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This first part will consider the friction couple or its part, identified with the open thermodynamic system.
Dependences among extensive parameters and energetic interactions in the system and its boundaries with
the environment are described in analytical terms. The dimensions of the energy dissipation zone, where
the friction of solids takes place, are established. The thermo-mechanical nature of the tribological process
is demonstrated. The wear conditions and distribution of energy generated by its particular elements are
determined. A new quantity is introduced — the specific work of wear, which characterises the wear resistance
of the tribological system and its parts. The effect of the reciprocal cover of solids’ friction surfaces on the
energy balance structure in calorimetric testing is analysed. The concept of generalised wear is introduced and
standardised. The discussion is restricted to processes at the macroscopic level of matter organisation.

system termodynamiczny, para tarciowa, strefa tarcia, parametry ekstensywne, praca tarcia, zuzywanie, ciepto
dyssypacji, praca dyssypacji mechanicznej, entalpia, energia wewngtrzna, praca wlasciwa zuzycia, pierwsza
zasada termodynamiki.

Przedmiotem rozwazan w pierwszej czgsci pracy jest para tarciowa lub jej fragment utozsamiona z systemem
termodynamicznym otwartym. Opisano analitycznie zalezno$ci migdzy parametrami ekstensywnymi i od-
dzialywaniami energetycznymi w systemie i na jego graniach z otoczeniem. Ustalono wymiary strefy dyssy-
pacji energii, w ktorej zachodzi tarcie ciat statych. Wykazano cieplno-mechaniczng natur¢ procesu tribolo-
gicznego. Ustalono warunki zachodzenia zuzywania i rozdziatu energii rozproszonej przez poszczegolne jego
elementy. Wprowadzono nowa wielko$¢ — prace wlasciwa zuzycia, charakteryzujaca odpornos¢ na zuzywanie
systemu tribologicznego i jego elementow. Zanalizowano wptyw wzajemnego przykrycia powierzchni tarcia
cial na strukture bilansu energii w badaniach kalorymetrycznych. Wprowadzono pojgcie zuzycia uogdlnione-
go i jego standaryzacj¢. Rozwazania ograniczono do proceséw zachodzacych na makroskopowym poziomie
hierarchicznym organizacji materii.

INTRODUCTION [L. 1]. The thermal and mechanical parts of the

friction coefficient were described based on the

The author proposed the hypothesis of the thermo-  energy balance equation and an original model
mechanical nature of friction resistance for the of the source of heat that relied on the third-type
first time in his doctoral dissertation of 1977  boundary condition of heat capture at the contacts
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of solids with rough contact surfaces. The thermo-
mechanical interpretation of friction and its effects
was developed in successive publications based
on more general assumptions. Some significant
progress was achieved when the friction couple was
identified with the open thermodynamic system
[L. 2]. Basic physical concepts and quantities
were considered at that stage for the purpose of
a systemic analysis of phenomena concomitant
with the mechanical energy dissipation based on
the equation for the first law of thermodynamics.

Furthermore, relying on the laws of mass
and energy conservation and Newton’s third law
of dynamics on the interaction of bodies, a range
of analytical dependencies were determined that
characterise the effects between two bodies in
friction. The shares of energy dissipated by the
particular elements in friction were established.
The wear resistance was characterised as a systemic
quantity. The conditions of wear and its absence,
frictional deposition, and the stages of grinding
stabilised and accelerated wear were formulated.
The necessary and sufficient condition of grinding
as the process of interference with stabilised wear
was provided. This condition implies the known
practical conditions of grinding. The conclusion
was drawn from the energy balance for stationary
friction that there is a temperature characteristic of
a maximum resistance to wear. Wear may result
not only in a mass (volume) wastage but also in an
increment of a system’s internal energy, expressed
as changes to the properties of its material.
Thermodynamic conditions were determined for
that case concerning the potential for and progress
of wear.

J.F. Archard’s classic formula for volumetric
wear was another major assumption adopted for
the purposes of the study. It helped define the
energy dissipation zone out of the friction couple,
treat it as a thermodynamic system, and ignore
secondary phenomena in the analysis. An attempt
at generalising and standardising the measures of
wear caused by friction summarises discussions on
the improvement of comparability of tribological
test results. Both the friction couple and the zone
of energy dissipation are macroscopic objects,
and the author chose some regularities known
from phenomenological tribology to describe the
processes in these objects. In the second part of
this study, the description is expanded to apply
to a lower observation scale, where elementary
contacts of solid asperities play significant roles.

The energy dissipation and wear at this observation
level are of a pulsed nature.

Some significant results arising from the
microscopic analysis of friction include the
interpretation of wear as a process of material
disintegration, an effect of mechanical work
of volumetric and superficial dissipation, new
proposed measures of wear and resistance to wear,
the discovery and interpretation of the cooling
mechanism concomitant on wear, and a method of
determining the chief components of the energy
balance without a calorimeter. Moreover, the
separation mechanism of wear product particles
is modified compared to the initial interpretation
suggested by J.F. Archard [L. 3]. Given the
limited potential for converting mechanical work
into friction heat and following an analysis of
T.A. Afanasjeva-Ehrenfest’s [L. 4] thermodynamic
circuit, maximum and minimum linear intensities
of wear are determined. The second law then
restricts the condition of wear-free friction derived
from the first law of thermodynamics.

The reproducibility and comparability of
results arrived at by different authors is another
major issue in the field of tribological testing.
These difficulties are conditioned not only by the
complexity of friction and its consequences but
also by the application of notions and quantities
that do not always have unambiguous physical
interpretation or by the omission of thermodynamic
quantities characterising the nature of friction. For
instance, an assessment of the impact of temperature
on the process of friction depends on the location
of a measurement point in the tribological system.
This is due to the fact that the quantity is defined
according to the zero law of thermodynamics
and thus only applicable to this point; therefore,
it cannot clearly characterise the thermal state of
the system. The latter is better represented with the
friction area's temperature gradient, related to the
quantity of dissipation heat generated.

The testing of dissipation heat — the main
component of the friction energy balance — is
particularly complicated in technical terms and,
therefore, rarely presented in the literature. The
author’s testing of steel dry friction corroborates
a major share of dissipation heat in the energy
balance and allows for an assessment of the
maximum temperature of elementary contacts of
surface asperities. It also discloses a pulsation of
internal energy on the contact boundaries of the
bodies tested, caused by a reciprocal covering of
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friction surfaces different from one. Unit pressures
at the contacts of surface asperities of bodies in
friction are an important parameter of friction,
and the information on their values is obtained
indirectly due to the discrete and pulse nature of
body contacts at the small observation scale. To this
end, the author uses a thermo-mechanical model of
friction and wear while meeting the laws of mass
and energy conservation.

Some major results arrived at during the
last 45 years are introduced in the two parts of
this paper. The first is devoted to interpreting the
tribological process at the macroscopic level of
matter organisation, including the friction couple
or its selected fragment.

A LIST OF KEY TERMINOLOGY

A —nominal contact surface of solids 1 and 2 [m?*],
A_—real contact surface of solids 1 and 2 [m’],

A —wear surface [m?],

A~ work of friction [J],

Ay work of mechanical dissipation [J],

A— friction power [W],

A— time derivative of friction power [W/s],

A ayss POWET of mechanical dissipation [W],

a — dimension of A_surface side measured in the
direction of friction path 1 [m],

By — specific work of mechanical dissipation
[V/kg],

b — width of friction path [m],

dF — elementary field of solid contact [m?],
e — specific work of wear [J/kg],

e, — generalized specific work of wear [J/kg],
[J/m?],

¢, — density of wear energy [J/m’],

H — hardness [MPa],

h — linear wear along the friction path 1 [m],

h — linear wear along the friction path a [m],

i —mean specific enthalpy of wear products [J/kg],
Al — enthalpy change [J],

[ - time derivative of enthalpy I [W],

J — specific intensity of wear [kg/m’s],

k — coefficient of wear,

| — friction path [m],

Am — change of the system mass [kg],

m — mass wear [kg],

m — flux of wear product mass [kg/s],

m — time derivative of 1 [kg/s?],

N — normal force affecting the surface A_[N],

n,— critical number of surface asperity contacts,

p — unit pressure [MPa],

q — unit friction power [W/m?],

q, — unit thermal flux [W/m?],

q,, — unit power of mechanical dissipation [W/m?],
Q,, —heat [J],

Q dyss heat of dissipation [J],

Q — heat flux [W],

Q — time derivative of Q isss [W/s],

Q isse flux of dissipation heat [W],

t — friction time [s],

T — friction force [N],

T, — thermal component of T [N],

T, — mechanical component of T (conditioning

wear) [N],

AU — change of the system’s internal energy [J],

U — momentary change of the system’s internal

energy [W],

U —second time derivative of internal energy [W/s],

V — volumetric wear [m*],

V *—real (momentary) volume of friction area [m’],
= volume of friction area along the path I [m’],

v — friction velocity [m/s],

Z. — generalized wear [m?], [kg],

0 — thickness of friction area [m],

A —reverse coefficient of surface cover,

u — coefficient of friction,

u, — thermal coefficient of friction,

u_—mechanical coefficient of friction,

® — temperature of friction contact [K],

0, — ‘flash’ temperature [K],

O, — characteristic temperature [K],

T — time [s],

1, 2 — indices attributed to the elements 1 and 2 of

the system, respectively;

1-2 — symbol of the system’s state change between

the states 1 and 2.

THE TRIBOLOGICAL SYSTEM AS AN
OPEN THERMODYNAMIC SYSTEM [L. 5, 6]
The friction couple as a thermodynamic system

This is a list of basic dependences that characterise
the tribological system — Fig. 1 [L. 5], [L. 6].

AUZ-AI—Q1_2+A“>2, (D)
AUI = -AII - Q1-21 +A11-21’ 2
AUz = 'Alz - Q1-22 + Au-zz’ (3)

Al =iAm, ()
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Al =iAm, (5)
Ay N vi(t)
Al =1, Am,, 6 a)
27 27 (0) 1 L -
t Al Qi
Ags~ J. T(7) - v(2) - dr, (7 T —T](tl —
e —— T T
0 2 HO e au
1(t)
| — .
A= J. T,(2) - v,(7) - dr, (8) - 1(t) _
0
t va(t) T N
A :_[ T.(0) - v.(7) - dr © P = L
0 0 : ? ’ W p,V, G)a ®0’ ®X, J’ 5 9es Gms Adysss
) <]
where: t > 1 >0. Qu | 1 AU,
_ /
AU =AU, + AU, (10) A A
s
Q:=Qu T Qs (1 £
AU, 2
Ans = Aua T A (12)
Al = Al + Al (13) Fig. 1. The tribological system as an open thermodynamic
1 2

system: a) a system of solids 1 and 2 in friction
as a thermodynamic system, b) elementary area

Am zAm1 +Am,, (14) of friction contact dF and its assigned physical
parameters, c¢) each of the solids in friction as a
thermodynamic system [L. 5]

T= Tl = | -T2 | 5 (15) Rys. 1. System tribologiczny jako system termodynamiczny
otwarty: a) uktad tracych sig ciat 1 1 2 jako system ter-
modynamiczny, b) elementarne pole styku tarciowego

VEV TV, (16) dF i parametry fizyczne przypisane do niego, c) kaz-
de z tracych sig cial jako systemy termodynamiczne
_ [L. 5]
I=1+1, (17)
AL,= Qdyss + Adyss, (18) The thermo-mechanical structure of kinetic
friction resistances
= +
dyss Adyssl Adyssz’ (19) Thermo-mechanical tribological hypothesis
_ The friction force T is a sum total of the followin,
Qdyss - Qdyssl + QdyssZ’ (20) . 1 1 s
components: thermal T, responsible for heating
B (the generation of dissipation heat Q Glyss), and
TI=TL+T,)[, @1 mechanical, T _, responsible for tribological wear
(in effect of dissipation work A dyss):
M= Ay A (22)
t t
A =JT Y 'd=JT “v(r) - dr +
ey =A,/Am, (23) e (@ v de 7 D@ e

t

ex =A,/V. (24) + j T (1) v(r) - dr (25)
0
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t
Q= | =101 T0 v@ dr  (26)
0

t
Agyss™ J n(@) - T(x) - v(r) - dr (27)
0

where: 0 <n<1.

(25) and (28) illustrate the relationships among
A, its compon;nts Qe Ay heat Q, ,, enthalpy
change Al and internal energy change AU of the
thermodynamic system.

At 1-2
Qdyss vl A

Y vy —

AU =— AT— Qs+ [T.(t)-v(t)-dt + [T, (1)-v(t)-dt

N ST W Sy
(28)

Based on the theorem of integral derivative as
a function of its upper boundary for any time, (25)
implies the following relationships:

[1—n®] - T®O  v(® 7 TO V(@)
T() - v(t) = o T

(29)

or
T(t) = T(t) + T_(0). (30)

The force of kinetic friction T(t) is a sum
total of the thermal T(t) and mechanical T (t)
components. The coefficient of kinetic friction p is
a sum total of the thermal p_and mechanical p
coefficients of friction:

T T
= = + m
N

2 =ptp,. G
N

z|=

The thermodynamic conditions of tribological
wear

Based on the first law of thermodynamics for open
systems (1), the mass of wear products is defined
by:

N

Am= -AU -Ql_.2 + A, ‘ (32)
i
The wear takes place where:
A >AU+Q, , (33)
The wear doesn’t take place where:
A ,=AU+Q, (34)
The condition of friction deposition:
A L,<AU+Q,, (35)
The condition of accelerated wear:
m>0A>U+Q (36)
The condition of stabilized wear:
m=0;A=U + Q, (37)
The condition of grinding:
m<0;A < U + Q. (38)

A=U+Q

A<U+Q

Anz=AU+Qr,

t

Fig. 2. The course of wear Am over time t — Lorenz curve
and its thermodynamic waveform: 1 — the period
of grinding, 2 — the period of stabilised wear,
3 — the period of accelerated wear [L. 5]

Rys. 2. Przebieg zuzycia Am w czasie t — krzywa Lorenca i jej
termodynamiczna charakterystyka: 1 — okres dociera-
nia, 2 — okres zuzywania ustabilizowanego, 3 — okres
zuzywania przyspieszonego [L. 5]

Wear may also be measured with the internal
energy increment AU. In the event:

The wear takes place where:

A, >AT+Q (39)

1-22
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The wear doesn’t take place where:

A, ,=Al+Q,, (40)
Grinding takes place where:
A< 1+Q, (41)
Accelerated wear takes place where:
A>1+Q, (42)
Stabilized wear takes place where:
A=1+Q. (43)

The thermodynamic conditions of resistance to
wear [L. 6]

These are the energetic measures of resistance to
wear:

specific work of wear:

ex — Atl—2 — 1 (44)
Y Am L AU Qy
At1—2 At1—2
and mean enthalpy of wear products:
;= AL (45)
Am

If the wear resistance of elements 1 and 2 of
a system is defined as:

X _Atl-2]
Cri = Am. (46)
1
X Atl 22
€, = > 47
T A (47)
and
. Al
L= —, 48
A (48)
. Al,
1, = , 49
= A (49)

then, relying on (12), (13), and (46) — (49) leads to
the equality of the specific works of wear:

e =€ = ey, (50)

and of the specific enthalpies of wear products:
i=i =i, (51)

Thus, resistance to wear is a characteristic of
a tribological system that assumes identical values
for the system and its particular elements. There
is no resistance to material wear. (44) implies that
the resistance to wear is the greater, the greater the
specific enthalpy of wear products that characterises
the mechanism of tribological wear in quantitative
terms and the greater the increment of the system’s
internal energy AU and the energy released to the
environment as heat Q, , after the work of friction
A, is executed.

A contribution to the nature of the work of
friction forces [L. 6]

The share of rubbing solids in the process of
mechanical energy dissipation

The equality for the specific works of wear (50)
implies the friction work components assigned to
the tribological system's particular elements.

A m, .

Aﬂ—21 - -2 A m - Arnl eR ’ (52)
Am, .

Atl—22 :Atl-Z A m = Amz eR : (53)

In addition, the system of (1) — (3) and (50)
implies more relationships:

A m,

AU +Q,, = Am (AU +Q, ), (54)
A m,

AU+Q, ,,= Am (AU Q). (55)

Conditions (12), (17), (21) as well as (50), (52)
and (53) express the displacements 1, and 1, (Fig. 1)
of friction forces T, and T, as follows:

A m
N amt (6
L= Amy (57)
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The velocities of T, and T, displacements for
the time t:

A m,
ViTAm v (58)
Am
v, = Zy, (59)
> Am

and for any time 1 (0 <t <t) are described similarly:

v@="10) o,

(T (60)
v,(1) = n;f ((:)) v(t). (61)

The friction zone as a thermodynamic
system|[L. 7]

The dissipation of kinetic energy and the wear
of solids are restricted to the friction zone, an
area in space situated immediately beneath the
surface of these solids’ contact. The macroscopic
interpretation of the zone is illustrated in Fig. 3. Its
characteristic quantities are specified below:

N 2 I=ha
~
1
81=0-5,
)7l hy=Aho, B
/( b // & hy=hg,
An
.\\ An e
N \\
D ] P _
N
- A

Fig. 3. A diagram of solids 1 and 2 in friction highlighting

the energy dissipation zone [L. 7]
Rys. 3. Schemat uktadu tracych si¢ ciat 1 i 2 z zaznaczong
strefa dyssypacji energii [L. 7]

Analytical dependences among the quantities
in the above Figure are determined on the basis
of volumetric wear V, described by L.F. Archard’s
classic formula [L. 3]:

V = kIN/H. (62)
The real surface of solid contact:
N
A =— (63)

Wear surface:
A =KkA.

T

(64)
Volumetric wear:
V=IA. (65)

The linear wear of the particular elements:

V

hl = A_; 5 (66)
V2

b= 67)

The volumes of friction zones on the path 1:

(VX), =8, A =5 A, (68)

(V)),=1A_ =082A . (69)

In fact, energy is dissipated within the volume
A 0 because the force N only acts on the nominal
surface A_or along the path of friction a. Thus, the
volume of a real (momentary) friction is described
with the formulas for elements 1 and 2, respectively:

N
(Vax)l = aArl —a E: 801An’ (70)
1
N
(V)Y),=aA =a TR 0,A,, (71)
2
while the thickness of the friction zone, with:
_a
3, = H, (72)
ap
0, = — 73
- (73)

The analysis of tribological processes in
a thermodynamic system limited to a space which
is part of the friction couple (Fig. 4b) enables us
to ignore secondary processes concomitant on
friction. The dimensions of the space, particularly
the zone thicknesses §,, and ¢,, are important
for the production technologies of wear-resistant
coatings.
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1 !
AN
Va4 \ V
Ann Qi Al AU

Fig. 4. Theboundary of the tribological system: a) — where
it is constituted by two elements 1 and 2 in friction
and by a friction volume V*, b) — where a friction
volume of the dimensions a-(3,, + 6,,) constitutes a
tribological system; the width of friction path b is
perpendicular to the plane of the Figure [L. 8]

Rys. 4. Granica systemu tribologicznego: a) — w przypadku,
gdy system tworza dwa elementy trace 1 i 2 wraz
z objetoscig tarcia V¥, b) — w przypadku, gdy objetos¢
tarcia o wymiarach a-(§,, + §,,) stanowi system tribo-
logiczny; szeroko$¢ $ciezki tarcia b jest prostopadta
do ptaszczyzny rysunku [L. 8]

The impact of reciprocal covering of friction
surfaces on the structure of energy balance
[L. 9]

Three components are distinguished in calorimetric
testing of the energy balance characterising
stationary tribological processes, namely: friction

power A, flux of dissipation heat Qus, and power
of mechanical dissipation A oy 1L 9, 10]:

A = Qdyss + Adyss ° (74)

A is determined when A and t are known.
When Q,, is calculated, the equality of the fluxes

of dissipation heat Qqsand the heat discharged
to the environment Q is assumed, which allows
for an assessment of the power of mechanical
dissipation work Adyss based on the relation
Adyss = A — Q. It is correct to assume that only
stationary processes take place in a tested object.
If the degree of reciprocal covering of the friction
specimen and counter specimen is below 1,
stationary thermal processes occur in the smaller
element and quasi-stationary processes in the larger
element. This denotes some momentary internal

energy variations in the friction couple's larger
element. The following dependence applies to this
case of friction, Figs. 5 and 6:

Que = Q + U. (75)

’
ki

Fig. 5. A schematic representation of friction couple 3
in a flow calorimeter and the major components
of the energy balance: 1 — the insulation wall of
the calorimeter, 2 — differential thermocouple, m
— the flux of calorimetric fluid, A® temperature
increment caused by the heat flux Q [L. 9, 10]

Rys. 5. Schematyczne przedstawienie pary ciernej 3 w kalory-
metrze przeptywowym oraz gtowne sktadowe bilansu
energetycznego: 1 — $cianka izolujaca kalorymetru,
2 — termopara réznicowa, m - strumien cieczy ka-
lorymetrycznej, A® przyrost temperatury wywotany

v NN NN

strumieniem ciepta Q [L. 9, 10]

N

win
% & W\

|
|
|
|
1
1
L
|
|
|
|

77

|
Fig. 6. A friction couple including a screened calorimetric
fluid screen: 1, 2 elements in friction, 3 — friction
surface, 4 — outside guard, 5 — inside guard
Rys. 6. Para cierna z ekranowanym stykiem od cieczy kalo-
rymetrycznej: 1, 2 elementy trace, 3 — powierzchnia
cierna, 4 — ostona zewnetrzna, 5 — ostona wewnetrzna

Two pipes with their fronts in contact are the
rubbing elements in the calorimeter; their contact
is inaccessible to the calorimetric fluid owing to
dedicated guards. The top, revolving specimen has
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a ring contact surface, and the bottom specimen,
the form of three protrusions — Fig. 7.

a) |

Fig.7. The friction surfaces of specimens: a) the ring
friction surfaces of the upper, revolving specimen
2, b) Three segments of the friction surface of the
bottom, non-revolving specimen 1 [L. 9, 10]

Rys. 7. Powierzchnie tarcia probek: a) pierscieniowa po-
wierzchnia tarcia goérnej probki 2 obracajacej sig,
b) Trzy segmenty powierzchni tarcia dolnej probki 1
— nie obrotowej [L. 9, 10]

The reciprocal covering of the friction surfaces
— the relationship of nominal surface areas —
corresponds to the relationship of friction times t /t.
t can be defined as the time of the heat pulse acting
on the ring surface, t — the time of its relaxation.
t /t can be established experimentally as a function
of powers: A and Q. The flux of dissipation heat
Q ayss2 fTOM element 2 can be described as:

. A m, . .
Qo A = Q 0, (76)

where: U, — the variations of internal energy.

The variations of internal energy U, as
a component of Q o — (76) means Q received
by the calorimetric fluid from the friction couple
dependent on t /t is lower than Q. The temporal
variation of internal energy can be expressed,
therefore, as a function of heat flow, namely:

U, =0, (- ). (7

(76) becomes:
Quea = Q-2 (78)

If t = t, then obviously Qdyssz = Q2 and
U, =o.

Since the internal energy does not change in
element 1, i.e., U;=0 and U, = U, the flux of
dissipation heatQ, can be described as follows:

. . Am,
Qdysg] = Qdyss AilIl = Ql' (79)

Considering the dependence

Q= Q - Q. (80)
(76) can be converted into:
Qus =(Q- Qu)@- =) @81
Am

Since Qdyss = Qdyssl + Qdyss2 :Aml Qdyss +

A
Azz Qe the following dependence can be

formulated:

. A m ,
Qu [ G + 2= )] = Q2-2), (82

(83)

If there is no wear, then A = Qdyss =Q@2-
t /t), that is:

; (84)

where A and Q are measured with a calorimeter.

When the power of mechanical dissipation is
derived from the balance: A, = A — Q ass Should

be assumed to be a function of Q measured with
a calorimeter.

Generalised and standardised wear

The problem of comparability and reproducibility
of the assessments of wear and its intensity arises
from several causes. The complexity of friction is
the key, and it predetermines the great diversity of
the test methods and measures of wear used. Own
analysis has shown that only some major measures
have unambiguous physical interpretations [L. 8].
The quantities of high practical importance are most
commonly applied. Therefore, a systemic approach
is recommended to address the tribological
process's thermodynamic aspect. The laws of
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mass and energy conservation should be adopted
as the foundations for correct wear assessments.
This means both friction couple elements must
be considered in parallel in experimentation. The
specific work of wear (44), the energetic measure of
resistance to wear that is identical to the tribological
system and its elements (50) [L. 8], is taken to
have an unambiguous physical interpretation and
be easy to determine. The fluxes or densities of
mass or volume of a worn material are useful to the
analytical descriptions of tribological wear.

If wear is compared based on the testing of
mass and volume wastage in materials of different
densities, different conclusions are arrived at.
A lighter material will display greater volumetric
wear than a heavier material given the same worn
volume. This means such an assessment depends
on a measure which is adopted. The generalised
measure of wear introduced by this author allows
for clearly finding which solid exhibits more wear
if the results of mass and volume wastage testing
do not provide such a finding [L. 11].

The mass wear m, the volumetric wear V, and
the work of friction A, ,, represented on appropriate
scales in Fig. 8, make up a rectangular reference
system. The relationship of mass to volume is the
density of material p equal to the tangent of the
angle v:

=tgy. (85)

©
I
<|8

Fig. 8. The characteristic of tribological wear and
resistance to wear in a rectangular system of
coordinates A, —V —m [L. 12-14]

Rys. 8. Charakterystyka zuzycia tribologicznego i odpornosci
na zuzywanie w prostokatnym ukladzie wspotrzed-

nych A ,—V-—m[L. 12-14]

o is shown in the plane A , — m. Its tangent is
the relationship of friction work to mass m or the

specific work of wear € :

= tga. (86)

The angle B is present in the plane A, — V. Its
tangent is the relationship of friction work to the

volume of worn material or the density of friction

energy e,

e, = Aus =t 87
R T Ty gp. (87)

The proposed system of coordinates illustrates
key relationships among friction (A, ,), wear
(m, V), material density (p), and resistance to wear
(ex and ey ) synthetically and clearly. The height
Z of a right triangle built on sides m and V is
a generalised measure of wear between mass and
volume. The relationship of friction work to Z, in
the graphic scale adopted equal to the tangent of 9,
is anew generalised energetic measure of resistance

to wear ey, .
el = —1% =1tgd. (88)
i
Z p=tgy
90°
Y

Fig. 9. Interdependences among mass m, volumetric V,
and generalised wear Z [L. 12-14]

Rys. 9. Wspolzaleznosci migdzy zuzyciem masowym m, ob-
jetosciowym V i uogdlnionym Z [L. 12-14]

Fig. 9 contains a geometrical interpretation of
the interdependences among the mass, volumetric,
and generalised wear. The generalised wear Z,
expressed in terms of mass, is a direct result of the
triangle resting on sides m and Z:

Z, = m-Cosy. (89)

Z. in terms of volume is derived from the
triangle based on sides V and Z:

Z,=V-siny. (90)

Since sin y = p-cosy, an equality for the value of
wear is produced regardless of its initial assessment
in terms of weight or volume.

7 -7,=17. 1)
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Thus, the introduction of Z, as shown in Fig. 9,
allows for a detailed assessment of tribological wear.
As a result, the measures of wear intensity, defined
as the flux density Z and resistance to wear, defined
as the reverse of Z, become unambiguous as well.
On the other hand, resistance to wear expressed in
energetic terms is the same in quantitative terms if
the work of friction is referred both to the mass and
the volume of the used material:

; _ 2 _ A11—2 _ Atl.—2 ) (92)
Z m-cosy V-siny

In order to standardise the wear measures,
generalised unit wear Z = 1 will be applied, and
the remaining unit measures will be derived from
there.

Fig. 10 depicts a rectangular system of
coordinates A, —V —m, applied when determining
the standardised wear measures. Defining unit wear
and its derivatives requires assuming that Z =1 and
the friction work A . =1 [J]. Table 1 collects the

t1-2
unit measures of wear and resistance to wear that

Table 1. Unit generalised measures of wear and resistance
to wear [L. 13, 14]
Tabela 1. Jednostkowe uogolnione miary zuzycia i odporno-

$ci na zuzywanie [L. 13, 14]

Measure Formula | Unit Comments
Generalized Z=1 g,3 meosy = V-siny
wear m
Mass wear m = 1/cosy g
m/V = tgy
Volumetric wear | V= 1/siny | m?
Specific work of .
wear €r = cosy /g

ex = I/m=tga

Resistance to I/m=cosy | 1/g

mass wear
icion onengy | G =siny | Y |

| gy Cr = 1/V =1gp;
Resistance to UV =siny | 1/m® tgf = tgytga

volumetric wear

Table 2. Measures of wear based on Table 2; the unit
measures are given in brackets [L. 13, 14]
Tabela 2. Miary zuzycia ustalone wedtug danych podanych

w tabeli 2; miary jednostkowe podano w nawiasach

[L. 13, 14]
are not derived from Figs. 8 and 11. ,
Measure Formula Unit | Comments
Generalised 7 mp | eosy =
wear & V-siny
Mass wear m = [cosy]-Z g
! - m/V =tgy
i p=tey Volumetric V = [1/siny] Z e
Y = wear v
Specific work er = (A, /m) = Vg o =
of wear [cosy](A, /Z) (l/an)-A
Fig. 10. Interdependences among the mass m, volumetric Resistance to 1/m = [cosy]-(1/Z) | 1/g
V and unit generalised wear Z = 1; material mass wear
density p=tgy [L.13,14] Density of | e, =(A V)= | pp
Rys. 10. Wspolzaleznosci migdzy zuzyciem masowym m, friction energy [simy] ( &AI-Z 1Z) m .
objetosciowym V i jednostkowym uogdlnionym _ LERSAE: ex =
Z = 1; gestos¢ materiatu p = tgy [L. 13, 14] Resmtance. to . (1/V)-A
volumetric V= [siny]-(1/Z) | U/m?
wear
Ayo=1 1 .
Intensity of ) g/s;
mass wear m/t; m/l g/m
. Intensity of ms: m/V = tgy
B volumetric Vit; Vi1 m /n;
v wear
a Z-1
= Generalized g//;’
m intensity of 7/t 7)1 1%1 5 /s, -
wear m /n;
Fig. 11. The -characteristic of tribological wear and
resistance to wear in a rectangular system of . . .
coordinates A, —V-mfor Z=1and A, =1 Since real wear is not equal to unit wear,
[L. 13, 14] the assumptions Z = 1 and A, = 1 need to be
RyS. 11. Charakterystyka ZuZycia tribologicznego i odporno- abandoned, ConSIderlng the real Values Of Z and

$ci na zuzywanie w prostokatnym uktadzie wspot-
rzgdnych A, -V -mdlaprzypadkuZ=11iA ,=1
[L. 13, 14]

A The method of calculating standardised

t1-2°
measures is presented in Table 2.
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CONCLUSIONS

The first part of this paper introduces a set of
analytical dependences among the key components
of the energy balance that characterise friction and
its effects in the open thermodynamic system and
its boundaries with the environment. The thermo-
mechanical nature of friction is demonstrated. The
heat of friction is a cause of thermal processes
in the system, while dissipation of a mechanical

nature, of disintegration of solids, or wear. The
conditions of wear emergence and progress are
established. The discussion is based on the first law
of thermodynamics. The importance of a proper
selection of the measures of tribological wear is
emphasised. Interpreting the tribological process
on the macroscopic hierarchical level of matter
organisation is narrow and will be supplemented,
in the second part of this study, with a description
of impulse phenomena that prevail in the area of

contacts of solid surface asperities.
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