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BADANIA  TRIBOlOGICZNEJ  NOśNOśCI  RóżNyCH  SKOJARZEŃ  CIERNyCH
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 Abstract:  The paper presents and experimentally verifies a testing method of friction pairs between various materials: 
steel-cast iron, cast iron-cast iron, and cast iron-ferodo. The applied methodology for the evaluation of 
tribological mating of a friction part allows for determining the time series of friction torque and mechanical 
power transmitted by a friction pair at slippage. Time series of parameters variability in the investigated 
friction process after the loss of contact are presented. In addition, relationships are presented that allow for 
determining the basic friction pair parameters: friction torque, friction coefficient, and mechanical power. This 
is a basis for determining the tribological load capacity of a friction pair whose measure has been assumed as 
the maximum value of torsional torque and mechanical power transmitted by the tested specimens.

 Słowa kluczowe:  skojarzenia cierne, nośność, analiza obciążeń, moment tarcia, współczynnik tarcia.

 Streszczenie:  W artykule przedstawiono oraz eksperymentalnie zweryfikowano metodę badań skojarzeń ciernych pomię-
dzy różnymi materiałami: stal–żeliwo, żeliwo–żeliwo oraz żeliwo–ferodo. Zastosowana metodyka badawcza 
do oceny tribologicznej współpracy skojarzenia ciernego pozwala na wyznaczenie zmian przebiegu momentu 
tarcia oraz przenoszonej przez skojarzenie mocy mechanicznej, od chwili zerwania styku na kontakcie po-
wierzchni trących i pracy w stanie poślizgu. Zaprezentowano przebiegi czasowe zmienności parametrów 
badanego procesu tarcia powierzchni skojarzonych występujące po zerwaniu kontaktu. Podano zależności 
umożliwiające wyznaczenie podstawowych parametrów skojarzenia ciernego: momentu tarcia, współczyn-
nika tarcia oraz mocy mechanicznej. Daje to podstawy do określenia tribologicznej nośności skojarzenia, 
którego miarę przyjęto w postaci maksymalnej wartości momentu skręcającego oraz mocy mechanicznej 
przenoszonej przez badane próbki.

INTRODuCTION

Problems related to tribological mating of friction 
pairs occur in various fields of science and technology  
[L. 1–5]. One of such problems is the mating of friction 
pairs at slippage that is in conditions of kinetic friction 
(e.g., brakes, clutches). In drive transmission systems, 
for example, friction and slippage between the mating 
clutch disc surfaces allow their asynchronous operation 
[L. 6]. Operation of clutch discs at slippage causes 
them to heat up, wear, and also changes the properties 
of rubbing surfaces such as static and kinetic friction 
coefficients, transmitted torque, and mechanical 
power. The tribological properties of mating materials 

in a friction pair are very important in this regard  
[L. 7–11]. A correct selection of material pairs and the 
evaluation of their behaviour can be based on various 
measures of load capacity, e.g., maximum torsional 
torque transmitted by a given friction pair. It this paper, 
the proposed measure is the value of mechanical power 
transmitted by the friction pair.

The paper presents and experimentally verifies 
a method of load capacity evaluation based on both 
of the above-mentioned measures. The design of 
a laboratory test stand is presented, which allows for the 
investigation of phenomena occurring in friction pairs in 
disc friction clutches. The following values transmitted 
by the friction pair can be measured on the stand: 
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friction discs pressure force in the measuring head, 
torsional torque, and the instantaneous value of position 
angle. By knowing the angle value and consequently the 
angular velocity, it is possible to determine the instant 
in time in which the values of load torque and friction 
torque are balanced. This allows for determining the 
static friction coefficient. The measured torsional torque 
is used to determine the friction torque and consequently 
the kinetic friction coefficient. Instantaneous values of 
force, torque, and rotational speed recorded during the 
experiment enable the determination of the kinetic series 
of friction coefficient, torsional torque, and mechanical 
power transmitted by a friction pair as a function of 
time. The developed method can be used to test other 
friction pairs, which require the identification of the 
friction process and to obtain information necessary to 
design and make clutches and brakes.

Such a hypothesis was put forward by Professor 
Zygmunt Rymuza, after he had familiarized himself 
with the results of sliding bearing research that has been 
conducted at the Gdansk University of Technology’s 
Faculty of Ocean Engineering and Ship Technology 
since the year 2000. In cooperating with shipyards, which 
carry out repairs of such bearing, it was observed that, 
at identical surface pressures and sliding speeds, there 
sometimes appeared intensive wear of shaft’s journal in 
the working location of ship stern tube bearings while, 
on other occasions, the degree of wear was rather low.

TEST  STAND  DESIGN

The designed and built stand allows for testing the 
friction processes of selected material pairs used in 
clutches and brakes. The test stand design enables 
a quick setting of individual subassemblies, an accurate 
recording of measured values, and a visualisation of 
occurring friction processes. The stand design and its 
principle of operation are shown in Fig. 1 [L. 12].

The stand consists of a body (No. 1) on which 
a shaft (No. 3) is supported in two antifriction bearings 
located in housings for self-aligning bearings (No. 2). 
On one end of the shaft (No. 3), there is a rope wheel 
(No. 4) with weights (No. 5) as a loading system 
and a displacement angle sensor (No. 6). The basic 
dimensions and the method of load force on the rope 
wheel are presented in Fig. 2.

Fig. 1.   Scheme of the stand for the investigation of friction 
pairs

Rys. 1.   Schemat stanowiska do badania tarcia sprzężeń cier-
nych

Fig. 2.   Rope wheel - forcing of the load
Rys. 2.   Koło linowe – zadawanie obciążenia

Fig. 3. Scheme of rotary friction disc (No. 7)
Rys. 3. Schemat tarczy ciernej obrotowej (nr 7)

On the other end of the shaft (No. 3), there is 
a rotary friction disc (No. 7), a fixed friction disc  
(No. 8), and a slidable friction disc (No. 9). The friction 
disc (No. 7) is replaceable and made of various materials 
for measurements of various friction pairs. The basic 
friction surface dimensions and the method of load force 
on the rotary friction disc (No. 7) are presented on the 
rotary friction disc in Fig. 3. The assembly of the three 
friction discs (Nos. 7, 8 and 9) comprises the tested 
friction node, which is also shown in Fig. 4.
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The node has been placed in a special enclosure  
(No. 10), which allows for a quick node installation 
and the removal and replacement of the friction discs. 
Pressure force Fp of the mating friction discs is applied 
by means of an adjustment screw (No. 11) and is 
measured by a force sensor (No. 12). A strain sensor 
(No. 13) was used to record the load torque and friction 
torque during the experiment.

The measurement system and the data acquisition 
system were implemented using a Spider8 multichannel 
measuring card [L. 13]. The card has AM channels 
for strain sensors, channels with digital inputs for the 
processing of data from a digital angle encoder, and 
voltage measurement channels. Each channel has 
a dedicated A/D converter and an anti-aliasing filter. The 
following values were measured in the system:
  – Friction pair pressure force Fp(t) using a C9B force 

sensor with strain gauge [L. 14–16] with 2 kN 
range and 0.5% accuracy;

  – Shaft torsional torque Mt(t) using strain gauges 
glued onto the shaft; the torque transducer was 
statically scaled with 0.5% limiting measurement 
error;

  – An instantaneous value of shaft position angle α(t) 
using a 10-bit absolute encoder; the limiting value 
of absolute measuring error is 0.352°;

  – Force FL which applies the shaft load torque via 
the rope wheel; the force value was determined by 
means of a preliminary measurement of the weight 
mass with 0.5 % limiting measurement error.
The signals processed during the experiment were 

recorded on a computer connected with the measuring 
card via a USB interface.

THEORETICAl  FOuNDATIONS  
OF  THE  TEST  METHOD

The analysis of friction phenomena occurring at the 
contact of a friction pair assumes that the following 
values recorded during the experiments can be used 
(Fig. 2):
  – Friction pair pressure force Fp(t),
  – Shaft torsional torque Mt(t),
  – An instantaneous value of shaft position angle α(t), 

and,
  – Force FL which applies the shaft load torque via the 

rope wheel.
Shaft load torque ML for constant load force FL is 

(Fig. 2):

(1)

and friction torque Mf(t) between the friction pair 
surfaces:

(2)

where
FL – shaft load force, 
D – rope wheel diameter, 
µs – static friction coefficient, 
Fp(t) – friction pair pressure force.

When the pressure force Fp(t) value is sufficiently 
large so that friction torque Mf(t) satisfies the condition:

(3)

and the friction pair remains at rest. When force Fp(t) 
is being decreased, then at loss of contact and discs, 
slippage at time t0, occurs (Fig. 3):

(4)

The friction torque Mf(t0) value will be known and 
will be equal to the value of measured torsional torque 
Mt(t0), and using this value and based on (2) the static 
friction coefficient µs can be calculated by means of the 
following relationship [L. 3]:

(5)

where Rav – average friction radius which according to 
[L. 6], for the ring with external radius R and internal 
radius r, is (Fig. 3):
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Fig. 4. view of the friction node
Rys. 4. Widok węzła ciernego
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Furthermore, even a slight decrease of pressure 
force Fp(t) will result in the following:

M t Mf L( ) <
                          (7)

and then the friction discs will start to move in relation to 
each other in a rotational accelerated motion as a result 
of the occurrence of resultant driving torque Md(t), and 
the balance of torques for t > t0 will be as follows:

M t I d t
dt

M M t M M td L f L t( ) ( ) ( ) ( )= = − = −
ω

   (8)

where  I – rotating system moment of inertia, 
ω(t) – angular speed and the friction torque value 
Mf(t) of friction discs surfaces can be determined based 
on the measurement of torsional torque Mt(t) using the 
relationship:

M t M tf t( ) ( )=                            (9)

The angular speed ω(t) of the friction discs rotation 
is determined using the recorded value of angle α(t):

ω
α( ) ( )t t

t
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∂
∂                            (10)

The coefficient of kinetic friction µk(t) between 
the frictional surfaces at slippage can be determined for 
t > t0 using the relationship:
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Elementary work performed by friction forces 
during slippage to cover elementary path dα is equal to 
the following:

(12)

and total work during rotation by angle α that is covered 
in the time from instant t0 (start of motion) to instant te, 
in which the rotation ends (angular velocity ω reaches 
zero):

W M t t dtf
t
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== ⋅ ⋅∫ ( ) ( )ω
0                 

(13)

Instantaneous power transmitted by the friction pair 
during slippage, taking into account (12), is as follows:

P t dW t
dt

M t tf( ) ( ) ( ) ( )= = ⋅ω
             

(14)

and average power Pav for the duration of rotation by 
angle α(t) in the time from t0 to te:
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EXPERIMENTS  AND  RESulTS

Three types of friction pairs were experimentally tested 
under conditions of sliding friction and technically dry 
friction: 
  – A specimen made of C45 steel and a counter-

specimen comprising discs made of  EN-GJL-150 
cast iron,

  – A specimen made of EN-GJL-200 cast iron and 
a counter-specimen comprising discs made of EN-
GJL-250 cast iron, and

  – A specimen with a ferodo lining and a counter-
specimen comprising discs made of EN-GJL-150 
cast iron.
The dimensions of friction lining (Fig. 3) are  

R = 190 mm, r = 160 mm, and the average radius Rav is 
determined in accordance with (6).

The rope wheel diameter is (Fig. 2) D = 185 mm. 
Each experiment was conducted for different values 

of load force FL according to the following pattern:
  – Determine shaft load torque ML according to (1), 

for forces FL: 50 N, 100 N, and 150 N;
  – Determine pressure force Fp(t) so that the friction 

pair remains at rest, i.e. condition (3) is satisfied:  
  – Start measurements of friction pair pressure force 

Fp(t), shaft torsional torque Mt(t), and instantaneous 
value of shaft position angle α(t):

  – Gradually reduce the friction pair pressure force 
Fp(t) so that, in the limit case, the friction torque is 
equal at time t0 (Fig. 5) to the load torque, according 
to (4):

  – Then the movable disc starts to rotate in relation to 
the fixed discs (Fig. 4);

  – End a single experiment when the movable disc 
travels about 240°; and,

  – Change the load force FL and repeat the experiment 
cycle.
Figure 5 presents examples of the time series 

for the recorded values for the cast iron-steel friction 
pair and load force FL=100 N. The values were used 
to calculate the following parameters, also shown in  
Fig. 5: angular velocity ω(t) according to (10), friction 
torque Mf(t) (9), instantaneous mechanical power 
transmitted by shaft P(t) (14), and kinetic friction 
coefficient µk(t) (11), wherein µs=µk(t0) (5). Broken lines 

dW t M t d t M t d t
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in Fig. 5 mark the time instants: t0 when loss of contact 
occurs, and te, when the slipping disc stops rotating.

It is easy to notice that the rotational motion of 
the movable friction disc starts at loss of contact. The 
friction coefficient µk decreases, as does the torsional 
torque and Mt(t) and the friction torque Mf(t) (9). (7) is 
satisfied for time t > t0, and then, according to (8), the 
disc rotates in an accelerated motion. 

Table 1 presents the values of selected parameters 
characterising the friction pairs. The most important 
parameters include the following:
  – Maximum torsional torque Mt(t0) at loss of contact 

between the discs,
  – Pressure force Fp(t0) at loss of contact	t0, and
  – Average power Pav transmitted by the friction pair 

during slippage.
All the values given in Table 1 relate to the friction 

pair at the limit state of loss of contact, and at slippage, 
and encompass the time interval [t0 – te], including the 
interval limits.

Each above-mentioned value can be a criterion for 
choosing friction pairs: 
  – Mt(t0) defines the maximum torsional torque 

transmittable by a friction pair; hence, it is called 
the friction pair load capacity;

  – Fp(t0) defines the minimum pressure force necessary 
to maintain frictional contact;

  – Pav defines the average mechanical power 
transmitted by a friction pair at slippage; hence, 
it is proposed to call it a measure of frictional 
contact disengagement. This value should be the 
least possible from the point of view of an effective 
friction pair disengagement (e.g., in application to 
mechanical clutches).

Fig. 5.   Time series of quantities characterising the cast 
iron-steel friction pair

Rys. 5.   Przebiegi czasowe wielkości charakteryzujących parę 
cierną żeliwo–stal

Table 1. Results of tribological studies of different friction pairs
Tabela 1. Wyniki badań tribologicznych różnych skojarzeń ciernych
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Figures 6–8 present the following values for three 
different friction pairs: maximum torsional torque Mt(t0), 
minimum pressure force Fp(t0), and average mechanical 
power Pav transmitted by a friction pair at slippage, as 
a function of load force FL exerted on the friction pair. 
The tests were conducted for three different load force 
values: 50 N, 100 N, and 150 N.

  – The remaining friction pairs (cast iron-steel and 
cast iron-cast iron) exhibit similar properties in 
terms of transmitted torsional torque Mt(t0) and 
average mechanical power Pav at slippage.
In the light of the assumed criteria, this means that 

the cast iron-ferodo friction pair has the best properties 
from among all the tested pairs.

CONCluSIONS

The paper presents a stand for testing friction and 
frictional contact and discusses the investigations 
of various friction pairs performed on this stand. 
A theoretical analysis has been made and mathematical 
relationships have been formulated to allow for 
determining the parameters characterising the behaviour 
of friction pairs. Evaluation criteria for friction pair 
effectiveness and operation have been proposed, along 
with a method of determining such criteria in laboratory 
conditions. The effectiveness of the following friction 
pair evaluation criteria has been tested: 
  – Friction pair load capacity, being a measure of 

maximum transmitted torsional torque Mt(t0);
  – The criterion of frictional contact disengagement 

Pav at slippage proposed in the paper; and,
  – Pressure force Fp(t0) necessary to maintain frictional 

contact.
The results of the laboratory tests have been 

presented and typical time series have been plotted for 
selected materials widely used in friction pairs, namely 
steel, cast iron, and ferodo.

Fig. 6.   Maximum torsional torque Mt(t0) at loss of contact 
t0 for various friction pairs

Rys. 6.   Maksymalny moment skręcający Mt(t0) w chwili t0 
zerwania kontaktu dla różnych par ciernych

Fig. 7.   Average power Pav transmitted by shaft at slippage 
for various friction pairs

Rys. 7.   Średnia moc Pav przenoszona przez wał w trakcie po-
ślizgu dla różnych par ciernych

The graphs indicate that the cast iron-ferodo friction 
pair has the best properties because of the following:
  – The cast iron-ferodo friction pair transmits the 

greatest torsional torque Mt(t0) of all pairs, and 
simultaneously transmits the least mechanical 
power Pav at slippage, at the greatest pressure force 
Fp(t0) necessary to maintain frictional contact.

Fig. 8.   Pressure force Fp(t0) at loss of contact t0 for various 
friction pairs

Rys. 8.   Siła docisku Fp(t0) w chwili t0 zerwania kontaktu dla 
różnych par ciernych
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