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ABSTRACT

Tribological effects (e.g., friction) often define
the functionality of typical mechanical elements
and mechanical engineering structures. If fric-
tion processes does not work well due to bad tri-
bological conditions, sliding surfaces may be de-
stroyed and the components functionality may be
reduced up to a complete loss of functionality.
The definition of this damage level depends on
the particular application and the related tolera-
ble level of deterioration. Hence, this is an indi-
vidual characteristic that has to be quantized and
quantified beforehand, so that the related knowl-
edge can be used for automated supervision, for
example in the context of condition-based main-
tenance concepts etc. In the tribological context
the surface of the considered individual compo-
nent is usually evaluated by visual inspection,
which is time-consuming and a subjective mea-
sure. Furthermore, material displacements, inner
cracks,... might not be detected by visual inspec-
tion. Therefore, an automated and continuous
monitoring of safety relevant structures affected
by wear effects may be useful to improve SHM-
or CM-related goals. Destructive testing concepts
reveal the level of deterioration of a component at
a discrete point of time. Though, the progression
of fatigue is hardly reconstructable and the pro-
cess cannot be continued with the same compo-
nent. This is only possible with non-destructive
methods, which observe/measure those signals
that indicate the fatigue progression. Hence, the
destructive testing provides the reference damage
level at discrete operating times while the non-
destructive testing fills the gap between those dis-
crete information with the damage progression in
between.

This contribution deals with the problem of de-
tecting and monitoring signals indicating tribo-
logical effects with a non-destructive concept.
Therefore a new sensor technology is applied
and first considerations about the related data
filtering technique are considered. The main

idea is to monitor ultrasonic emission properties
of the tribo-system. For first experiments us-
ing this technique a test rig for wear examina-
tion with variable lubrication, and normal force
has been developed. This tribological system
is equipped with several sensors, amongst oth-
ers several piezoelectric materials. The trans-
ducers are used as ultrasonic sensors, measuring
the structure-borne noise. The goal is to connect
the characteristic signals unambiguously to their
unique sources, e.g., abrasive wear and surface
fatigue. This contribution details the possibility
and application of structure-borne noise measure-
ments, and shows preparative results for determi-
nation of deterioration and for distinguishing dif-
ferent wear-related effects.

1 MOTIVATION

A test rig consisting of two plates, sliding against
each other, with variable lubrication, friction, and
normal force is used to test runs producing several
kinds of signals. As shown itFriesel and Carpenter,
1989, (Heiple and Carpenter, 1987 Kaiser, 1950,
and(Woodward and Harris, 197 The measurement of
Acoustic Emission (AE) signals can be used as an indi-
cator for different effects effected by material changes
due to aging, wear, etc. Those signals occur due to dif-
ferent wear sources (twinning, slip, deformation glide,
etc.), which are the main sources for failure due to fa-
tigue. Usually inner material effects damage the sys-
tem internally before those effects can be detected vi-
sually at the material surface or become effective re-
spectively. Hence, an optical (surface) inspection can
not reveal the inner state-of-damage. Once the surface
is affected e.g., by a crack, the normal reactive mon-
itoring and maintenance procedures may not prevent
the systems failure.
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Figure 1: SEM exposure of plate surface with microc-
rack; left: overview; right: zoomed in.

The contribution is structured as follows: in the first
section relevant research results concerning structure. ) ) )
borne sound are discussed. The limitations of thosdigure 2: Wear test rig at the Chair of Dynamics and
are shown and the novel aspect of this contribution isControl, SRS, U DuE
emphasized. In the following section the measurement
chain is introduced. The last section sums up and dis-

cusses the experimental results. An outlook to futurghe first hours with applied load this coating is eroded,

work is shown in the final part of the contribution. particles scratch the surface and lead to abrasive wear.
After loading the system with a constant normal
2 STRUCTURE-BORNE SOUND force, fatigue cracks appear and may grow into the

The tribological system analyzed for this contribu- ground material. Additionally some small cracks ap-
tion is a oscillating sliding tribo-system. Both con- pear under the surface starting at the cone end of de-
tact partners consist of a “wear resistant” plate withformed inclusions and spreading parallel to the sur-
a martensite microstructure, with a riffle structure onface. So the main wear mechanism is surface fatigue
both plates surfaces. Two plates of different sizes (withwhich initiates and propagates cracks after a certain
area ratio 1:5) are sliding against each other under anumber of cyclic eventéSly, 2002. These cracks can
adjustable normal load. By analyzing several materiabe induced through some gliding dislocations change
samples under a Scanning Electron Microscope (SEMinto hollow dislocations, which become cracks and
see Figure 1) the occurred wear mechanisms are iderpropagate in the metal in the direction of applied stress.
tified. Because of the oscillating movement in the current tri-
The depicted microcrack results from overstress apbological system the cracks can propagate in two di-
plied to the surface. The crack propagates through theections, which could be seen in the areas near to sur-
wear plate and deteriorates it. The process of craciace. According e. g., téRogers, 198bthe source
growing is hardly measurable by classical measuringof ultrasonic waves (structure borne sound) lies within
techniques e.g., acceleration measuring. In the conthe material and results from local inner micro dis-
text of the proposed new approach several piezoeleglacements.
tric materials are bonded to the structures, realizing Those displacements emit a displacement specific
the continuous measurement of relevant signals duringvave that travels through the mater{ashn Bohemen
the wear process. It can be shown that this measureet al,, 2009. By sensing these signals, the occurrence
ment is principally able to sense material changes ofind rate of occurrence directly correlates to the activ-
relative small dimensions. A sketch of the used testties within the material system. Assuming a system
rig is shown in Figure 2. The upper part depicts thein idle mode no ultrasonic activities due to material
whole test rig with the cylinder, the lever arm, and the change are observed. As soon as the system is stressed
tribological system. A detailed scheme of the upperby external mechanical loads, material activities will
wear plate, equipped with the piezoelectric material, istake place and emit waves with characteristic proper-
shown on the lower left side. The photo depicts theties, which strongly depend on the used material and

assembled tribo-system (upper and lower plate). measuring equipment. For purpose of supervision it
. o is necessary to classify the measured signals and cor-
2.1 Sources of acoustic emissions relate them with the causing effect (material change

A thin coating with a very brittle microstructure can be etc.).

found on the surface of the wear plates whereas the mi- During the deformation of material usually several
crostructure under the surface is lamellar martensiteeffects occur in parallel. This makes it impossible
Even before a load is induced, some tensile cracks cato clearly connect unambiguously signals and effects.
be seen in the coating. According(@obrov, 1993a  Therefore it is necessary to excite each important ma-
martensitic microstructure may lead to a propagationterial changing effect separately and to sense its char-
of cracks with the initiation on the surface. During acteristic elastic wave.
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2.2 Testsetup =

In the material and application considered here, th& 1%
generated waves have small amplitudes and high fre3
quencies which lie beyond the audible frequencys, || | bl L
range. Therefore sensors with high sensibility angg-120 BRI R ThATe
wide bandwidth have to be chosen to detect even sm ' " Frequency [MHz]
surface movements. For this reason piezoelectric ma-

terials are chosen and used as flat response transduggigure 3: FFT of measured background noise, taken at
(sensors). _ _ different points in time; shape stays the same.

As proposed i(Rogers, 198band (Zaitsevet al,
2000 the sensors are glued to the surface. The cou-
pling between the surface and the material is permay ;
nent and very stif. Hence, a low signal attenuationknown that several material aspects effect the detected

of the stress waves is obtained. The sensors used f ignals (e. g., grain size). .
the shown results are discs with a diameter of 10 m The Fast Fourier Transform (FFT) of the unfiltered

and a thickness of 0.55 mm. The measured voltage i§/9nal: measured by the equipment while the testrig is

directly feed to a high-speed analog/digital-converter™ dle mode is shown in Figure 3.
(ADC)¥ Hence, spegcial pcare (shiel%ing, grounding, Three signals have been measured over 0.5 seconds

different points in time but identical fixed cylinder
ﬁ;cr.&\,c;set.o_rbheist%g%r;gri;haedt&?gssggg %r(’aﬁ)?,\kzle’ and Oth%f)sition. The obtained and depicted characteristic fre-

The measured sianal is subsequently analvzed b uencies appear in every FFT more or less with the
various signal procgessing metho?js. X simgle ang>ame intensity. Hence, the general shape of each FFT

easy to realize threshold supervision and analysis i tays the same (as depicted). This is considered to be

widespread in the literature but not applied here. This'€.Packground noise.

A ; : The disturbing frequency parts result from elec-
contribution focuses on the analysis of the signals fre- : . ;
quency content. According to e.gZaitsev et al, tro, or electro-magnetic environmental interferences

2000 and(Namet al, 2003, special attention is paid and have to be suppressed by enhanced measurement

: - : ipment.
to higher frequencies 300 kHz) and their source. €dYIPMen . . .
The phenomenon of stochastically occurring material_ Although those frequencies do interfere with the

PN analysis, the information about the constant general
grag%%?);; ar]rtr)]((a)soeb fﬁ;&g%‘%gggﬁgiﬁgﬁiﬁggﬁ andshape of the disturbances was used to extract the rel-

have a high energy content. Hence, the signals decvant information from the signal. In a first approach

tected by the piezoelectric material have to be meall€ Signal components with a intensity of lower than

: ; ; ;120 dB were truncated to -120 dB.
sured with an appropriate sample size and measure: After the evaluation of the disturbances, the test rig

ment duration to raise the probability of detecting such ; . - oL
starts running. During operation, process, position,

emissions. . - .
and wear specific frequencies appear in the measured
Due to the novelty of the proposed approach nOsignal. The point in measurement is kept identically,

detailed information are available for proposed fre- . L - !
quency ranges of those relevant effects in combinaS® the ultrasonic emissions are taken at identical move-

tion with the material used for examination. There- MENtS/Positions for the whole experiment.

: : To preserve the time information within the analy-
fore wide frequency range (up to 1 MHz) is covered _. ; ;
by the measgreme)r/n cheglin.( Xn appropri)ate samplin is a Short Time Fourier Transform (STFT) spectrum

rate of the ADC is chosen. This assures a high resis used for identifying transient ultrasonic emissions.

- ; ; ; ; Furthermore the correlation of standard process infor-
olution (horizontally and vertically) of the discretized . - h A
piezoelectric voltages. mation (position, velocity, etc.) becomes possible (nhot

: icted in this contribution).
The test rig and the measurement setup are operatélfPIC . .

in a rough surrounding (in terms of electro-magnetic F?r _rea?Or?s of c<)|n5|st|ency andf comgaral:;:hty the
emissions). A hydraulic pump and a valve, driving 2N&ySIS O.dt e_sqnc? IS always ge(rj_orme atft e same
the test rig, emit mechanical vibrations and electricalpmoesr']tt'oor%’ ﬂ'] eegtll‘i:na deru(rr?i“%rrf r?t?a d blret(f:It(IEOPOL?I‘ gg%‘;'_
interferences. The signal-to-noise ratio (SNR) of the '™ 2% yThe oint% ingtime of>,/AE e
piezoelectric voltage is not determined accurately be*:' "9 - 1hep :

re at the beginning of the cylinder movement. Ac-

cause the relevant frequencies are not yet determine : ; / S
exactly. Due to electro magnetic compatibility (EMC) @ordmgly changes in the AE signals indicate a change

-_in the process and surface condition respectively. The
{Jhrgk?ileelrng(gﬁ?el%?égvgngjg?()e&nvg?gls.has to be done Inseverity of the change (wear process) can be indicated

by typical transient frequencies, amplitudes, etc.
For those reasons the same sections in time are com-

3 EXPERIMENTAL RESULTS pared in the following in detail to extract the character-
As introduced the main wear effects are abrasivejstic information from the signal. The contents of the
and wear surface fatigue. According to the resultsfour black boxes of Figure 4 are examined for their
presented ifWoodward and Harris, 1977the first  transients events.

goal is to detect characteristic frequencies for these On the left side of Figure 4 the wear plate in con-
stochastically appearing effects and to assign them tdlition “good” is depicted. The surface is not deterio-
their unique wear sources/mechanism. Form literaturgated. As a result, the wear plate is smoothly moved
(e. g.,(Bohlanet al, 2002, (Zaitsevet al, 2000Q) itis by the cylinder (position signal shows no ripples, un-
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Figure 4: Superposition of cylinder position and recordealatic emission signals with examination in time and
frequency; comparison of wear plate in “good” and “bad” dtind
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steady movements, etc.). This represents the startingence) of short time transient events can be seen in
condition of the test. the STFT spectrum. A transient event is analyzed for
After a certain time of operation the surfaces dete-ItS containing frequencies and amplitudes and is repre-
riorate. On the right side of Figure 4 the wear plate S€Nted as a vertical contour line (comparable with the
is shown after being operated. The AE activities in-Waterfall diagram). Frequencies indicated by the blue
creased and therefore the wear increased. color (-120 dB) are not found in the signal and trun-
Each signal, transformed by the STFT reveals infor-cated to -120 dB, whereas red colored frequencies (-80

5 bout this ch T thbreaking inf dB) are dominant in the analyzed signal. The persis-
mation about this change. 1he pathbréaking INforMasent horizontal lines in Figure 4 resuit from the above
tion (frequency content, duration, position of occur-



mentioned EMC challenges (background noise).
As expected, the STFT information of box 1 and
box 2 are nearly identical. Furthermore no transient

Emission vahrend der Verformung von TitaMet-
allurgical Transactions A, Physical Metallurgy and
Materials Sciencel5A(10):1849-1853, 1984.

occurrences are detected. Hence, no detectable Weﬁfleiple and Carpenter, 19BT. R.. Heiple and S. H.

occurred in this early operation stage.

In comparison to that, boxes 3 and 4 show high AE
activities. Beyond that an AE activity is found shortly
after box 4, which does not occur after box 3. Obvi-
ously an AE emitting event has occurred.

By monitoring those events/patterns over the whol

Carpenter. Acoustic emission produced by de-
formation of metals and alloys. part 2. a review.
Schallemission durch Verformung von Metallen
und Legierungen. Teil 2. Eine Literafilversicht.
Journal of Acoustic Emissioi(4):215-237, 1987.

e, . . )
experiments, features like emitted energy per cycle(Ka'Serv 1950 J. Kaiser. Untersuchungeriiber das

(minute/speed/...), count rate of emission, etc. in-
formation about the level of deterioration can be
achieved.

Auftreten von Getuschen beim ZugversuctPhD
thesis, Technische Hochschule UNthen, July
1950.

(Namet al,, 2001 K.-W. Nam, C. Y. Kang, J. Y. Do,

4 SUMMARY AND CONCLUSION

The goal of the contribution is the automated super-
vision of tribo-systems with wear. The development
of a related condition monitoring system (as described
in (Dettmann and &ffker, 20089) adequate measure-
ment concepts, sensors and diagnosis approaches
to be developed, applied, and validated. As demon-
strated in literature, the acoustic emission due to inner
system mechanisms (micro displacements due to over-
stress or others) seems to fit for this purpose. For this
reason a measurement chain for ultrasonic emissions
has been developed and tested in this contribution. It

hdRogers, 1986 L. M. Rogers.

A. H. Ahn, and S. K. Lee. Fatigue crack propaga-
tion of super duplex stainless steel with dispersed
structure and time-frequency analysis of acoustic
emission.Metals and Materials - Koera/(3):227—
231, 2001.

EWGAE codes for
acoustic-emisiion examination - code-iv - defini-
tion of terms in acoustic-emission - code-v - rec-
ommended practice for specification, coupling and
verification of the piezoelectric transducers used in
acoustic-emissionNDT Internationa) 18(4):185—
194, 1985.

could be shown that the waves generated by materigSly, 2002 C. Sly. Tribologist attacks wear and fric-

changes were also initiated by the wear test rig runs
and can be detected by the proposed sensor technolo
and the measurement chain. In this context the STF
spectrum has promise to reveal the point in time and
energy content of the transient event of deterioration.
The next steps following the introduced concept of
detection and quantification of the state-of-damage of

a tribological system are the stimulation of the wear(Woodward and Harris, 1977B.  Woodward

effects as well as the unambiguous determination of
characteristic frequencies, signal energies, and fault
specific properties. The efficiency and reliability of
the proposed method has to be validated.

The information can be used for determination of
the actual state-of-damage, and for diagnostic and
prognostic purposes (lifetime prediction).
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