So at an elevated speed, the acoustic emission signal caused by
transient forces becomes dominant and covers signals caused by contamina-
tion (in the case of this experiment from 300 rpm to 3000 rpm). However, as
rotational speed decreases the contribution of the transient force to the overall
acoustic emission signal decreases. As a result RMS values of contaminated
bearings (quadratic marker in Figure E.8) are higher in amplitude when com-
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Figure E.9: RMS values of acoustic emission measurements obtained from a
full bearing test with constant speed (180rpm) over 30h. Error bars represent
the standard deviation.

pared to RMS values of rolling element bearings lubricated with clean grease
for a rotational speed at or below 100 rpm. Exceptions are the measurement
points at 1 and 3 rpm. However, it must be taken into account that the minimum
recommended rotational speed is 10rpm for the bearing used in this investiga-
tion. Additionally, RMS values at speeds of 1 and 3 rpm are almost at the level
of the background noise. Therefore, the accuracy of measurement decreases at
these speeds. If the results at 1 and 3 rpm are excluded, the relation between
AE signals of contaminated and uncontaminated bearings at different speeds
behaves according to the initial hypothesis and is in line with previous results
of tensile tests and bouncing ball experiments [131].
Tensile tests have shown the detectability of plastic deformation in rolling el-
ement bearings could be impeded by the Kaiser effect. However, during a test
duration of 30h the acoustic emission signal of a contaminated rolling element
bearing varies only minimally (quadratic markers Figure E.9). With a stable
level of the RMS signal throughout the entire test duration results suggest the
Kaiser effect does not affect acoustic emission measurements caused by plas-
tic deformation of contaminated bearings. In the case of an influence through
this stress memory effect, RMS values of contaminated bearings would have
approached the reference measurement of a clean bearing (circular markers
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Figure E.9), which it clearly did not. A possible explanation could be the ran-
dom distribution of the contaminants. The Kaiser effect is based on plastic
deformation that is caused by a force vector that acts at the same point and in
the same direction. The random distribution of contaminants most probably
violates this condition and prohibits influence of the Kaiser effect in contami-
nated rolling element bearings.

E.4 Conclusions

This study shows that detectability of plastic deformation in rolling element
bearings caused by particle contamination depends on the ratio between sig-
nals caused by plastic deformation and transient force signals. It is concluded
that transient force signals dominate the acoustic emission signal of a rolling
element bearing at elevated rotational speed and this prohibits the detection
of particle contamination. However, as rotational speed decreases, the con-
tribution of transient force signals decrease. Eventually the contribution of
transient force signals are so weak that plastic deformation can be detected.
The transient force signals show similarities to estimates based on bouncing
ball experiments. These similarities could provide a prediction of the acous-
tic emission signal caused by the transient force and it is recommended that
further studies be conducted. A good prediction of the AE signals was ob-
tained from the initial tensile tests. The results indicate that full scale bearing
tests could be understood better by using component tests, studying isolated
phenomena, such as plastic deformation or transient forces. Finally, it is con-
cluded that the Kaiser effect does not influence detection of plastic deformation
caused by particle contamination.
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