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skojarzeniach  meTalicznych

key words:   friction testing, tribometer, distributed contact, sliding friction, experiment repeatability, experiment 
reproducibility.

abstract   The paper describes an example of an experiment on sliding friction of metallic materials in which vibration 
measurement methods were used to identify friction induced vibrations occurring in sliding. The determination 
of the parameters of the motion of the critical components in the sliding system in different modes of operation 
allowed using the vibration signal as a source of information pertaining to the observed process. The tests 
performed with a metallic material were inspired by the earlier research performed with machine ceramics in 
which the result of vibration analysis allowed the determination of the correctness of measurement with regard to 
the conditions of contact and the analyses of the nature of the observed effect of vibration on the inflicted friction. 
The motion analysis data was used as a basis for a screening method eliminating corrupted measurements from 
the data set used for global evaluation of the friction characteristics. It was confirmed that, in a steel-on-steel 
sliding system, similar friction and vibration regimes occur as in ceramics-on-ceramics, but the effects of certain 
vibration modes are opposite in the two systems, despite the same load/velocity conditions.

słowa kluczowe:  badania tarcia, tribometr, styk konforemny, tarcie ślizgowe, powtarzalność eksperymentu, odtwarzalność 
eksperymentu.

streszczenie   W artykule opisano przykład doświadczenia z tarciem ślizgowym w jednoimiennym skojarzeniu materiałów 
metalicznych. W doświadczeniu tym wykorzystano metody pomiaru drgań do identyfikacji samowzbudnych 
drgań ciernych występujących podczas ślizgania. Identyfikacja parametrów ruchu kluczowych elementów 
układu badawczego w różnych stanach pracy pozwoliła na wykorzystanie sygnału drganiowego jako źródła 
istotnych informacji o obserwowanym procesie. Badania wykonane z użyciem materiałów metalowych zosta-
ły zainspirowane wcześniejszymi pracami o podobnym charakterze przeprowadzonymi na próbkach wykona-
nych z ceramiki maszynowej. Po przeprowadzeniu analizy drgań możliwa jest ocena prawidłowości pomiaru 
ze względu na warunki styku oraz analiza oddziaływania drgań na wywoływane tarcie. Analiza ruchu stała 
się podstawą do oceny przesiewowej wyników pomiarów ze względu na prawidłowość warunków pomiaru 
i eliminację danych zarejestrowanych z zakłóceniami ze zbioru użytecznego. Po korekcie zbiór danych może 
zostać wykorzystany do aproksymacji funkcyjnej charakterystyki tarcia ślizgowego w zakresie wymuszeń 
stosowanych podczas opisywanych badań. Przedstawiono potencjalne konsekwencje wprowadzenia opisanej 
metody dla końcowych wyników doświadczeń z tarciem ślizgowym.

inTroducTion

The experimental evaluation of sliding friction 
characteristics in mixed and boundary regime is one 
of tribology’s typical tasks. A universal theoretical 
model of friction in such conditions is not available 

due to the complexity of the physical process within 
the contact zone. The available methods often suffer 
from significant discrepancies in measurement results 
under seemingly identical conditions of load and 
velocity [L. 1, 2]. Among the large number of factors 
influencing the repeatability and reproducibility of the 
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experiment on sliding friction, it is vibration that can be 
distinguished as important. The phenomenon can have 
a form of externally excited vibration being ‘delivered’ 
to the friction zone [L. 3–6] or of self-excited vibration 
[L. 7–9], being a consequence of the measured friction 
force itself. In both instances, the oscillatory motion can 
influence the load/velocity conditions within the sliding 
contact by adding component motions not included in 
the scope of the experiment. The oscillatory motion in 
the surroundings of the sliding friction experimental 
contact is a consequence of both input (load, velocity, 
characteristics of the friction inflicted) and the properties 
of the system – the tribometer. In research tasks being 
targeted at the evaluation of the characteristics of the 
sliding friction force, it is problematic to theoretically 
predict the dynamic behaviour of the tribometer in the 
context of friction induced vibration due to the lack of 
the characteristics in the first place.

The friction – vibration – mechanical system 
intrinsic relations are well known in friction brake 
technology [L. 10–13] and are commonplace in current 
research on brake performance, especially with regard to 
noise. There are, however, by far fewer instances of such 
specifically targeted research in the case of tribological 
testers and research on sliding friction. The tester 
represents the mechanical system and friction inflicted 
within that system causes some response in it. The 
response may be static or oscillatory. In the latter case, 
the oscillation – friction induced vibration – is likely to 
interfere with the measurement of the friction force by 
altering the input parameters and contact conditions. 
There some examples of research works targeted at this 
area, which address the influence of the vibration on the 
measured friction [L. 14, 15]. That path of reasoning 
in tribology also results in some attempts at altering 
the characteristics of tribometers so as to minimise the 
adverse effects of vibration accompanying friction by 
viscous damping [L. 16] or an active control system 
[L. 17], which allows to dynamically compensate for the 
oscillations of the normal force in the sliding pair.

The author’s earlier experience, gathered while 
conducting research on sliding friction of ceramic 
materials, indicates that there is a possibility of 
significant changes in the magnitude of the measured 
friction due to friction induced vibration. In tests on 
paraffin oil lubricated alumina ceramics (free sintered 
Al2O3) run in PT tribometers, certain modes of friction 
induced vibration caused a reduction of the observed 
coefficient of sliding friction. The observed change 
could span from approx. 0.35 in a vibrationless mode 
to 0.1 in the so-called ‘low frequency’ vibration mode 
[L. 18, 19]. The discrepancy in experimental results 
was not directly related to changes in load or velocity of 
sliding. Based on the results from the tests on ceramic 
materials, a method was devised for the classification of 
the experimental results with regard to the correctness of 
test conditions as planned in the scope of the experiment 

[L. 20]. The augmentation of the measurement scope of 
the physical parameters of the observed friction process 
with vibration monitoring allowed the detection of cases 
of erroneous fragments of the test runs and the rejection 
of them from the data set. After the selection process was 
completed, the approximated functional characteristics 
of the sliding friction coefficient could be evaluated. 
The resultant characteristics is free from the influence 
of vibration and provides more accurate information for 
practical use, such as the modelling of the behaviour of 
mechanical systems with sliding friction.

Testing was performed on steel specimens 
lubricated with paraffin oil in order to further knowledge 
on the various factors influencing the course of an 
experiment on sliding friction in PT class tribometers. 
The testing conditions were similar to the case of the 
ceramic materials, while the results obtained were quite 
different to those observed in ceramic contacts. The 
general approach at the presented stage of the research 
is qualitative more than quantitative and should be 
regarded as an attempt at providing a general insight and 
guidelines for a more in-depth work.

The  experimenTal  arrangemenT   
and  TesTing  procedure

The tests were performed in a conformal (flat) contact 
in a PT-3 tribometer [L. 10, 11]. The tests were run 
in unidirectional sliding. The specimen arrangement 
adopted for the task is presented in fig. 1. Both 
specimens are cylindrical in shape with radial grooves 
across the face on one end of the cylinder for improved 
lubricant access and wear debris evacuation. Of the pair 
of specimens, the bottom one (non-rotating) is supported 
in a self-aligning hydrostatic bearing and is arrested 
against rotation by means of a system for measuring 
the friction torque. There is a force acting upwards 
applied to the specimen that pushes its face against the 
top (rotating) specimen attached to the machines spindle 
and rotating along with that component. The spindle 
is driven by an electric motor. The total contact area 
is approx. 144 mm2 divided into 4 identical crescent 
shaped segments (fig. 1 – right). 

The specimens were manufactured of NC6/1.2063 
steel (PN) (145Cr6 EN). The chemical composition of 
the material is given in Table 1. The steel is typically used 
for cutting tools. The material was heat treated to HRC 
62±2. The structure of the steel was acicular tempered 
martensite with micro-dispersion of chromium carbides. 
The working faces of the specimens were machined to 
a final roughness of Ra<0.06µm. Immersion lubrication 
with paraffin oil was used. No means of temperature 
stabilisation were applied. The temperature of the system 
during the experiment was close to ambient, as each test 
run lasted less than 20 s and the system was allowed to 
regain the initial temperature between consecutive runs 
(repetitions).
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The specimens were prepared for testing by 
individual marking, thorough cleaning, and degreasing. 
Each pair of specimens was checked after a test run for 
changes in surface roughness and wear. If the specimens’ 
working surfaces were not damaged, the pair was 
used again after repeating the preparatory procedure. 
In general, the testing regime would not cause any 
observable damage to the specimens even after several 
repetitions of a test run.

The tests were run in either semi-steady conditions 
with one of the input parameters constant and the 
other changing in a symmetrical ‘saw tooth’ manner 
or in a cycle comprising a section at constant load and 
velocity and linear ramp at the beginning and at the end 
of the run.

The maximum loading force used was equal to 
2880 N, which corresponds to 20 MPa mean contact 
pressure at the contact interface. The maximum sliding 
velocity applied was equal to 0.5 m/s at the average 
radius of the contact ‘ring’.

fig. 1. The arrangement of the sliding contact used in 
testing (left) and footprint of the geometric contact 
area (right)

Rys. 1.  Widok układu o tarciu ślizgowym stosowanego na 
tribometrze PT-3 w prezentowanych badaniach (z le-
wej) oraz rzut nominalnej powierzchni styku (z pra-
wej)

The conditions of tests were intentionally chosen 
as a repetition of tests carried out earlier in a ceramic 
sliding system in order to obtain data for comparison. 
The same lubricant and load/velocity combinations 
were used. So was the short time of the test runs and 
semi-steady input conditions (one parameter constant 
and one variable). The short span of an individual test 
was necessary to minimise thermal effects and possible 

deterioration of the sliding surfaces due to wear. Neither 
in the earlier tests on ceramic materials nor in the steel-
on-steel system were dry contact conditions executed 
for investigations, because the concept was abandoned 
due to extremely rapid damage to the ceramic specimens 
and intensive wear of the steel specimens in the few 
preliminary tests with dry contact.

The system was equipped with a set of wide band 
accelerometers picking up the mechanical vibration 
tangential to the sliding contact (linear acceleration in 
a rotational motion of the lower specimen) and normal 
to the sliding contact. The data was recorded with the use 
of a parallel sampling A/D converter (12 bit resolution) 
set to a sampling rate of 10 000 samples/second/channel, 
allowing the identification of the maximum frequency 
of vibration of 4 999 Hz. For ease of post processing, all 
channels were sampled at an equal rate.

The  influence  of  vibraTion

The general observation pertaining to the tests carried 
out was that the sliding system comprised of two 
steel specimens with paraffin oil lubrication is far less 
susceptible to vibration as compared to alumina running 
at identical input conditions and with the same lubricant. 
It was, however, possible to observe the distinctive three 
modes of system’s operation easily distinguishable on the 
basis of the spectral analysis of the vibration signal: no 
vibration (fig. 2), high frequency vibration (fig. 3), and 
low frequency vibration (fig. 4). In in the no-vibration 
mode, the spectra reveal no noticeable harmonics, apart 
from grid frequency (high frequency is distinguished by 
a frequency of approx. 2250 Hz), which corresponds 
to torsional natural frequency of the spindle, while the 
low frequency vibration is polyharmonic with a base 
frequency of 500 Hz. The three modes of operation were 
also observed in PT class machines in tests performed 
in ceramic contacts [L. 18, 19] with similar frequencies 
present in the spectra. 

Each of the fragments presented as an example 
comes from a different test run, but the recording 
window lies within the same range of load and velocity 
values, so it is justified to compare the results of the 
measurement of the friction coefficient in seemingly 
identical conditions but with the influence considered of 
the friction induced vibration. In no-vibration mode and 
high frequency mode, the type of motion is sliding with

Table 1. chemical composition of nc6/1.2063 steel (pn) (145cr6 en)
Tabela 1. Skład chemiczny stali NC6/1.2063 (PN) (145Cr6 EN)

C Mn Si P S Cr Ni Mo W V Cu

[%]

1.35-1.45 0.4-0.7 0.15-0.4 max. 0.03 max. 0.03 1.3-1.65 max. 0.35 max. 0.2 max. 0.2 0.1-0.25 max. 0.35
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fig. 2.  vibration signal spectrum of a fragment of a test 
run without vibration (load range 1100 – 1400 n, 
velocity 0.29 m/s – constant)

Rys. 2.  Spektrum sygnału drgań z fragment testu bez drgań 
(zakres obciążenia 1100 – 1400 N, prędkość 0,29 m/s 
– stała)

fig. 3.  vibration signal spectrum of a fragment of a test 
run with high frequency vibration (load range 
1100 – 1400 n, velocity 0.29 m/s – constant)

Rys. 3.  Spektrum sygnału drgań z fragment testu z drganiami 
o wysokiej częstotliwości (zakres obciążenia 1100 – 
1400 N, prędkość 0,29 m/s – stała)

fig. 4. vibration signal spectrum of a fragment of a test 
run with low frequency vibration (load range 1100 
– 1400 n, velocity 0.29 m/s – constant)

Rys. 4.  Spektrum sygnału drgań z fragment testu z drgania-
mi o niskiej częstotliwości (zakres obciążenia 1100 – 
1400 N, prędkość 0,29 m/s – stała)

no separation between the surfaces. It was confirmed 
that the normal amplitude of vibration is of marginal 
magnitude in high frequency mode, as opposed to the 
low frequency mode, in which there is a significant 
disturbance in the motion pattern of the two bodies in 
contact, and a partial separation accompanied by edge 
contact is possible.

The  influence  of  fricTion  induced 
vibraTion  on  The  observed  fricTion 

In fig. 5, a plot presenting 3 samples of measured 
friction coefficient is given comprising fragments from 

different test runs, but the small fragments presented are 
‘snapshots’ taken at identical load/velocity conditions in 
each run. In two of the three cases, the friction coefficient 
is almost identical in the given range of load applied to 
the sliding contact. In this range, the coefficient is very 
low, and it only reaches approximately 0.01. The third 
case is different, because the magnitude of the friction 
coefficient is greater in excess of an order of magnitude 
reaching a value of 0.15±0.02. So the increase factor is 
in the range of 15. In all 3 cases, identical specimens 
were used and so were the input conditions of load and 
velocity. Another distinctive feature of the low frequency 
vibration is the increased scatter of friction during the 
run, which may be attributed to the precession of the 

fig. 5. friction coefficient as measured in three modes 
of operation of the sliding system with regard to 
friction induced vibration 

Rys. 5.  Współczynnik tarcia zmierzony w warunkach trzech 
stanów pracy układu ślizgowego z uwzględnieniem 
samowzbudnych drgań ciernych



43ISSN 0208-7774 T R I B O L O G I A  6/2017 

lower specimen subsystem and the influence of grooves 
separating the sliding surface segments.

The most interesting observation resulting from the 
performed analysis is the fact that the measured friction 
coefficient shift in low frequency mode is towards 
greater magnitude than in the no-vibration or high 
frequency vibration mode. The effect is the opposite 
to similar conditions occurring in tests performed on 
ceramic specimens (sintered Al2O3) with paraffin oil 
lubrication in which the system of the low frequency 
vibration would cause a decrease in the measured 
friction coefficient. It is also worth noting that, in the 
case of high frequency vibration the magnitude of the 
sliding friction coefficient in comparison with the no-
vibration condition is identical in both the steel-steel 
and ceramics-ceramics sliding systems [L. 18, 19]. The 
effect of the low frequency vibration mode is a change in 
the magnitude of the measured coefficient of friction, but 
the vector of the change depends on the type of materials 
comprising the sliding contact. The high frequency 
vibration in the system has no measurable effect on the 
result of the measurement of the friction force.

A full credible explanation of the described 
phenomenon remains to be formulated, but a possible 
mechanism causing the increase of friction force 
while in low frequency vibration mode is the loss of 
boundary lubrication due to a shift from distributed to 
concentrated contact as the precession component of the 
motion develops.

discussion and conclusions

In the presented research, a joint effect is presented of 
the identification of the modes of motion of the sliding 
system and vibration measurement with later analysis. 
The additional identification of both characteristics of 
the tribometer and physical parameters of motion allows 
one to classify each measurement with regard to the 
identified geometry of contact. 

The low frequency mode of vibration, observed 
originally in experiments on ceramic sliding contacts, is 
a state of the system in which the motion changes from 
pure sliding in flat-on-flat contact to edge contact with 
partial separation of the sliding surfaces. The effect is 
a significant change of the measured friction coefficient, 
but in the case of steel vs. steel pair, it is an increase of 
the coefficient, which is opposite to the effect observed 
in ceramics vs. ceramics (Al2O3) pairs. In both systems, 
the measurement of the friction force is regarded as 
invalid due to the incorrect contact, which is different 
from the assumed conformal flat-on-flat configuration. 
The use of spectral analysis of the vibration signal taken 
at a high sampling rate allows one to identify both the 
cause of the change of friction force and, through that 

observation, to assess the validity of the recorded data. 
The distinctive spectral image of the irrelevant section 
of the run (low frequency vibration mode) allows for 
easy screening of the data prior to further processing, 
e.g., approximation into friction characteristics.

The quantitative effect of the low frequency 
mode of vibration in ceramic contacts tested [L. 18] 
is a decrease of the measured friction coefficient by 
up to 70% in low frequency vibration mode. In the 
presented examples, the sliding friction coefficient in 
steel vs. steel contact can increase by 15 fold (1500%) 
after the onset of the low frequency vibration. The same 
vibration related phenomenon causes opposite effects 
in two different sliding contacts (comprised of different 
materials) under identical load/velocity/lubrication/
temperature conditions.

The lubricant used (paraffin oil) and porosity in 
the ceramic material are responsible for the generally 
greater coefficient of friction than in the case of steel 
specimens. The forming of a boundary lubrication film is 
thus prevented and mixed lubrication is unavoidable. In 
such a case, the precession motion of the sliding system 
with some component of rolling attributes to a reduction 
in the measured friction coefficient. If the film is formed, 
the same precession motion causes a concentrated 
contact to occur at the edges of the specimens and the 
loss of the boundary film, which results in an increase of 
the measured friction.

The conclusion from the presented research is that 
the use of vibration monitoring and spectral analysis 
enhances the tribological experiment on sliding friction 
by allowing one to identify and interpret vibration 
related effects. The system in which sliding is evoked 
(the tribometer) needs to be analysed in parallel with the 
tribological experiment in order to evaluate the observed 
harmonic frequencies of vibration. Careful examination 
and a process of elimination of erroneous data can be 
performed with the use of the recorded vibration signals. 
An interesting observation of a bipolar effect of the same 
disturbance of sliding contact conditions (precession 
with edge contact) controlled by the type of sliding 
material used indicates that the interaction between the 
sliding pair and the testing environment (the tribometer) 
needs to be studied in depth in every case of experimental 
testing to the benefit of the end results.

The results presented, along with the results obtained 
in the earlier research in a ceramic sliding system, will be 
used in planned multibody dynamic model simulations 
to theoretically evaluate the conditions necessary for the 
excitation of each of the vibration modes and to further 
improve control over the phenomenon. It is intended 
that the results will provide a basis for more universal 
guidelines for vibration control in tribometers used in 
the testing of sliding friction.
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